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Title: Understanding the mechanistic role of post translational modifications associated
with TDP1 in response to DNA damage and anti-cancer agents

DNA repair systems provide a critical defense mechanism to safeguard the genome
against exogenous and endogenous sources that assault the stability and integrity of our
genomes causing various diseases. One of the most common forms of DNA damage that arise
in cells are single-strand breaks (SSBs) which can emerge from the abortive activity of DNA
topoisomerase 1 (Topl), due to the covalent trapping of Topl with the 3’-end of the DNA
leading to the generation of Topl-linked DNA covalent cleavage complexes (Toplcc). The
antitumor activity of camptothecin (CPT) and other non-CPT Topl poisons that trigger cell
death through selective trapping of the Toplcc of the highly proliferating cells exploit the
severity of these breaks. However, CPT and its derivatives suffer from dose-limiting toxicity,
resulting in severe diarrhoea and neutropenia, rapidly inactivated in plasma because of
hydrolysis of lactone E-ring and binding of the ensuing hydroxyl acid to plasma proteins,
accumulate resistance in the topoisomerase 1 (Topl) gene and is also found to be a substrate
of permeability glycoprotein (Pgp). These limitations press the urgent need for developing
newer non-CPT based Topl-targeted drugs which can overcome these shortcomings of CPT

or its derivatives.

The key enzyme for the excision of Toplcc is Tyrosyl DNA Phosphodiesterase 1
(TDP1) which hydrolyzes the phosphodiester bond between the Topl-tyrosyl moiety and the
DNA 3’-end. TDP1’s ability to resolve 3’-phosphotyrosyl linkages is consistent with its role
in protecting cells against Topl-induced DNA lesions. Post-translational modifications of
TDP1 have been largely implicated in the recruitment, modulation of enzymatic activity, and
stability of DNA damage response of TDP1. However, post-translational modifications of
TDP1 which regulate the localization of TDP1 during the progression of cell cycle has not
been studied so far. The third chapter of the current dissertation work involves the
identification of a hitherto unidentified novel phosphorylation of TDP1 by the core mitotic
regulatory kinase Cyclin dependent Kinase 1 (CDK1) which regulates the localisation
dynamics of TDP1 on the mitotic chromosomes. The phosphorylation of TDP1 initially
identified by mass spectrometry was validated using immunoprecipitation and in vitro kinase
assays of the Wild Type (WT) and the S61A mutant form of TDP1 generated by site-directed
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mutagenesis. The fourth chapter deals with the major finding that this phosphorylation plays
a key role in temporally regulating the chromosomal association and dissociation of TDP1
during mitotic phase of the cell cycle. We have also shown in the fifth chapter that replication
stress induces the enrichment of the phosphorylation mutant TDP1 at the common fragile
sites (CFSs) leading to several mitotic defects ultimately culminating into accumulation of
53BP1 nuclear bodies in the G1 phase. Mitotic DNA synthesis (MiDAS) is a break induced
repair (BIR) mechanism that resolves late replication intermediates, thereby supporting cell
proliferation under replication stress in mitosis. This unusual form of DNA synthesis uses
Mus81-Emel-SLX4, RAD52 and PolD3. This process can be detrimental if hyperactivated
and can lead to chromosomal instabilities and segregation defects. The fifth chapter of this
dissertation work explores the consequences of unrestrained MiDAS in TDP1 deficient cells
overexpressing the phosphomutant TDP1 which could be rescued by MUS81 knockdown.
Our findings provide a novel insight into the cell cycle dependent regulation of a primarily S-

phase repair protein for safeguarding the genomic instability.

The sixth chapter of the thesis is based on screening of a novel small molecule
inhibitor of the DNA Topoisomerase 1 (LdTopl) of the kinetoplastid organism Leishmania
donovani (Ld), the causal organism of Visceral Leishmaniasis (VL) which is a chimeric
derivative based on the Pyridine-Imidazo-Quinoline (PIQ) core. The emerging cases of drug
resistance against the clinically available antileishmanials and the lack of vaccines for the
disease require immediate action and the development of newer drugs with novel
pharmacore. The novel derivative was found to inhibit Topl leading to parasitic killing not
only in the wild type Leishmania donovani Ag83 strain but also in the antimony resistant
strain BHUS575. Cytokine profiling studies performed using the murine model of
experimental VL showed that the up-regulation of the Th2 cytokines response induced by
Leishmania donovani infection could be dampened by treating the mice with the PIQ
derivative leading to a surge of the Thl cytokines conferring host protection and parasite

clearance.
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Chapter 1 General Introduction

1.1 DNA Topoisomerases

“As enzymes, the DNA topoisomerases are magicians among magicians; they open and
close gates in DNA without leaving a trace, and they enable two DNA strands or duplexes
to pass each other as if the physical laws of spatial exclusion do not exist” — (Wang, 1991)

The enormous size of the double helical structure of the DNA molecules engenders a plethora
of topologicalconstraints arising during the DNA metabolic processes involving the relaxing
of supercoiled DNA duplexes in the highly compacted nucleus of eukaryotic cells or the
nucleoid of bacteria (Capranico et al, 2017). DNA topoisomerases are the highly conserved
ubiquitous enzymes which are involved in alleviating the topological crisis of DNA by
catalyzing a two-step trans-esterification reaction during DNA transactions like replication,
transcription, chromosomal condensation, recombination and segregation in the eukaryotic,
prokaryotic, archaeal and certain viral cells (Liu, 1989). The different topological forms of
DNA are known to interconvert among themselves for exerting their effective biological
functions in cells; these interconversions are catalysed by the DNA topoisomerases through
DNA strand cleavage and religation activities (Wang, 1996) which allow topoisomerases to
both disentangle as well as decatenate chromosomes. The indispensability of these enzymes
coupled with the diverse range of activities performed by them, renders them effective
chemotherapeutic targets for anti-cancer therapy, neurological diseases, immune disorders

and antimicrobial remedy (Wang, 2002).
1.2 Discovery and coinage of “DNA Topoisomerases”

The discovery of the DNA double helix, the twisted-ladder structure of deoxyribonucleic acid
(DNA), by James Watson and Francis Crick in 1953 marked a milestone in the history of
science and paved the foundation for modern molecular biology, which is largely concerned
with understanding how the DNA metabolic processes operate and how genes control the
chemical processes within cells. The early research on unraveling the DNA structure failed to
explicitly unearth the molecular mechanism involved in altering the DNA supercoiling; it
suggested that the double helical structure posed several topological impediments on
processes like replication, transcription, recombination and remodeling. However, the
topological stress associated with supercoiled covalently-closed circular DNA molecule
cannot be altered without the breakage of the covalent phosphodiester bond of one or both of

the backbone strands. The order as well as extent of topological linkage of the two strands of the
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DNA double helix is expressed by a numerical invariant known as linking number (Lk) which is
a measure of the total number of times each strand of a duplex DNA molecule revolves around
the other. It is known that under the normal physiological conditions, the most energetically
stable form of a right handed double helix DNA molecule with “n” number of base pairs
make one full turn after every 10.5 base pairs which consequentially results in a linking
number (Lk®) of n / 10.5; wherein the superscript describes the most stable state of the DNA
molecule. Furthermore, a deviation of the linking number the Lk of a DNA molecule from
its LKk causes a state of strained, supercoiled or contorted (Vinograd et al, 1965)
conformation and such DNA molecules which differ only by the virtue of their linking
numbers are referred to as topological isomers or topoisomers. DNA topoisomerase occurs in
diverse groups of organisms (Table 1.1) including prokaryotic as well as eukaryotic organisms.
(Figurel.1 and 1.2).

'y e

N

Figure 1.1 Proposed mechanism of relaxation by E. coli type IA Topoisomerase I. The proposed
mechanism of relaxation of supercoiled DNA by a type IA topoisomerase involves several different
transient intermediates involving conformational changes of both the enzyme (brown toroid with a
yellow ssDNA binding region) and the DNA (red/blue molecule). The green dot represents the
presence of the transient, covalent phosphotyrosine bond between the enzyme and the ssDNA. Single
asterisks denote the conformational states where structural information was previously known, while
double asterisks refer to the structures described here (a) Enzyme and supercoiled DNA prior to
catalysis. The enzyme is in the closed conformation as found in the apo structure of both E. coli DNA
topoisomerase | (b) The enzyme recognizes a sSDNA region and binds it in the DNA binding groove.
This helps position the sSDNA for entry into the active site (c) Further entrance of the sSDNA into the
protein triggers a conformational change to create a catalytically competent active site, as observed in
the structure of the complex of topoisomerase 111 with ssSDNA, and ssDNA cleavage occurs at the
active site, via formation of a covalent bond between the 5’-phosphoryl and the hydroxyl of the active
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site tyrosine, whereas the 3’ end of the DNA remains noncovalently bound to the enzyme via the
DNA binding groove (d) The enzyme opens, bridges the gap between the broken ends of the cleaved
DNA, and allows passage of the other strand between the separated ends and into the hole of the
toroid.(e) Enzyme-catalyzed strand passage of the second strand of DNA into the central hole of the
enzyme. The nature of the conformational change may be illustrated by the structure of the 30 kDa
fragment of E. coli topoisomerase I. (f) Following strand passage, the enzyme closes, trapping the
passing DNA strand inside the toroid. Once the gate is closed, the cleaved strand is religated by the
enzyme. The structure of the ssDNA/enzyme complex during religation is illustrated by the structure
of the topoisomerase 111 complex. (g) The cycle is completed by the enzyme opening to release both
the religated strand and the one that was passed through the gap. (h) The enzyme returns to a closed
conformation after the ssDNA in the hole of the toroid has been released, but the religated strand
remains bound to the DNA binding groove, resulting in a partial exit of the DNA. (Adapted from:
Perry and Mondragon; Structure 2003)
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Figure 1.2 Proposed mechanism for DNA transport by type Il1A topoisomerases. A schematic
model of the type lIA topoisomerase is shown with the following color scheme: ATPase domains,
orange; DNA capture domains, purple; B’ domains corresponding to the C-terminal half of GyrB,
cyan; CAP regions, green; and the remainder of the A’ domains, red. The N-gate is shown in the open
configuration in panels and is closed in panels D-F. The C- gate is closed in panels A and is open in
panel F. The G-segment and T-segment DNAs are shown as black and gray rods, respectively (DNA
not drawn to scale). (Image Source: Champoux, 2001).

The ‘@ protein’ was discovered in 1971 from E. coli, which was reported to convert the
negatively supercoiled form of A DNA rings to the relaxed form and catalyzes both the
breakage and rejoining of DNA strands (Wang, 1971). Eight years later, the term ‘DNA
Topoisomerase’ was coined to appellate this class of enzymes that catalyze the
interconversion of DNA topoisomers (Liu & Wang, 1979). Since the DNA molecules are
present mostly in the negatively supercoiled state inside the cell (Bauer, 1978; Vinograd et al,
1965)and harbor the contortions in the form of catenation and knotting (Cozzarelli et al,

1984), topoisomerases are indispensable for various the cellular DNA metabolic processes.
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1.3 Types and functions of DNA topoisomerases

The five main subfamilies of DNA topoisomerases can be generally categorised, and each
one has a distinctive structure and manner of catalytic action. On the basis of the number of
strands they cleave, topoisomerases can be broadly divided into type | (which perform
cleavage on single strand) and type Il (which cleaves double strand) enzymes. Type |
enzymes (Champoux, 2001) can further be classified into three groups, type IA(Wang, 1971),
type IB (Champoux & Dulbecco, 1972) and type IC (Forterre et al, 1985), and, type Il
enzymes can be further classified as type 1A (Gellert et al, 1976) and type 11B (Bergerat et al,
1994). Type | enzymes make a single stranded nick on the duplex DNA while allowing the
intact strand to pass through the nicked strand, thereby changing the linking number in steps
of one in an ATP independent manner. The type IA enzymes remain associated with the 5’
end of phosphate, whereas the type IB and type IC enzymes are known to remain associated
with the 3’ phosphate end of the Top-DNA intermediate. The type Il enzymes hydrolyze ATP
for their catalytic cycle which involves the passage of one of the DNA strands through a
transient enzyme mediated break in the second duplex of the same DNA strand, thereby
altering the linking number in steps of two (Figure 1.2).

In addition to the classifications of topoisomerases as described above, additional subclasses
of topoisomerases based on structural dissimilarities of the proteins have been made. The
prokaryotic eubacterial topoisomerases I and II, and the o and  forms of the eukaryotic
mammalian topoisomerase Il and Ill are considered to be paralogues arising through gene
duplication (Champoux, 2001). Based on the isolation, characterization, and mode of action of
topoisomerases, these enzymes can be broadly classified into topoisomerase |, topoisomerase
I1, topoisomerase |11, topoisomerase IV, topoisomerase V, gyrase, reverse gyrase etc. (Table
1.1) (Champoux, 2001).
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Enzyme Type Source Subunnit size (kDa)
Composition
Bacterial 1A Bacteria 97
topoisorrierase | (e.q. E. coli) Monomer
(o protein)
Eukaryotic 1B Eukaryotes 91
topoisorrierase | (e.g. hurnan) Monomer
Vaccinia virus 1B Vaccinia virus 37
topoisornerase | Monomer
Topoisomerase lII3 1A Bacteria 73
(e.g. E. coli) Monomer
Reverse gyrase 1A Thermophilic 143
Archaea Monomer
(e.q. Sulfolobus
acidocaldarius)
DNA gyrase IA  Bacteria 97 and 90
(e.g. E. coli) A;B>
T4 topoisornerase IIA  Bacteriophage T4 58,51, and 18
2 copies of
each subunit
Eukaryotic IA  Eukaryotes 174
topoisornerase Il (e.g. human Homodimer
topoisomerase lla)
Topoisomerase V@ IIA Bacteria 84 and 70
(e.g. E. coli) CoE;
Topoisomerase VI 13] Archaea 45 and 60
(e.q. Sulfolobus AzB;
shibatae)

Table 1.1. DNA topoisomerases are found in viruses, eubacteria, thermophilic archaea, yeast,
protozoa, plants and mammalian systems. DNA topoisomerases are named | to VI according to their
discovery and are specially named, for example, gyrase (topo Il type), reverse gyrase (topo | type),
resolvase (topo Il type), integrase (topo Il type) and so on (Champoux, 2001).

1.4 Eukaryotic DNA topoisomerases
1.4.1 Type | topoisomerase

Eukaryotic topoisomerase through the passage of a single strand of DNA, are known to relax
both the positively and negatively supercoiled DNA, changing the linking number associated
with the DNA molecule. Topoisomerase | also catalyses the knotting and unknotting of
closed single-stranded DNA rings or interwoven closed single-stranded DNA rings with
complimentary base sequences, in addition to its core role of relaxing supercoiled DNA. The

6
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catalytic functions of DNA topoisoperase I can in general be categorised into several distinct
steps which include binding to the DNA, followed by a single stranded cleavage of the
duplex DNA, single stranded DNA passage, which is eventually succeeded by the religation
and possibly turnover of enzyme (Gellert, 1981; Kirkegaard & Wang, 1978; Liu et al,
1976)(Figure 1.3 A).
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Classification | Type 18 Type 2A Type 1A

Nature Reviews | Molecular Cell Biology

Figure 1.3. Overview of eukaryotic topoisomerases. (a-c) Topoisomerases act by cleaving the DNA
phosphodiester backbone and forming transient covalent linkages between a Tyr residue and the DNA
3’end (Topl enzymes) or 5" end (Top2 and Top3 enzymes). Resealing of the breaks is carried out by
nucleophilic attack (arrows) of the 5’-hydroxyl end in the case of Topl enzymes and the 3’-hydroxyl
end in the case of Top2 and Top3 enzymes. Base stacking (dashed double-headed arrows) is crucial
for the realignment of the DNA ends (like a molecular zipper) and their religation. d) Topl enzymes
relax both negative and positive supercoils (Sc—/+) by nicking one strand and allowing controlled
rotation of the broken strand around the intact strand. Topl enzymes can religate non-homologous
ends, thereby acting as DNA recombinases. e) Top2 enzymes function as homodimers to relax both
negative and positive supercoils and to resolve catenanes and DNA knots, explaining their essential
role in cell division, during which supercoiled circles form catenated daughter molecules. They cleave
both DNA strands with a four base stagger, thereby directing a second duplex to pass through (duplex
passage), and religating the DNA following the passage. They require both Mg2+ and ATP hydrolysis
for their catalytic cycle. f) Top3 enzymes only relax hypernegative supercoiling (HSc—) by cleaving
one of the two strands of DNA in regions where negative supercoiling promotes their separation and
by passing the intact strand through the broken one. Mg2+ is a required metal cofactor. Top3f can act
as an RNA helicase and resolve R loops.(Image Source: Pommier et al, 2016)




Chapter 1 General Introduction

1.4.1A Nuclear DNA Topoisomerase 1B

The eukaryotic topoisomerase IB was discovered from a different sources includingrat liver,
mouse LA9 cells, calf thymus as well as human KB cells (Champoux & McConaughy, 1976;
Keller, 1975; Vosberg et al, 1975). The molecular weight of the enzyme was found to range
from 60-90 kDa and was reported to catalyze the the relaxation of both positively and
negatively supercoiled DNA (Champoux & Dulbecco, 1972; Tang, 1978). Mg®* was found to
have a stimulatory effect on the catalytic activity of Top IB, albeit these enzymes remain
functional even in the absence of Mg®* (Goto & Wang, 1984). The catalytic activity of type
IB topoisomerase depends on its covalent association with the 3’ end of DNA followed by
DNA cleavage, strand passage/swivelling, religation followed by the turnover of the enzyme
(Maxwell & Gellert, 1986; Osheroff, 1989) (Figure 1.3A). The most exhaustively studies
type IB topoisomerases is the Human topoisomerase | (HTopl) which is composed of 765
amino acids harboring a relatively disorderedand highly charged N-terminal domain (a.a. 1-
214) (Stewart et al, 1996) responsible for stimulating the association with DNA (Lisby et al,
2001), a core domain (a.a.215-635) comprising of three major subdomains that wrap around
the DNA double helix, a catalytic linker domain (a.a. 636-712) and the C-terminal domain
that features the active site catalytic Tyr-723 residue (a.a. 713-765) (Figure 1.4) (Champoux,
2001; Stewart et al, 1998). The N- terminal domain regulates the enzymatic activity of the
enzyme through the interactions of the triad of tryptophans (Trp- 203, 205, 206) for the
anchoring and the subsequent controlled rotation of bound DNA during the course of the

catalytic cycle of the enzyme (Stewart et al, 1998).
1.4.1B Mitochondrial DNA topoisomerase 1B

Mitochondrial Topoisomerase | (Toplmt), a type IB topoisomerase is indispensable for the
maintenance of mitochondrial integrity, the cellular respiration and energy metabolism. The
presence of Toplmt was reported in mammalian cells like, mouse leukemia L cells and
human leukemia cells. Toplmt activity demands the presence of divalent metal ions (Ca®* or
Mg®") and alkaline pH (Zhang et al, 2001). The gene encoding the Topimt is located on
human chromosome 8g24.3and has been subsequently characterized from its corresponding
polypeptide (Zhang et al, 2001). Similar to its nuclear counterpart Topl, Toplmt also
comprises of four domains: N-terminal localization domain, a core domain, a linker domain,
and C-terminal catalytic domain containing the tyrosine (Figure 1.4). The N-terminal domain
of Toplmt is short (50 amino acid residues) and contains the mitochondrial localization
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signal (MTS) (Zhang et al, 2001). The identity scores for the core, linker and C-terminal
domains of nuclear Topl and Toplmt polypeptides are high (73%, 53% and 75%,
respectively) (Zhang et al, 2001).
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1.4.1.C Vaccinia topoisomerase |

The topoisomerase enzyme with the lowest molecular weight was isolated from the vaccinia
virus which has a molecular size of 36 kDa (314 amino acids). Vaccinia topoisomerase has
been classified under type 1B subfamily owing to its stark resemblance with cellular Topl
both in terms of sequence homology of amino acids as well as the nature of polarity by which
the enzyme remains attached to the DNA-phosphate linking to the cleaved DNA strand.
Vaccinia topoisomerase enzymes have the property of recognition site specificity and can
resolve Holliday junctions (Sekiguchi et al, 1996) much like tyrosine recombinases.
Structurally, the two important units of vaccinia topoisomerase are the N-terminal domain (1-
77 amino acids) which is involved in binding of the enzyme with its substrate i.e. the DNA
molecule, thereby enhancing the processivity of the enzyme and the C-terminal domain (81-
314 amino acids) (Sekiguchi et al, 2000; Sekiguchi et al, 1996).

1.4.1.D Parasite topoisomerase |

The ortholog of the typelB enzyme in kinetoplastid parasites has a unique feature (Figure
1.5). It possesses an unusual bi-subunit structure, completely different from all other
eukaryotic type 1B enzymes. The enzyme exhibits homology with the N-terminal and central
core of other eukaryotic Top 1 while the C terminus is quite variable. Surprisingly, this open
reading frame (ORF) is devoid of the SKINYL motif that supplies the catalytic tyrosine
(Balafia-Fouce et al, 2014; Balafia-Fouce et al, 2008) in all other eukaryotic Topl. Existence

of two such different subunits is evident in both Leishmania and Trypanosoma (Balafia-Fouce
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et al, 2014; Balafa-Fouce et al, 2008; Brata Das et al, 2004; Das et al, 2008; Das et al, 2005;
Das et al, 2006b; Das et al, 2006c). Both the subunits are indispensable for the parasite
viability [45,46]. In Leishmania donovani, genes for large (LdToplL) and small (LdToplS)
subunits are present on chromosome 34, encoding a 636-amino acid polypeptide with an
estimated molecular weight of 73 kDa, and on chromosome 4, encoding a 262-amino acid
polypeptide with a molecular weight of 29 kDa (Balafia-Fouce et al, 2014; Balafia-Fouce et
al, 2008; Brata Das et al, 2004; Das et al, 2008; Das et al, 2005; Das et al, 2006b; Das et al,
2006¢). LdToplL is closely homologous to the core domain of human Topl. But the short
NTD of this subunit is poorly conserved. The small subunit contains the phylogenetically
conserved ‘SKXXY’ motif placed at the CTD of all other eukaryotic TopIB. This subunit
harbours the conserved catalytic tyrosine residue (Brata Das et al, 2004; Das et al, 2008; Das
et al, 2005; Das et al, 2006b; Das et al, 2006c). This Tyr222 residue attacks the phosphate
group in the DNA backbone and forms the phosphotyrosine linkage. Along with Tyr, four
amino acids (Arg314, Lys352, Arg410, and His453) are also involved in the catalytic
activity. Arg410 activates Tyr222 for this nucleophilic attack. Arg314 and Lys352 act as
general acids and aid in the transesterification reaction (Brata Das et al, 2004; Das et al, 2008;
Das et al, 2005; Das et al, 2006b; Das et al, 2006c). In vitro reconstitution of the two
recombinant bi-subunits LdToplIL and LdToplS gives rise to the active bi-subunit LdTopIB
(Brata Das et al, 2004; Chowdhury & Majumder, 2019; Das et al, 2008; Das et al, 2005; Das
et al, 2006b; Das et al, 2006c¢). The binding stoichiometry is 1:1, mediated by protein—protein
interaction between LdToplL and LdToplS. Deletion of 99 amino acids from the N terminus
of LdToplL disrupts its interaction with LdToplS (Brata Das et al, 2004). This is probably
due to the presence of polar residues in that region necessary for protein—protein interaction.
Deletion of the first 39 amino acids from the N-terminus results in a protein with reduced
cleavage activity. Interestingly, this mutant enzyme is more resistant to camptothecin (CPT)
(Brata Das et al, 2004). This establishes that the NTD of LdToplL steers both types of
interactions (i.e., interaction between two subunits, as well as interaction with DNA by
affecting non-covalent DNA binding). Moving on to LdToplS, this subunit also has a role in
controlling the dynamics of the protein. Amino acids 175-180 (RPPVV) of LdToplS interact
with a region (amino acids 525-581) of the LdToplL and control the CPT sensitivity of the
active bi-subunit enzyme (Chowdhury & Majumder, 2019). The most striking property of this
unique enzyme is its association with ATP. This is the only type | enzyme discovered to date
whose activity is stimulated by ATP (Chowdhury & Majumder, 2019). ATP binds with the

arginine residue at the 190 position of LdToplL and stimulates the rate of strand rotation.
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However, ATP is not hydrolysed. This ‘unique’ enzyme is devoid of the clear linker domain
otherwise present in the higher eukaryotes. This is compensated by the extended NTD of the
LdToplS. Though the biochemistry of this unique enzyme is well established, its subcellular
localisation remains elusive. Reports suggest that multiple nuclear localisation signals (NLSs)
exist only in LdToplL but not in LdToplS, resulting in the interaction of both the subunits in
cytosol to form the active enzyme (Chowdhury & Majumder, 2019). The active enzyme is
then trafficked both to nucleus and mitochondria. However, an opposite hypothesis claims
that this enzyme localises exclusively to nucleus and two subunits are transported separately
by the virtue of NLS sequences separately present in both the subunits; one in LdToplIL and
two in LdToplS (Chowdhury & Majumder, 2019). Similar to Leishmania, the large and small
subunits of ToplIB from Trypanosoma brucei are 90 kDa and 36 kDa proteins, respectively
(Chowdhury & Majumder, 2019), and interact together to give the active enzyme.
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1.4.1.E Type IB DNA topoisomerases: Functional mechanism

Topoisomerase 1B plays participate in a diverse array of cellular activities by removing the
positive supercoils situated ahead or behind the replication fork during DNA replication
(Champoux, 2001; Wang, 1996)and allows the smooth functioning of the replication
elongation (Kim & Wang, 1989) (Figure 1.3). DNATop1 has been implicated in all stages of
the embryonic development in various organisms across the lines of evolution including
Drosophila melanogaster (Zhang et al, 2000). The occurence of eukaryotic DNA
topoisomerase | in euchromatin regions of active transcription of genome has been
extensively documented (Nitiss, 1998; Wang, 1996) and these associations involve the N-

terminal region of the type IB DNA topoisomerase enzyme (Shaiu & Hsieh, 1998).
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1.4.2 Type Il DNA topoisomerases

The type Il eukaryotic topoisomerases are known to exert their functions by introducing
DSBs in the phosphodiester-backbone of the DNA molecule followed by a complex ATP
dependent dsDNA passage mechanism altering the linking number in steps of two (Osheroff,
1989; Vosberg, 1985). This enzyme unique to the eukaryotic organisms can be considered as
the homolog of bacterial DNA gyrase and is a single subunit protein which is functionally
analogous to the bacterial dimeric counterpart. The N-terminal and C-terminal domains of the
protein are homologous to GyrB (ParE) and GyrA (ParC) respectively. DNA cleavage is
catalyzed by the GyrA homologue whilst the GyrB homologue is involved in ATP binding.
Relaxation of both negatively as well as positively supercoiled DNA can be achieved by the
action of this enzyme (Osheroff et al, 1983). Furthermore, this class of enzyme is capable of
interconverting various DNA topological forms by catenation in addition to decatenation
(Goto & Wang, 1982; Hsieh & Brutlag, 1980) and knotting as well as unknotting of double
stranded DNA (Figure 1.6) (Hsieh, 1983; Liu et al, 1980). The existence of two isoforms of
topoisomerase Il namely Toplla isoform and the ToplIf isoform have surfaced from
numerous studies on topoisomerase |l in vertebrates including human (Drake et al, 1987),
mouse (Adachi et al, 1992), rat (Park et al, 1993; Tsutsui et al, 1993) and hamster(Dereuddre et
al, 1995).

1.4.2.A Roles of DNA Topoisomerase Ila & topoisomerase 11§

Human Top Ila isoform is a 170 kDA polypeptide which has been isolated and extensively
characterized (Tan et al, 1992). Although it is known to bear a high degree of similarity with
the Top IIP isoform, the two isoforms are genetically distinct and display differential pattern
of expression. In vivo reports have demonstrated that Top Ila is expressed in tissues that are
in developing stage (Capranico et al, 1992; Holden et al, 1990); the Top IIp is found to be
expressed in cells of the somatic tissues (Galande & Muniyappa, 1996); (Juenke & Holden,
1993). Top IIp isoform has a molecular weight of 180 kDa (Tsai-Pflugfelder et al, 1988). Cross-
species blot hybridization has demonstrated the existence of two Top2 genes in avian cells
which are closely related (Tan et al, 1992).

1.4.2.B Type Il DNA topoisomerases: Mode of action

DNA topoisomerase Il might act as a suitable substitute for DNA topoisomerase | in

mitigating the gene transcription related topological problems of DNA. The event of the
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convergence of the two replication forks generates distinct topological problems (Figure 1.3
B) when the unreplicated segment of parental DNA becomes increasingly shortened,; this calls
for a type 11B DNA topoisomerase which can then complete the event of final segregationof
the newly replicated pair of DNA. Previous studies in the unicellular eukaryotes S. cerevisiae
and S. pombe advocate that type Il DNA topoisomerases are quintessential in chromosome
segregation event (Nitiss, 1998); (Wang, 1996). Interestingly, in mitotic yeast cells without
type Il DNA topoisomerase enzymes, the longer chromosomes appear to be more likely to
suffer loss or breakage (Spell & Holm, 1994). Also, the mammalian type 1l topoisomerase have
also been reported to stimulate irregular recombination events in both in vitro conditionsas

well as within the cells.
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Figure 1.6. Mechanism of strand passage by type Il topoisomerases (1) G-segment is bound at the
DNA-gate and the T-segment is captured. (2) ATP binding stimulates dimerization of the N-gate, the
G-segment is cleaved and the T-segment is passed through the break. (3) The G-segment is re-ligated
and the T-segment exits through the C-gate. For type IIB topos, there is no C-gate so once the T-
segment passes through the G-segment, it is released from the enzyme. (4) Dissociation of ADP and
Pi allows N-gate opening, a scenario where the enzyme either remains bound to the G-segment, ready
to capture a successive T-segment, or (5) dissociates from the G-segment. (image source: Adapted
from Wikimedia)

1.4.3 Type 111 DNA topoisomerases

Eukaryotic DNA topoisomerase 1l (otherwise referred to as Top I11) was first isolated and
characterized in S. cerevisiae as a gene which is essential for the suppression of
recombinationevent within repetitive genes (Wallis et al., 1989). These enzymes are found to

occur both in prokaryotes as well as in eukaryotes and are classified as Type IA enzymes due
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to their specificity towards single stranded substrates, requirement of Mg?* as a cofactor and
formation of a 5'-phosphotyrosyl enzyme intermediate during manifestation of catalytic
activity (Figurel.3 ). Top Il has the ability to cause relaxation of negatively supercoiled
DNA without any utilization of ATP. Amongst vertebrate organisms, Top Illa in addition to
Top IIIP appear to be the two isoforms of Top I, which are most likely generated by

duplication of genes.
1.4.3.A Topoisomerase Illa & topoisomerase 111

In humans, Top Illa (also referred to as HTop Illa) encoded by the Top I11A gene is located
within chromosome 17. It harbors two initiation codons for protein subunitswhich are made up
of 1,001 and 976 amino acids (Li & Wang, 1998). HTop IIla occurs within both the nucleus
as well as the mitochondria while the HTop IIIf is encoded by the Top I1IB gene, which is
localized to chromosome 3. Topoisomerase 11 consists of 862 amino acids in humans (Tan et
al, 1992). Top IIIP is considered to be a potent candidate for anticancer chemotherapeutic
target owing to the different mutations within the Top I11B gene implicated in the development
of resistance towards drugs. A previous study has demonstrated that the deletion of mouse
topoisomerase I1Ip gene leads to reproductive infertility and shortened lifespan (Kwan et al,
2003).

1.4.3.B Type Il topoisomerases: Mode of action

Topoisomerase |1l is known to facilitate the elongation of nascent DNA chain in a bi-
directional manner (Figure 1.3) and helps in decatenation of replicating DNA molecules
(Figure 1.3). Additionally, Topoisomerase Il also abrogates recombination processes within
the wrongly paired single stranded DNA during replication. Furthermore, it can also function
as a RNA topoisomerase. Yeast cells express a discrete topoisomerase Il enzyme which is
encoded by the Top 111 gene and Top Il knockout S. cerevisiae cells are characterised by a
slow growth rate coupled DNA damage response defects during the S phase of the cell cycle
but remain viable plausibly by other compensatory mechanisms (Wallis et al, 1989). On the
other hand, Top Il AS. pombe are lethal and fail to segregate daughter chromosomes during
mitosis phase of cell cycle (Goodwin et al, 1999). Topoisomerase Illa directly interacts with
the RecQ family of DNA helicase enzymes, whichare essential in order to maintain genomic
stability. RecQ helicases act in coordination with DNA topoisomerase IIla which occurs both

in prokaryotes as well as eukaryotes and thisinteraction recruits topoisomerase Illa to its site
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of action (Wallis et al, 1989). As mentioned previously, HTop IIIf functions as a RNA
topoisomerase and this is achieved by binding with mRNA translation complex and interacting
with a RNA-binding protein, FMRP, in order to facilitate synapse formation processes. The
deletion of Top IIIf gene has been implicated in the incidence of schizophrenia.

N-Term Metal bind ain | CTerm I Human Topo Illo
1 624 892 1001

IEaD ] Human Topo llIp
1 601 803 862

Figure 1.7. Schematic representation of the domain organization of monomeric human
topoisomerase 111 a and . The alignments of the N-terminal and Zn (I11) binding domain and C-
terminal for both the enzymes are indicated in the Figure. (Adapted from Champoux 2001)

1.5  Functional regulation of DNA topoisomerase enzymes
1.5.1 Regulation of Topoisomerase at the transcriptional level

DNA topoisomerases are a set of essential enzymes that guarantee cellular viability and
uphold essential cellular activities. Therefore, it is crucial to accurately regulate enzymatic
activity and maintain these enzymes' optimal functionality. Cellular mechanisms regulate
activity at both the transcriptional and post-translational levels to achieve this tight control. In
E. coli it has observed that the levels of topoisomerase IA and gyrase within cells are
homeostatically regulated in a bid to regulate the mean level of supercoiling of intracellular
DNA. Relaxation of intracellular DNA activates transcription of GyrA and GyrB (Menzel &
Gellert, 1987). Moreover, a higher level of negative supercoiling is thought to escalate the
expression of Topl gene (Tse-Dinh & Beran, 1988). The prevailing environmental conditions
are also known to regulate the expression of these genes as demonstrated in an early
experiment wherein cold shock leads to increased synthesis of Gyr A protein, which is
possibly mediated by the binding of a cold shock positiveregulator to the gene promoter (Tse-
Dinh & Beran, 1988). Furthermore, studies dealing with mammalian DNA topoisomerase
have demonstrated that the level of activity of Top Ila is correlated withproliferation of cells
(Heck & Earnshaw, 1986).
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1.5.2 Regulation of Topoisomerase at the post-translational level

Several PTMs have been identified in DNA topoisomerases which includes phosphorylation,
SUMOylation, poly (ADP)-ribosylation, and ubiquitination which can occur in vivo as well
as in vitro conditions and areare responsible for their controlled regulation of the activity.

1.5.2.A Phosphorylation

Phosphorylation has been implicated in the regulationof DNA topoisomerases (Durban et al,
1983; Durban et al, 1981; Mills et al, 1982; Pommier et al, 1990) both for the expression of
DNA topoisomerases as well as for the catalytic activity of the enzyme. The relaxation
activity of DNA topoisomerase 1 has been shown to be increased by phosphorylation on
serine and threonine residues and treatment with phosphatase enzymes down tuned the same
activity (Durban et al, 1983; Durban et al, 1981; Mills et al, 1982; Pommier et al, 1990).
Moreover, phosphorylation of Top 1 mediated by c-Abl-tyrosine kinase appears to be
functionally important for activity of Topl and sensitivity towards chemical agents that can
act as Topl poisons (Yu et al, 2004). Furthermore, phosphorylation of DNA topoisomerase |1
has alsobeen reported to enhance its enzymatic activity in several earlier in vitro studies ((Yu
et al, 2004); (Sander et al, 1984) (Ackerman et al, 1985).

1.5.2.B Poly (ADP) ribosylation

Poly(ADP-ribosyl)ation (PARylation) is mediated by Poly(ADP-ribose) polymerase (PARP)
proteins, which are a class of ADP-ribosyl transferase enzymes that transfer ADP-ribose units
from donor NAD" molecules onto their target proteins which include toposiomerase enzymes
as well. Poly-(ADP) ribosylation of topoisomerases take place both in vitro experimental
conditions (Das et al, 2016).

1.5.2.C SUMOylation

SUMOylation involves small ubiquitin like modifier proteins commonly referred to as
SUMO-1 and have been largely implored in the stabilization event of the topoisomerase | and
I during stress either for the purpose of sequestering it from a specific locus or in order to
demarcate it for degradation. SUMOL1 conjugates to the e-amino group of lysine residues in
topoisomerase enzymes and thus regulate its supervisory function either by means of mono-
or poly-ubiquitination (Flotho & Melchior, 2013).
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1.5.2.D Ubiquitination

Ubiquitination of a protein through the e-amino group of lysine residues within the amino acid
sequence enables the marking of the same for proteasomal degradation. However, the
conjugation of ubiquitin molecules to topoisomerase | or Il not only targets it to degradation

but also coordinates other important functions (Mao et al, 2000).
1.6 Targeting DNA topoisomerases for cancer therapy

It has been discovered that DNA topoisomerases are overexpressed in a variety of cancers,
making them potential targets for anticancer therapeutics. When a DNA molecule is cleaved,
the active site tyrosine residue makes a nucleophilic attack on the phosphodiester bond,
which causes the enzyme to bind covalently to the 3' end of the cleaved DNA (in the case of
Topl enzymes) or the 5' end (in the case of other topoisomerases). Different topoisomerases
have different mechanisms by which they relax the DNA supercoiling. Under normal
physiological conditions, the rate of religation is much more rapid in comparison to the rate
of cleavage which underlines the reason for the transient nature of these covalent enzyme-
DNA cleavage complexes and their short half-life. As a result, the cells are capable of
tolerating them. Nevertheless, an increased lifespan of these breaks can lead to the
manifestation of a vast array of harmful side effects, including deletions, mutations,

chromosomal aberrations, and insertions (Froelich-Ammon & Osheroff, 1995).

1.6.1 Classification of topoisomerase inhibitors: Topoisomerase poisons and Catalytic
inhibitors

There are two broad classes of inhibitors of Topoisomerases which differ by their mechanism
of inhibition. The vast majority of therapeutic strategies that specifically target
topoisomerases trap the covalent enzyme-DNA complexes (Topcc’s). The widely recognized
topoisomerase drugs can be categorized into two classes namely, class | and class Il
(Capranico et al, 1998; Wassermann et al, 1990). The class | drugs include ‘topoisomerase
poisons’ whilst on the other hand the class II drugs are known as ‘catalytic inhibitors’. The
class 1 ‘topoisomerase poison’ drugs exert their function by stabilizing the topoisomerase-
DNA covalent complexes and includes alkaloids (Hsiang & Liu, 1988), anthracyclines
(Chow et al, 1988); Wassermann et al., 1990), actinomycins, ellipticines (Arguello et al,
1998), epipodophyllotoxins (Chow et al, 1988). Eukaryotic Topl inhibitor camptothecin and
Top2 inhibitors like etoposide, amsacrine, doxorubicin, and teniposide fall in this category.
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The class II ‘catalytic inhibitors’ drugs, on the other mediate their function by interfering and
disrupting DNA topoisomerase catalytic function without actually entrapping the DNA-
enzyme covalentcomplexes (Figure 1.8).

1.6.2 Camptothecins and non camptothecins Topl inhibitor: recent developments and

trends in anticancer therapy

Camptothecin (CPT) and its clinical derivatives have been FDA- approved as Topl-targeted
anticancer drugs and mediate their function by selectively binding at the interface of the Topl
and DNA in order to generate a stable ternary complex which in turn reversibly entrap
macromolecular complexes and hinder the religation event of the strand-passing reaction.
Camptothecin was originally isolated from a Chinese tree known as Camptotheca acuminata,
and it was characterized by the National Cancer Institute (NCI) at NIH, USA (Pommier,
2013). The vigorous anticancer activity of CPT was known for almost 20 years prior to the
actual discovery of its mode of action. Water-soluble semisynthetic derivatives of CPT such
as, topotecan and irinotecan which have also been subsequently developed in the years
following the discovery of CPT. Topotecan is oftenrecommended for treatment of ovarian
cancer and recurrent small cell lung cancer (SCLC). Furthermore, SN-38, an active
metabolite of the prodrug irinotecan is widely prescribed in cases of gastrointestinal
(colorectal and gastroesophageal) malignancies and also for treatment of primary brain
malignancies, cervical cancer, as well as sarcomas (Figure 1.8). However, there are discrete
dose limiting cytoxicities associated with camptothecins like bonemarrow toxicity and severe
diarrhoea. Furthermore, all of the CPT derivatives have well- defined disadvantages which
results from the rapid inactivation of the drugs due to E-ring opening at physiological pH
which involves the spontaneous conversion of a-hydroxylactone to camptothecin carboxylate
that has a high serum albumin affinity. In order to overcome the aforementioned limitations
of CPT derivatives, these compounds have been coupled with macromolecular core.
Etirinotecan pegols (NKTR-102) is one such sort of compound and it iscurrently in advanced
Phase Il clinical trials for application in treating ovarian cancer, breastcancer, along with
colon cancers. It is not possible to overcome the chemical instability of the camptothecin and
its derivatives as the intact a-hydroxylactone E-ring is indispensable for entrapping of Topl
DNA cleavage complex. Non-CPT Topl inhibitors have the ability to overcome the issue of
E-ring instability of camptothecins and are currently in various phases of clinical development

(Pommier, 2013). Recently, it was discovered that a group of compounds called
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indenoisoquinolines can cause cytotoxicity across as many as 60 diverse cancer cell lines
(Pfister et al, 2009). These compounds were discovered through the screening process from
the NCI developmental program drug database. Indotecan (LMP400) and indimitecan
(LMP776) are two such derivatives which are also currently undergoing clinical trials. In
addition to their chemical stability, the indenoisoquinolines confer numerous advantages over
the camptothecins as because i) they are capable of targeting at additional genomic sites, ii)
their covalent cleavage complexes are far more stable in comparison to camptothecins, iii)
they are capable of overcoming multidrug resistance efflux pumps and iv) they also produce a
low bone marrow suppression with equivalent antitumor activity (Pommier & Cushman,
2009).

1.6.3 Targeting Topoisomerase 2 for anticancer therapy

Top 2 targeted drugs can also act as by inhibiting the enzyme through disrupting the catalytic
activity or by entrapping the Top 2 cleavage complex (Top2cc) through interfacial stacking
as well as impeding the religation event. The second class of the inhibitors are referred to a
Top2 poisons and are widely recommended for the vast range of efficiency, chemical
diversity, sequence selectivity in addition to their ability to entrap concerted Top2 cc, where
the two strands of DNA are concurrently cleaved with an overhang of four canonical base
pairs. Initially anthracycline daunorubicin (daunomycin) was isolated from soil bacteria
Streptomyces and for the purpose of treatment of patients with acute leukemia. Doxorubicin
(adriamycin)is widely prescribed in cases of first line breast cancers, anaplastic thyroid, and
soft tissue sarcomas, in addition to multiple myeloma therapy (Figure 1.8). To overcome the
adverse side-effects of doxorubicin an active isomer Epirubicin (4’-epi- doxorubicin) has
been developed (and has also been approved by FDA), and it is used for the treatment of
breast cancers, esophageal cancers, in addition to gastric cancers. The most selective Top 2
cc-targeted drug, currently in the clinical use, is etoposide. A new derivative of
anthracyclines, anthracenedione mitoxantrone (Novantrone), a highly effective intercalator of
DNA as well as Top2cc poison has also been developed and has beenapproved by the FDA
for the purpose of treatment of prostate cancer. VVoreloxin is currently inphase Il of clinical
development, and is utilized in combination with cytarabine for the purpose of treatment of
patients with refractory acute myeloblastic leukemia. Several other potent and effective
anticancer therapeutic agents have been developed such as C-1311 (Symadex) whichis an
iminodazoacridinone derivative which has DNA interaction property. Catalytic Top2
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inhibitor ICRF-187 (Dexrazoxane) is applied as a modulator of anthracyclines. Recent studies

have shown that sodium salicylate can act also as a catalytic inhibitor of Top2 (Pommier,

2013).
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Figure 1.8. Structure of anticancer and antibacterial topoisomerase inhibitors. A.

Camptothecins. B. Non-camptothecin Topl inhibitors in clinical trials. C. Anthracyclines.D.
Demethylepipodophyllotoxin derivatives, including the clinical trial drug F14512 withits spermine
side chain. E. Other Top2cc-targeted intercalative drugs. F. Three Top2cc- targeted drugs in clinical
trials in addition to F14512 shown in panel D. G. Top2 catalytic inhibitors. H. Quinolone
antibacterials (Image Source: Pommier et. al., 2013).

1.7  DNA topoisomerases induce DNA damage

The dynamic and breathing nuclear genome is extremely prone to several types of genomic
assaults including, numerous endogenous as well as exogenous damages and base
misincorporations (the most commonly occurring damages being oxidative base lesions), DNA
nicks and abasic sites (Barnes & Lindahl, 2004; Lindahl, 1993).

1.7.1 Role of trapped Topccs in endogenous or exogenous DNA lesions

The normally short-lived topoisomerase-DNA cleavage complexes (Toplcc and Top2cc) are
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often stabilized by binding of interfacial drug molecules at the enzyme—DNA interface causing
misalignment of the 3’- hydroxyl DNA ends, thereby preventing the religation event
(Pommier, 2013).

1.7.2 Replication events and Topoisomerases

The short-lived transient reversible cleavage complexes that are generated as Topoisomerase
reaction intermediates can also be transformed into DNA lesions after processing by DNA as
well as RNA polymerases. Inhibitionof DNA synthesis takes place within a few minutes after
CPT treatment either as result of direct collision of replication forks with Topl cleavage
complexes (Toplcc), or, can also result fromindirect arrest of replication by activation of S-
phase checkpoint. Stable Toplcc may lead to generation lethal double-strand breaks (DSBSs).
Camptothecins are also capable of inducing ‘replicationrun-oft” of the genome by producing
breaks in the DNA double-strand upon collision with the replication or transcription
machinery or through irreversible Toplcc adducts. Replication forkreversal at these blocking
sites leads to generation of ‘chicken foot” (Ray Chaudhuri et al, 2012), which in turn might be
resolved by the MUS81-EME1 endonuclease enzymes.

1.7.3 Transcription events and Topoisomerases

The transcription complex machineries are often halted upon collision with stable Toplccs as
Topl controls initiation of transcription by interacting with TATA binding proteins and
additionally activate RNA splicing factors of the SR family. The transcription of both the
nucleoplasmic (MRNA) and nucleolar (rRNA) RNA are abrogated by CPT treatment. As
mentioned previously, Topl poisons competently block transcription elongation, which
accounts for a significant impact of TOP1cc on long and on frequently transcribed genes
(King et al, 2013). Even though inhibition of transcription is significantly contributing
towards the anticancer activity of topoisomerase poisons, it may have potential therapeutic
applications for neurological disorders and immune diseases, as has been verified in animal
model studies in case of Angelman syndrome. In a similar manner, suppression of
transcription by Topl inhibitors has been shown to protect mice against viral as well as
bacterial infection by suppressing the fatal over expression of inflammatory immune response
genes (Rialdi et al, 2016).
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1.8 Repair pathways for Topl-mediated DNA damage

Several mechanisms operate in the cells to repair the Topl-associated DNA damage repair
pathways which can be listed as: a) Tyrosyl-DNA phoshodiesterase (TDP1) dependent Topl
excision, b) the endonucleases pathway and c) Reversal of the covalent Topl-DNA
complexes by 5’-end religation. Figure 1.9 and 1.10 schematically demonstrates the possible

pathways that can mediate the repair of Topl-associated DNA damages.
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Figure 1.9. Induction of DNA damage with trapped Topl-DNA cleavage complexes (TOP1cc) and
repair pathways. (A) Topl cleaves one strand of duplex DNA via the nucleophilic attack of its active
site tyrosine on the DNA phosphodiester backbone to yield a 3'-phosphotyrosyl bond. The short-lived
covalent Topl-DNA cleavage complex (Toplcc) is readily trapped by Topl poisons i.e.
Camptothecin (CPT; blue) which binds in the interface of Top1-DNA complexes, stabilizes Toplcc,
and inhibits the Topl-religation reaction. Scheme illustrating the repair pathways involved
downstream to the proteasomal degradation of trapped Toplcc’s, which can be repaired in cells by
broadly three pathways: (i) phosphodiesterase pathway: Excision of Topl by TDP1 which is coupled
with PARP1. PARP1 also reactivates stalled replication fork encountered by transient Toplcc; (ii)
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Endonuclease pathway: DNA cleavage by 3'-flap endonucleases such as XPF-ERCC1, Mrel1l/Rad50,
CtIP and APE2; (iii) The Toplcc associated DSBs generated by replication run-off, results in a Top1-
linked double-stranded end (DSE) which are repaired by homologous recombination repair. (B) PARP
inhibitors the double-edged sword: Killing Topl activity and inhibiting TDP1-mediated Toplcc
repair. The short-lived covalent Topl-DNA cleavage complex (Toplcc) is readily reversed and
facilitates DNA supercoil relaxation. The bold arrow indicates the shift in the cleavage/religation
equilibrium in the presence of CPT (blue). PARylation of Topl helps in the religation of the CPT-
induced Topl cleavage complex (Toplcc). While PARP coupling with TDP1 stimulates the excision
of Toplcc by the phosphodiesterase activity of TDP1 and facilitates DNA repair. PARP inhibitors
(purple) in combination with CPT abrogate Topl and TDP1-PARylation, impair the repair of CPT-
induced Toplcc, and promoting DSBs and cell death. (Source: Paul Chowdhuri and Das, NAR
Cancer 2021)

1.8.1 The Tyrosyl-DNA phoshodiesterase (TDP1) enzyme dependent pathway
1.8.1.A Tyrosyl-DNA phoshodiesterase (TDP1) enzyme

Following the observation that the enzymatic activity of selectively hydrolyzed
phosphotyrosyl bonds between a tyrosine residue and the 3' end of DNA, tyrosyl-DNA
phoshodiesterase (TDP1) was found in yeast S. cerevisiae cell extracts in 1996 (Yang et al,
1996). The homozygous mutation in the Tdpl gene, which results in a histidine to arginine
mutation [H493R] within the active site of Tdpl, causes the incredibly rare autosomal
recessive neurodegenerative condition known as spinocerebellar ataxia with axonal neuropath

(SCANL1) in humans, which has a physiological significance (Takashima et al, 2002).
i. Structure and function of TDP1:

Human TDP1 is a 68-kDa protein (608 amino acid residues) which consists of two domains
(Figure 1.11). Sequence analysis studies of active site composition and conservation of
sequence motifs led to the conclusion that Tdpl belongs to the phospholipase D superfamily
(Interthal et al, 2005; Interthal et al, 2001) which includes a varied collection of enzymes, which
cleave phosphodiester bond in biomolecules ranging from phospholipids to DNA. The N-
terminus domain regulates protein stability, recruitment in addition to enzymatic activity. On
the other hand, the C-terminus catalytic domain harbours two catalytic HKN motifs
(H493K495N516 and H263K265N283), a distinct characteristic of phospholipase D (PLD)
superfamily of proteins. However, TDP1 significantly differ from the other PLD family
members as because the aspartates in the HKD motifs are replaced by asparagines, which can
be therefore be referred to as a HKN motif. A mutation in the H263 residue leads to catalytic
inactivation of TDP1, whilst mutation ofH495 K265, or K497 sites leads to the impairment of
enzymatic activity (Interthal et al, 2005; Interthal et al, 2001); (Davies et al, 2002a)).
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ii. Mechanism of catalysis of TDP1:

TDP1 catalytic activity is a two-step process which is independent of any metal or nucleotide
cofactors. The first step involves a nucleophilic attack by the H263 from N-terminal domain
carries on the substrate phosphorous atom and causes cleavage of the phosphodiester bond.
Next, the H493 residue of C-terminal HKN motif functions as a general acid. H493 acts as a
proton donor to the tyrosine of the peptide-leaving group (Figurel.12). This leads to the
formation of a transiently fleeting covalent phosphoamide bond between H263 and the 3’-end
of the DNA (Figure 1.10 B). The second step of the catalytic reaction involves the H493 which
acts as a general base to activate a neighbouring water molecule which in turn hydrolyses the
phospho-enzyme intermediate (Figure 1.10 C) (Davies et al, 2002b). This step has been
further validated by invitro biochemical assays with the SCAN1 H493R mutant, that results
in the accumulation of Tdpl-DNA covalent intermediate (Interthal et al, 2005). Thus, the
final product after TDP1 enzymatic activity is the DNA molecule which has the 3’-phosphate
end (Figure 1.10 D).
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DNA is extended by DNA polymerases up to the 5" end of the broken DNA, thereby generating a
double-stranded end (DSE), which is repaired by homologous recombination. Alternatively,
replication fork reversal regenerates a reversible Toplcc and produces a ‘chicken foot’ structure (part
C). D-I. Processing of Toplcc can produce DNA damage. The —1 base to which Topl is covalently
linked to cleave DNA (Fig. 1.3) is shown as a thick black bar; the red lines represent newly
synthesized DNA strands. Efficient re-ligation of Toplcc relies on stacking and hydrogen bonding
with the +1 base, which is disrupted by oxidative basedamage and mismatches (part D). The presence
of an abasic site at the +1 position interferes with re-ligation by the 5’-hydroxyl end owing to loss of
base stacking and hydrogen bonding (part E). A Toplcc 5’ end and a pre-existing nick result in loss of
the DNA segment between them (gap) and can lead to deletions due to the efficient re-ligation activity
of Topl (part F). Formation of a Toplcc at a bulge or a loop can readily generate a stretch of
single-stranded DNA at the gap (part G). A Toplcc opposite to a nick results in a DNA double-
stranded break (DSB; part h), which can be resealed by Topl (part i) with another broken DNA end
(red), thereby generating mutations. J-O. Following ribonucleotide incorporations into the DNA
(shown in red) during replication (part J), a TOPlcc forming at a ribonucleotide site (part k) is
reversed by nucleophilic attack of the 2’-ribose hydroxyl, which generates a 2°,3"-cyclic phosphate
(2°,3’-CP) end (indicated by the arrowhead) with the release of catalytically active TOP1. Sequential
cleavage at a nearby nucleobase by the released TOP1 or by another TOP1 can generate a short
deletion (part M) when the TOP1 forms a cleavage complex on the same strand, upstream of the
2,3’-CP. Alternatively, endonucleolytic cleavage (not shown) or excision of the TOP1cc by tyrosyl-
DNA phosphodiesterase 1 (part N) followed by gap fillingcan repair the DNA while eliminating the
ribonucleotide. When the sequential cleavage by a TOP1 is on the opposite strand to the 2°,3"-CP, a
DSB is formed (part O) (Adapted from Pommier et al., 2016).

A K111 K265 K495
S81  H263 N283 H493 N516 C
HKN HKN

Figure 1.11. Crystal structure of TDP1. A. Ribbon representation of TDP1 polypeptides. N-
terminal (white) segments (residues1-148) for TDP1 are absent in the crystal structures shown below.
Conserved catalytic segments are highlighted in yellow. B. Surface representations of the crystal
structures for TDP1 (PDB ID 1NOP). Proteins are represented in light pink, catalytic residues in
yellow, DNA in blue sticks, peptide in green sticks and both sticks coloured by element (N, blue; O,
red; P, orange; Vanadate, grey). C. Detailed contacts between substrates and TDP1 residues in the
catalytic site of TDP1. Catalytic residues are represented as yellow sticks; residues involved in polar
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interactions are in cyan sticks; residues involved in hydrophobic interactions in magenta sticks. All
sticks are coloured by element (N, blue; O, red; P, orange; Vanadate, grey). Dashed lines indicate
polar interactions (Adapted from Pommier et. al. 2014)
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iii. Substrate preference of TDP1

TDP1 is responsible for the removal of 3'-tyrosine in an extensive array of DNA structures all
the while maintaining its inclination for single-stranded DNA. The fragments of DNA that
harbour a minimum of 4 nucleotides, double stranded substrates, particularly at gaps and blunt
ends are additionally processed by TDP1. Topl associated DNA cleavage complex (Toplcc)
is one of the most appropriate targets for TDP1 (Debéthune et al, 2002). Furthermore, 5°-
phosphotyrosyl bonds can also be processed by TDP1 (Murai et al, 2012). TDP1 activity has
been observed against 3'-phosphoglycolate ends and 3'-deoxyribose phosphate ends, which
can result from oxidative DNA damage as well as radiomimetic drugs like bleomycin.
Concurrently, TDP1 deficient cells are challenged in their ability to repair DNA damages
which are caused by oxidative stress. TDP1 also utilizes its nucleosidase activity for the

purpose of removal of 3'-terminal deoxyribose as well as ribonucleotides whiletheir 3'-ends

26



Chapter 1 General Introduction

are dephosphorylated. Application of TDP1 nucleosidase activity is observed in anti-viral and
anti-cancer chain-terminating nucleoside analogues like, acyclovir (ACV),cytarabine (Ara-C)
and zidovudine (AZT). This observation demonstrates the significance of the role of TDP1 in
the repair of replication-associated lesions both in the nucleus as well as in the mitochondria
(Figure 1.13) (Huang et al, 2013). 3'-deoxyribose lesions that have evolved as a consequence
of base alkylation after AP lyase are processed by TDP1, and is important for the purpose of
repair of DNA lesions which are caused by ionizing radiations inaddition to mono-functional
alkylating agents such as methylmethanesulfonate and temozolomide (Pommier et al, 2014).
Furthermore, TDP1 also hydrolyses multiple synthetic DNA adducts linked to 3'-phosphate
ends like, biotin and numerous types of fluorophores (Figure 1.13), which is extraordinarily
useful for the purpose of screening TDP1 inhibitors as well as conducting detailed

mechanistic studies.
iv. Repair pathway of Top1-DNA covalent complex mediated by TDP1:

TDP1 produces a nucleotide product which terminates with a 3’-phosphoryl group, that must
be hydrolysed to a 3’-hydroxyl group so that further DNA repair can take place. PARP1 is a
type of nuclear enzyme that is often termed as a molecular nick sensor, that identifies and binds
to single or double strand breaks in a DNA molecule. Recent studies have demonstrated that
PARP1-deficient cells are hypersensitive towards CPT treatment and this has been shown to
be directly related to a functional defect in TDP1 (Pommier, 2006). This indicates that
PARP1 might well be involved in the targeting of BER complex to sites where Topl-mediated

DNA damage has occurred.

H
Cytarabine (Ara-C) Acyclovir (ACV) Azidothymidine (AZT) Zalcitabine (ddC)

Figure 1.13. TDP1 substrates. A. 3 '- phosphotyrosyl peptide - canonical substrate of TDP1. B. 3'-
phosphoamide adducts formed by H493R-mutant TDP1 causing covalent linkage of H263-TDP1 to 3
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- DNA end. C. 3 - phosphoglycolates. D. 3 '- deoxyribose phosphate and E.3 '- abasic sites produced
because of oxidative DNA damage. F. 5 ’- phosphotyrosyl peptide. G-J. Chain terminating
nucleoside analogs (Image Source: Kawale and Povirk, 2018).

1.8.1.B PARP1

The sixteen proteins that make up the PARP family are classified based on their similarity to
PARP1. Four further subfamilies of the PARP family can be distinguished based on the
architecture of their domain. of which PARP1, PARP2 and PARP3 are DNA dependent
PARPs while the tankyrase group include tankyrase 1 (also referred to as PARP5A) in
addition to tankyrase 2 (also known as PARP5B). PARP7, PARP12, PARP13.1 and
PARP13.2 are known to be CCCH (Cys-Cys- Cys-His) PARPs. Additionally, the macro-
PARPs includes B-aggressive lymphomaprotein 1 (BAL1,; also referred to as PARP9), BAL2
(otherwise known as PARP14 or COAST6 in mice) and BAL3 (also known as PARP15)
(Hassa & Hottiger, 2008) Nuclear PARP1 is composed of three domains (Figure 1.14).
Amino-terminal includes two zinc finger DNA-binding domains that are crucial for the
binding of PARP1 to single-strand as well as double-strand breaks. Third zinc finger has been
implicated in coupling damage-induced alterations in the DNA-binding domain tochanges in
PARP1 catalytic activity (Langelier et al, 2008). The central auto modification domain
consists of precise glutamate and lysine residues, which are capable of serving as acceptors of
ADP-ribose moieties which imparts PARP1 the property of self-PARylation. Furthermore,
BRCAL1 carboxy-terminal (BRCT) repeat motifs that are present in this domain raise the
likelihood of largely unexplored protein-protein interactions. Finally, C-terminal catalytic
domain forms pADPr by successively transferring ADP-ribose subunits to various different
protein acceptors from NAD™ (Figure 1.14). PARP1 is instantly recruited to the sites of DNA
damage, which includes nicks and DNA DSBs, and its catalytic activity rapidly increases
exponentially by several hundred folds, thus producing protein-conjugated long branched
pADPr chains (Hassa & Hottiger, 2008). Recent studies indicate that PARP1 is involved in
the recruitment of numerous crucial components of homologous recombination (HR)
machinery like, mitotic recombination 11 (MRE11) and ataxia telangiectasia-mutated (ATM)
to revive stalled replication forks to DNA DSBs. Along with these different roles in DNA
damage responses (DDR), PARP1”" mice alsoexhibit hypersensitivity towards various DNA-

damaging agents, chiefly ionizing radiation andalkylating agents (Chowdhuri & Das, 2021).
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1.8.1.C XRCC1

In human beings, X-ray repair cross-complementing protein 1 (XRCC1) is encoded by the gene
XRCC1. XRCC1 plays a critical role in wide variety of DNA damage repair pathways inhuman and
other mammalian cells including, single-strand break repair (SSB), base excision repair (BER) as well
as nucleotide excision repair (NER). XRCC1 has the ability to operate asa scaffolding protein which
directly interacts physically with multiple enzymatic componentsof repair machinery (Figure 1.15).
The scaffolding enables these enzymes to achieve their catalytic steps that are required in repairing
DNA (Caldecott, 2003). In human beings, XRCClinteracts with various proteins to form a multiprotein
complex with TDP1, PNKP, poly(ADP)ribose polymerase (PARP), Polymerase 3 and ligase III (EI-
Khamisy et al, 2005). XRCC1 binds with DNA ligase IIT and DNA polymerase B through the C
terminal and N terminal domains respectively. On the other hand, poly (ADP-ribose) interacts with
the central domain of XRCC1 and facilitates its recruitment to the damage site. A recent study
demonstrated the association of XRCC1 with aprataxin, which is a 342 amino acid protein
whose homozygote mutation produces the condition known as Ataxia-oculomotor Apraxia

(AOA1) (Clements et al, 2004)
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Figure 1.14. PARP1 structural rearrangements facilitate the PARP1 activation at DNA damage sites.
Cartoon showing the domain architecture of human PARP1 (top panel) indicating the three DNA
binding zinc finger domains (Zn1, Zn2 and Zn3), BRCT (auto modification domain; AD), the WGR
domain, and the Catalytic domain (CAT) composed of the helical (HD) and ART (ADP-ribosyl
transferase) subdomains. PARP1 inter-domain rearrangements post DNA damage recognition (bottom
panel). In absence of DNA damage PARP1 forms loose ‘beads on a string’ conformation (left) which
rapidly changes into a collapsed conformation upon recruitment to DNA damage sites (right). The
arrow indicates the folding of the ‘beads-on-a-string’ form of PARP1 to the compact conformation.
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Figure 1.15. Structural and functional characteristics of PARP1. The roles of poly(ADP-ribose)
polymerase 1 in excision repair. A. Poly(ADP-ribose) polymerase 1 (PARP1) activity is required in
different steps of single-strand break repair (SSBR). It is essential for the detection of the SSBs and is
then required for the recruitment of X-ray repair cross-complementing protein 1 (XRCC1), which acts
as a scaffold for the recruitment of polynucleotide kinase 3'- phosphatase (PNKP), aprataxin (APTX)
and DNA ligase 3 (LIG3) to process the SSB. This is followed by the gap filling step, which is carried
out by DNA polymerase o (Pol d), Pol € and Pol 3, and also requires PARP1 for stimulating the 5’ flap
endonuclease activity of flap endonuclease 1 (FEN1). Finally, the DNA is ligated by LIG1. b PARP1
is also required for the processing of SSBs at abortive DNA topoisomerase 1 (TOP1) cleavage
complexes (TOP1cc). PARP1 recruits and activates tyrosyl-DNA phosphodiesterase 1 (TDP1), which
cleaves the TOP1cc from the DNA. The SSB is then repaired by SSBR. ¢ | PARP1 is important for
the repair of bulky adducts by global genome nucleotide excision repair (GG-NER). In the initial step,
lesion detection, the DNA damage-binding protein 1 (DDB1)-DDB2 complex is recruited to
autopoly(ADP)ribosylated (autoPARylated) PARPL. This is followed by the recruitment of amplified
in liver cancer protein 1 (ALC1), a step that is also mediated by PARPL. This results in chromatin
decondensation, the recruitment of xeroderma pigmentosum group C-complementing protein (XPC)
and RAD23B, and lesion verification, which involves recruiting XPB and XPD through the
interaction of their binding partner XPA with PARPL. Following lesion verification, the bulky adduct
is excised by the concerted action of two nucleases, excision repair cross-complementing group 1
protein (ERCC1) and XPG, and the resulting gap is filled by Pol 8, Pol € and Pol «, and ligated by
LIG1 or LIG3. PCNA, proliferating cell nuclear antigen; RPA, replication protein A. (Image Source:
Ray Chaudhuri and Nussenzweig, 2017).
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1.8.1.D Polynucleotide kinase phosphatase (PNKP)

Polynucleotide kinase phosphatase (PNKP) is one of the many crucial DNA damage repair
proteins which functions both in base excision repair (BER) as well as in non-homologous
end-joining (NHEJ) pathways. PNKP is considered to be a bi-functional enzyme which has
5'kinase as well as 3’-phosphatase activities, can remove the 3’-phosphate moiety and can also
phosphorylate the neighbouring 5’-hydroxyl of TDP1 processed product (Yang et al, 1996).
A previous study demonstrated that both TDP1 and PNKP function in the same repair
pathway in human cells (Figure 1.15) (El-Khamisy et al, 2005).

1.8.1.E DNA polymerase p and DNA ligase 111

DNA polymerase B, also referred to as POLB, is encoded by the gene POLB in human beings.
DNA polymerase 3 has been implicated in the stabilization of genome integrity by participating
in base excision repair events. It is capable of replacing the missing DNA segment having 3’-
hydroxyl and 5°- phosphate moiety for additional processing by the enzyme DNA ligase 11
(Figure 1.15) (Pommier, 2006).

DNA ligase 11l much like other DNA ligases joins nicks and breaks in the phosphodiester
backbone of DNA molecule which has been generated as a result of DNA damage and its repair
during replication and recombination processes, which constitutes indispensable stride towards
maintaining genomic integrity. Three different human genes have been identified that encode
ATP-dependent DNA ligases and these are LIG1, LIG3 and LIG4. As mentioned previously
DNA ends which have been processed by DNA polymerase 3 are subsequently resealed by
DNA ligase I11 (Figure 1.15) (EI-Khamisy et al, 2005).

1.8.2 Topl excision through endonucleases pathway

The existence of alternate endonuclease pathways for eliminating the Topl induced DNA
damage has been extensively studied in yeasts and has been summarized in the following

sections (Pommier, 2006).
1.8.2.A XPF/ERCC1 pathway

Pathways which are parallel and redundant with TDP1 include participation of Rad1/Rad10
and SIx1/SIx4 (Liu et al, 2002). During the process of nucleotide excision repair, Rad1/Rad10,
(which are essentially orthologues of the human endonuclease XPF/ERCCI) cleaves DNA 3’
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end from the large adduct (Figure 1.9-1.10). TDP1 and Radl/Radl0 appear to have
similar substrate specificity towards a single stranded gap between the 5° -end and the 3’-end
of the DNA (Vance & Wilson, 2002).

1.8.2.B Mus81/ Emel pathway

Mus81/ Emel appear to cleave damaged replication forks in a precise and selective manner
with duplex DNA near the 3’-end to be processed (Osman et al, 2003). Recent reports have
demonstrated Mus8land Rad50-deficient yeasts are hypersensitive towards CPT (Osman et
al, 2003).

1.8.2.C MRN complex associated pathway

The Mrell/Rad50/Xrs2 complex (widely referred to as the MRX) (the human orthologs are
Mrel1/Rad50/Nbsl [MRN]) operate in an independent manner from the TDP1 pathway
(Figure 1.9-1.10) (Liu et al, 2002). This is also true for Mus81/Mms4 and Rad27 (Liu et al,
2002). Two separate but redundant pathways involved in repairing Topl-mediated DNA
damage are a) TDP1-dependent pathway and b) TDP1-independent checkpoint dependent
pathway which involves BRCAL, 53BP1 as well as MDC1 in the checkpoint response
and consequent removal of the damage by three parallel functioning endonucleases (Figure
1.9-1.10) (Zhou & Elledge, 2000). TDP1 becomes the foremost enzyme responsible for the
removal of Topl-associated DNA damage in case there has been inactivation of cancer-

related checkpoint.
1.8.3 Topl-DNA complexes reversal by means of 5’ end religation

Removal of Topl induced damaged complexes can be also accomplished by the process of 5’
end religation. Religation event can be associated with the transcription and replication induced
DNA damage repair through regression of replication or transcription complex (“pull-back™)
(Rao et al, 2005). Regression of replication fork could result in generation of “chicken foot”

like structure. Additionally, Holliday junctions are topologically similar to this structure.
1.9.1 TDP1 Post-translational modification (PTM) regulations

Technological advancements have unraveled a diverse array of more than 200 variants of
post-translational modifications that are extremely dynamic in nature (Deribe et al, 2010). The

fine tuning of the equilibrium between the modified and unmodified forms of the protein is
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essential since it may alter the function of the protein. This equilibrium is established by
striking a balance between the opposing catalytic activities of the enzyme that attaches and
enzyme that detaches the modification. Some of the most prevalent post-translational
modifications include phosphorylation, PARylation, NEDDylation, acetylation,
ubiquitination, SUMOylation and methylation (Beltrao et al, 2013; Deribe et al, 2010). The

regulation of cellular TDP1 occurs mainly at the post-translational level.
1.9.1A. SUMOylation

Another study demonstrated that TDP1 is a suitable substrate for modification by the small
ubiquitin-like modifier SUMO (Hudson et al, 2012). In this study SUMOylated TDP1 was
isolated and purified from mammalian cells and the SUMOylation site was identified to the
amino acid residue at lysine 111 (Figure 1.11) (Hudson et al, 2012). Even though
SUMOylation exerts no quantifiable or observable impact on catalytic activity of T DP1, the
study demonstrated that it promotes the accumulation of TDP1 at sites of DNA damage
(Hudson et al, 2012). Additionally, SUMOylation-deficient TDP1 mutants demonstrated a
significant reduction in the rate of repair of chromosomal single-strand breaks which originated
from transcription-associated topoisomerase 1 activity or oxidative stress. These data

identified a role for SUMOylation during single-strand break repair (Hudson et al, 2012).
1.9.1B. PARylation

As mentioned previously TDP1 is responsible for the hydrolysis of the phosphodiester bond
between the DNA 3'-end and the Topl tyrosyl moiety. On the other hand, alternative repair
pathways for Toplcc involve endonuclease cleavage (Figure 1.9-1.10) (Das et al, 2014).
PARP1plays a critical role in the process of determining the choice between TDP1 and the
endonuclease repair pathways (Das et al, 2014). A previous study demonstrated that TDP1
and PARPL1 are epistatic for the repair of Toplcc, by producing TDP1 and PARP1 double-
knockout lymphoma chicken DT40 cells (Das et al, 2014). This study showed that N-terminal
domain of TDP1 directly binds with the C-terminal domain of PARP1, and thus TDP1 gets
PARylated by PARP1. PARylation leads to stabilization TDP1 coupled with SUMOylation of
TDP1. TDP1-PARylation leads to elevated recruitment of TDP1 to sites of DNA damage
without any interference in TDP1 catalytic activity. Subsequently TDP1-PARP1 complexes,
sequentially recruit XRCC1. Genetic experiments in the same study established that PARP1
and TDP1 are epistatic for the repair of Topl-associated DNA breaks (Das et al, 2014).
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1.9.1C. Ubiquitination

TDP1 is regulated by ubiquitination andidentified UCHLZ3 as the deubiquitylase that regulates
proteostasis of TDP1 (Liao et al, 2018). The study also demonstrated that the depletion of
UCHLS results in an increase of TDP1 ubiquitination in addition to elevated turnover rate
and additionally sensitizes cells to Topl poison treatment (Liao et al, 2018). The study
suggested that overexpression of TDP1 in the topoisomerase therapy-resistant
rhabdomyosarcoma is mediated by overexpression of UCHL3. Furthermore, the study also
found that UCHL3 is downregulated in SCANL1, resulting in elevated levels of TDP1
ubiquitination and increased rate of turnover (Liao et al, 2018). This study established
UCHL3 as a modulator of TDP1 proteostasis and, therefore, a regulator for protein-linked
DNA damage repair (Liao et al, 2018).

1.9.1D. Arginine methylation

Topl-induced replication-mediated DNA damage induces TDPL1 arginine methylation,
enhancing its 3'- phosphodiesterase activity. TDP1 arginine methylation also increases
XRCC1 association with TDP1 in response to CPT, and the recruitment of XRCC1 to Toplcc
DNA damage foci (Rehman et al, 2018).

1.9.1E. Phosphorylation

A previous study demonstrated that Topl-associated DNA double-stranded breaks (DSBS)
induce the phosphorylation of TDP1 at S81 site of the protein (Das et al, 2009). This
phosphorylation event is mediated by the participation of two protein kinases namely, DNA-
dependent protein kinase (DNA-PK) and ataxia-telangiectasia-mutated (ATM) (Das et al,
2009). The phosphorylated TDP1 subsequently forms nuclear foci that subsequently co-
localizes with those of phosphorylated histone H2AX (also referred to as yH2AX). Both Top1-
induced replication as well as transcription-mediated DNA damages can result in the induction
of phosphorylation event in TDP1 (Das et al, 2009). Moreover, this study demonstrated S81
phosphorylation led to stabilization of TDP1. This induces the formation of XRCC1 (X-ray
cross-complementing group 1)-TDP1 complexes and augments the movement of TDP1
towards DNA damage sites. Additionally, phosphorylation event at TDP1-S81 also promotes
survival of cell and DNA damage repair in response to CPT-induced double strand breaks (Das
et al, 2009). In this study, we have identified a novel phosphorylation of TDP1 at Serine 61
residue by the core mitotic kinase CDK1. This phosphorylation helps in the maintenance of
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the cell cycle dependent association and dissociation of TDP1 from the chromosomal DNA
during mitosis. It becomes evident from our work that this CDK1 mediated phosphorylation
of TDP1 helps to safeguard the genome against chromosomal instabilities arising from the

mis-segregation of chromosomes during mitosis.
2. DNA repair in mitotic phase of the cell cycle:

Chromosome instability (CIN) can result from improperly repaired DNA double-strand
breaks (DSBs), which are extremely toxic DNA lesions (Bakhoum et al, 2017). When cells
undergo the difficult process of equal and error-free chromosomal segregation into daughter
cells during the mitotic phase of the cell cycle, DSBs pose a significant problem. DSBs cause
DNA damage response (DDR) to be elicited in cells, which allows the cells to stop the cell
cycle until the breaks are fixed before entering mitosis (Bakhoum et al, 2017). The
completion of cell division takes precedence over DNA damage repair when cells encounter
DSBs during mitosis, however, and they no longer arrest (Bakhoum et al, 2017). The
mechanisms by which mitotic cells can delay DSB repair without building up significant CIN
are still poorly understood, and it is still unknown what potential physiological effects failed
DSB responses in mitosis might have (Blackford & Stucki, 2020). The majority of human
cell-based DDR studies have been conducted on asynchronous cell populations, and any
effects of the cell cycle have typically been examined by contrasting how cells react to DNA
damage (Figure 1.16) at different stages of interphase (G1, S, and G2) (Blackford & Stucki,
2020). The process of tolerating genotoxic stress during mitosis, when chromatin
dramatically condenses, the nuclear envelope (NE) separating the nucleus and cytoplasm
breaks down, and cells are coordinating the complex process of equal chromosome
segregation into daughter cells is far and away very poorly understood (Blackford & Stucki,
2020). The lack of understanding is in part due to the difficulties of studying a highly
dynamic process that can be completed in less than an hour with only a small percentage of
cells in an asynchronous population at any one time attempting it (Figure 1.16) (Bakhoum et
al, 2017; Groelly et al, 2022; Petsalaki & Zachos, 2020).
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Interphase Mitosis
DSB

Figure 1.16 Inhibition of recruitment of RNF8 and 53BP1 to DSBs during mitosis. During
interphase, phosphorylation of MDC1 on Thr752 recruits the E3 ubiquitin ligase RNF8 to DSBs.
RNF8 promotes the recruitment of RNF168, another E3 ubiquitin ligase that ubiquitinates H2A on
residues K13 and/or K15. 53BP1 is recruited to nucleosomes containing ubiquitinated H2A and
dimethylated H4. In mitotic cells, CDK1 phosphorylates RNF8 on Thr198, and this inhibits RNF8
recognition of MDC1. CDK1 and PLK1 phosphorylate 53BP1 on Thr1609 and Ser1618, respectively,
and this suppresses the association of 53BP1 with nucleosomes. P, phosphate; Ub, ubiquitin; Me,
methyl. (Source: Denchi and Li, NSMB 2014)

2.1. DNA Damage Checkpoint Signaling in Interphase and Mitosis

DNA DSBs owing to their high toxicity can be particularly challenging for cells to repair
accurately without causing CIN especially if left unrepaired when cells attempt chromosomal
segregation during mitosis (Bakhoum et al, 2017; Groelly et al, 2022; Petsalaki & Zachos,
2020). The DDR is initiated by three structurally related protein kinases: ATM, ATR, and
DNA-PKcs. ATM and DNA-PKcs are primarily activated by DSBs, whereas ATR is
activated by DNA replication stress or lesions that are processed to produce single-stranded
DNA (ssDNA) (Gomez Godinez et al, 2020). The primary role of DNA-PKcs is probably
limited to DSB repair in the vicinity of the lesion, whereas ATR and ATM activate both local
and global cellular responses to DNA damage, in part by phosphorylating and activating
other kinases such as CHK1 and CHKZ2, respectively (Orthwein et al, 2014). However, it is
important to note that ATM, ATR, and DNA-PKcs have a range of overlapping substrates
and can substitute for each other to some extent (Bakhoum et al, 2017; Blackford & Stucki,
2020; Orthwein et al, 2014). All three DDR kinases are recruited and activated by a discrete
set of cofactors: ATM is recruited and activated by the MRE11-RAD50-NBS1 (MRN)
complex, which can recognize and bridge broken double-stranded DNA (dsDNA) ends;
DNA-PKGcs is recruited and activated at dsDNA ends by Ku, a heterodimeric complex
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comprising two subunits, Ku70 and Ku80; and ATR has a stable binding partner, ATRIP,
which binds to the heterotrimeric RPA complex when it is bound to ssDNA. ATM and DNA-
PKcs are activated by binding to their cofactors at DSB ends, but ATR requires additional
stimulation by either TOPBP1 or ETAA1L, which both contain an ATR-activation domain
(Bakhoum et al, 2017; Blackford & Stucki, 2020; Orthwein et al, 2014). ETAAL is recruited
directly to RPA-coated ssDNA where it can activate ATR kinase activity, whereas the factors
and mechanisms controlling TOPBP1 recruitment are not yet clear but may involve multiple,
possibly redundant mechanisms (Bakhoum et al, 2017; Blackford & Stucki, 2020; Orthwein
et al, 2014). In response to DNA damage, ATM and ATR activate cell-cycle checkpoints to
arrest cells at the G1/S or G2/M boundaries. By contrast, S phase checkpoint signaling limits
DNA replication origin firing, stabilizes stalled replication forks, and increases nucleotide
supply to slow S phase progression and maintain the fidelity of DNA replication rather than
causing cell-cycle arrest (Bakhoum et al, 2017; Blackford & Stucki, 2020; Orthwein et al,
2014). While there are differences in how these checkpoints are activated, they all share
essentially the same output; that is, inhibition of the cyclin-dependent kinase (CDK) activity
that drives cell-cycle progression. This is achieved rapidly by ATM/ATR-dependent
activation of checkpoint kinases that inactivate the CDC25 family of phosphatases, which
counteract inhibitory phosphorylation of CDKs by the WEE1 kinase. Slower, transcription-
dependent inhibition of CDKs by p21 is also activated by ATM- and ATR-dependent
phosphorylation of p53, which is particularly important for the G1/S checkpoint (Bakhoum et
al, 2017; Blackford & Stucki, 2020; Orthwein et al, 2014).

Once cells have moved beyond prophase, there is no DNA damage checkpoint until daughter
cells re-enter G1 in the next cell cycle. While high levels of DNA damage can delay the
metaphase-to-anaphase transition, this is due to defects in microtubule attachment to
kinetochores and an active spindle assembly checkpoint rather than direct signaling from
DNA lesions. It is therefore clear that cells, at some point, become committed to mitosis and
prioritize completion of cell division over repair of DNA damage. There are several
mechanisms that prevent inhibition of CDK1 by DNA damage signaling in mitosis (Bakhoum
et al, 2017; Blackford & Stucki, 2020; Orthwein et al, 2014). First, little or no transcription
occurs during mitosis except possibly at specific genes and regions such as centromeres, so
mechanisms such as p21 induction and subsequent inhibition of CDKSs are disabled. Another
major mechanism involves ubiquitylation and proteasomal degradation of key cell-cycle and
DNA damage checkpoint mediators (Enserink & Kolodner, 2010). WEEL is phosphorylated
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by CDK1 and PLK1 at the onset of mitosis, which creates phosphodegrons that are
recognized by the SCF-BTrCP ubiquitin ligase, resulting in WEEL degradation (Ghelli
Luserna di Rora et al, 2020). Claspin, a protein required for CHK1 activation, is also
phosphorylated by PLK1 and degraded by SCF-BTrCP. Finally, CHK2 is phosphorylated and
inhibited by PLK1 on mitotic entry, which prevents CHK2 activation rather than promoting
its degradation. ATM-dependent phosphorylation of CHK2 is also reduced during mitosis,
which may further limit CHK2 kinase activity (Mailand et al, 2006). This may be required
because aberrant ATM-CHK2 signaling during mitosis can result in stabilization of
kinetochore—microtubule attachments to chromosomes, thereby increasing the frequency of
lagging chromosomes during anaphase (Blackford & Stucki, 2020). Taking these findings
together, CDK1-cyclin B activity is thus maximized at the end of prophase through multiple
mechanisms and can no longer be inhibited by ATM or ATR signaling until mitosis is
complete (Blackford & Stucki, 2020).

2.2 DSB repair in mitosis

The absence of 53BP1 recruitment to sites of DSBs in mitosis removes a major DNA-end
resection roadblock that could allow hyper-resection in mitosis. However, this phenomenon
is not observed in mitotic cells probably owing to the high degree of compaction and
condensation of chromosomes to be substrates of enzymes involved in long-range resection
to overcome (Bakhoum et al, 2017; Blackford & Stucki, 2020; Denchi & Li, 2014; Orthwein
et al, 2014). In addition to lack of DNA-end resection, key HR factors such as BRCA1 and
RADS5L1 are also not recruited to mitotic DSB sites. The bulk of evidence therefore suggests
that DSB repair by HR is inactivated in mitosis (Bakhoum et al, 2017; Blackford & Stucki,
2020; Denchi & Li, 2014; Orthwein et al, 2014). A lack of RPA-coated sSDNA in mitosis
might also explain why ATR is not recruited to DSBs during mitosis, although ATR could be
activated in this cell-cycle phase by other mechanisms. The situation is less clear for NHEJ:
while early studies suggested that DSB repair is universally inhibited during mitosis and
therefore that DSBs are also not repaired by NHEJ until the subsequent G1 phase, the
absence of NHEJ during mitosis has never been demonstrated directly. There is
circumstantial evidence arguing that although chromatin responses are attenuated during
mitosis, the DSB repair machinery itself may remain active to some extent (Bakhoum et al,
2017; Blackford & Stucki, 2020; Denchi & Li, 2014; Orthwein et al, 2014). For example, Ku
foci still form on mitotic chromatin, although it is unclear whether they are resolved during
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mitosis or in the following G1 (Bakhoum et al, 2017; Blackford & Stucki, 2020; Denchi &
Li, 2014; Orthwein et al, 2014). Given that the expression of 53BP1 mutants that cannot be
phosphorylated by mitotic kinases promotes sister-telomere fusions, it seems likely that at
least some NHEJ activity is present in mitotic cells. However, there is evidence that XRCC4
is phosphorylated by mitotic kinases and that this attenuates its localization at DSB sites
(Bakhoum et al, 2017; Blackford & Stucki, 2020; Denchi & Li, 2014; Orthwein et al, 2014).
Thus, it remains unclear to what extent the core NHEJ machinery is inhibited during mitosis.
Regardless, in the absence of efficient DSB repair, broken chromosomes represent a major
threat for mitotic cells since broken chromatid fragments lacking a centromere (so-called
acentric fragments) would be unable to segregate properly without the existence of
compensatory mechanisms. A simple such mechanism would be the tethering of broken
chromosome ends until they can be repaired in the following G1 phase. Recent evidence
suggests that tethering of acentric chromatid fragments during mitosis may at least exist in
mammalian cells. As described above, the chromatin response to DSBs is only partially
disrupted in mitosis, such that the upstream events including H2AX phosphorylation and
MDC1 recruitment still occur, and the kinase activities of ATM and DNA-PKcs are
important for cell survival in response to mitotic DNA breaks (Bakhoum et al, 2017
Blackford & Stucki, 2020; Denchi & Li, 2014; Orthwein et al, 2014). It was recently shown
that a major role of the chromatin response to DSBs during mitosis is the recruitment of the
mediator protein TOPBP1. TOPBP1 is a versatile protein with multiple roles in DNA
replication, DNA repair, and transcription. In interphase cells, TOPBP1 is recruited to DSBs
via interaction with 53BP1 and other factors, but in mitosis it is recruited to sites of DSBs via
direct phosphorylation-dependent interaction with MDC1 (Bakhoum et al, 2017; Blackford &
Stucki, 2020; Denchi & Li, 2014; Orthwein et al, 2014).

2.3 Consequences of Defective Responses to DNA Breaks during Mitosis

When a mitotic DSB fails to be repaired or tethered, the affected chromosome breaks into
two pieces: an acentric chromosome fragment and a centric chromosome fragment, each
containing a telomere on one end and free DNA end on the other (Bakhoum et al, 2017;
Blackford & Stucki, 2020; Denchi & Li, 2014; Orthwein et al, 2014). Since the acentric
fragment is not able to interact with the mitotic spindle, it lingers near the equatorial plate
during anaphase. These acentric fragments usually randomly segregate into the cytoplasm of
one of the daughter cells and are converted into micronuclei. The centric fragment, by

39



Chapter 1 General Introduction

contrast, can attach to the spindle and thus be properly segregated into one of the daughter
cells, but its free DNA end can potentially fuse to another centric fragment from a different
chromosome or to an intact chromosome with a deprotected telomere in the subsequent G1,
leading to the formation of a dicentric chromosome (Bakhoum et al, 2017; Blackford &
Stucki, 2020; Denchi & Li, 2014; Orthwein et al, 2014). These dicentric chromosomes are
sources of so-called breakage-fusion-breakage (BFB) cycles, first described by Barbara
McClintock in 1941. BFB cycles are a major source of chromosomal instability in cancer.
Micronuclei, by contrast, are associated with heavily deregulated DNA metabolism and can
thus give rise to a unique form of chromosomal instability termed chromothripsis
(Shorokhova et al, 2021), where large numbers of clustered chromosomal rearrangements
occur in a confined genomic region typically on only one chromosome. Chromothripsis can
occur when a micronucleus is reincorporated into the nucleus in a subsequent mitosis. Thus,
failed responses to DSBs in mitosis can critically contribute to the formation of the kind of
chromosomal instability frequently observed in cancers (Shorokhova et al, 2021). It is well
established that genotoxic stress leads to inflammatory responses. For example, exposure of
cells to DSB-inducing agents leads to the expression of type I interferons, which activates
p53 and induces senescence. It was originally suggested that DNA fragments leaking from
the site of DNA damage in the nucleus into the cytosol are recognized by cGMP-AMP
synthase (cGAS), an important sensor of cytosolic DNA that activates innate immunity by
engaging the stimulator of interferon genes (STING) cascade (Uhlorn et al, 2020). However,
two recent studies identified micronuclei as the main source of immune stimulatory cytosolic
DNA (Krupina et al, 2021). Although micronuclei are structurally comparable with primary
nuclei, their NE is unstable resulting in frequent NE breakdown, which leads to the exposure
of fragmented DNA from within the micronuclei to cGAS and activates an inflammatory
response (Levine & Holland, 2018). Thus, a failed response to DNA breaks in mitosis may
have physiological consequences beyond the accumulation of chromosomal instability and
may contribute to shape the immune microenvironment of tumors (Bakhoum & Cantley,
2018).

2.4 Under-replicated DNA as an Endogenous Source of Mitotic DSBs

Due to the relative amount of time cells spend in mitosis compared with interphase, the
majority of DSBs that cells acquire from exogenous sources would be expected to occur and
be repaired in interphase (Bertolin & Hoffmann, 2020). However, mitosis-specific DSB
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responses exist and are apparently conserved from some single-celled organisms to human
beings suggest that DSBs must occur to a significant extent during cell division and be
recognized for the maintenance of genome stability (Bakhoum & Cantley, 2018; Bakhoum et
al, 2017; Bertolin & Hoffmann, 2020; Blackford & Stucki, 2020; Denchi & Li, 2014;
Orthwein et al, 2014). Some of the DSBs that occur during mitosis are introduced
deliberately by cells as a result of unfinished DNA replication in the previous S phase
(Bakhoum & Cantley, 2018; Bakhoum et al, 2017; Bertolin & Hoffmann, 2020; Blackford &
Stucki, 2020; Denchi & Li, 2014; Orthwein et al, 2014). These under-replicated DNA often
arise from specific regions of the genome called common fragile sites (CFSs), which are
replicated late in S phase and are sensitive to breakage under conditions of replication stress
such as aphidicolin treatment (when CFSs are said to be ‘expressed’). CFS expression is an
active process promoted by RAD52 and a large protein complex containing the SLX1-SLX4,
MUS81-ERCC1, and XPF-ERCC1 (SMX) nucleases (Bakhoum & Cantley, 2018; Bakhoum
et al, 2017; Bertolin & Hoffmann, 2020; Blackford & Stucki, 2020; Denchi & Li, 2014;
Orthwein et al, 2014). Under-replicated regions that have been processed by SMX can still be
replicated even though cells have passed through S phase, via a break-induced conservative
DNA replication pathway (Bhowmick et al, 2016; Minocherhomiji et al, 2015) called MiDAS
(mitotic DNA synthesis) that requires TOPBP1, POLD3 (a noncatalytic subunit of DNA
polymerase 6), and prior disassembly of the S phase replisome by the ubiquitin ligase TRAIP
(Bakhoum & Cantley, 2018; Bakhoum et al, 2017; Bertolin & Hoffmann, 2020; Blackford &
Stucki, 2020; Denchi & Li, 2014; Orthwein et al, 2014).

2.5 Cyclin dependent kinases (CDK3s)

In eukaryotic cells, the cell cycle is controlled by cyclin dependent kinases (CDKSs) (Brown et
al, 2015; Diril et al, 2012; Enserink & Kolodner, 2010; Holt et al, 2009; Lau et al, 2021; Li &
He, 2020; Satyanarayana et al, 2008). Six conserved CDKs exist in the budding
yeast S. cerevisiae : Cdkl (also known as Cdc28), Pho85 (similar to mammalian Cdk5),
Kin28 (similar to mammalian Cdk7), Ssn3 (similar to mammalian Cdk8), and Ctk1 and the
more recently identified Burl (both of which correspond to mammalian Cdk9). A single
CDK, Cdk1, is necessary and sufficient to drive the cell cycle in budding yeast, but many of
its functions, especially in the earlier phases of the cell cycle, are supported by the non-
essential CDK Pho85, and there exists significant cross-talk between these kinases in
regulation of e.g. cell morphology (Brown et al, 2015; Diril et al, 2012; Enserink &
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Kolodner, 2010; Holt et al, 2009; Lau et al, 2021; Li & He, 2020; Satyanarayana et al, 2008).
The other CDKs are thought to function mainly in the process of transcription. In addition to
the six classical CDKs, S. cerevisiae has a distant, highly diverged CDK family member,
Cakl, which is involved in activation of several CDKs. Budding yeast Cdkl was first
identified in a landmark genetic screen for genes that control the cell cycle performed by
Hartwell. It is a proline-directed kinase that preferentially phosphorylates the consensus
sequence S/T-P-x-K/R (where x is any amino acid), although it also phosphorylates the
minimal consensus sequence S/T-P, and recent work indicates that at least in vitro Cdk1 can
also phosphorylate non-SP/TP sites (Brown et al, 2015; Diril et al, 2012; Enserink &
Kolodner, 2010; Holt et al, 2009; Lau et al, 2021; Li & He, 2020; Satyanarayana et al, 2008).
Cdk1 substrates frequently contain multiple phosphorylation sites that are clustered in regions
of intrinsic disorder, and their exact position in the protein is often poorly conserved in
evolution, indicating that precise positioning of phosphorylation is not required for regulation
of the substrate (Brown et al, 2015; Enserink & Kolodner, 2010; Holt et al, 2009). Cdk1l
interacts with nine different cyclins throughout the cell cycle (Brown et al, 2015; Diril et al,
2012; Enserink & Kolodner, 2010; Holt et al, 2009; Lau et al, 2021; Li & He, 2020;
Satyanarayana et al, 2008). The interaction with cyclins is important for activation of its
kinase activity and also for recruitment and selection of substrates. For example, several
cyclins contain a hydrophobic patch that binds the RXL (also known as Cy) motif in Cdkl
substrates (Brown et al, 2015; Enserink & Kolodner, 2010; Holt et al, 2009). This
hydrophobic patch is important for substrate selection of some cyclin-Cdkl complexes, like
e.g. CIb5-Cdk1, while for other cyclins it helps determine the cellular localization of the
cyclin-Cdk1 complex, like e.g. Clb2-Cdk1. However, robust cell cycle progression depends
on the orderly expression of cyclins, indicating that different cyclin-Cdk1l complexes are
important for phosphorylation of the right proteins at the right time (Brown et al, 2015;
Enserink & Kolodner, 2010; Holt et al, 2009). The fact that aberrant CDK activity underpins
proliferation of tumor cells makes it a highly significant research subject. Approximately
75 bona fide in vivo Cdkl targets have been identified thus far. However, this number is
likely to be an underestimate, because a recent study that combined specific chemical
inhibition of Cdkl with quantitative mass spectrometry identified over 300 potential Cdkl
targets (Brown et al, 2015; Enserink & Kolodner, 2010; Holt et al, 2009).
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2.6 Role of CDK1 in mitotic DDR

Durocher and colleagues have shown that mitotic kinases (CDK1 and PLK1) phosphorylate
RNF8 and 53BP1, which inhibit their recruitment to sites of DNA damage (Belotserkovskaya
& Jackson, 2014; Escribano-Diaz et al, 2013). Their recent study identified a CDK1-
dependent mitosis specific phosphorylation site on RNF8 (Thr198) which prevents the
recruitment of RNF8 to sites of DNA damage (Figure 1.17). Restoring RNF8 recruitment in
mitosis allows recruitment of the downstream factors RNF168 and BRCAL but not 53BP1
suggestive of the existence of an additional step by which mitotic cells inhibit 53BP1 recruit-
ment (Escribano-Diaz et al, 2013; Orthwein et al, 2014). Indeed, recruitment of 53BP1
requires the RNF168-mediated ubiquitination of histone H2A and access to K20-
dimethylated histone H4. 53BP1 recognizes K15-ubiquitinated H2A via its ubiquitination-
dependent recruitment motif and K20-dimethylated H4 via its Tudor domain. Two amino
acids of 53BP1, Thr1609 and Ser1618 located in the ubiquitination-dependent recruitment
region, are phosphorylated by CDK1 and PLK1 during mitosis (Escribano-Diaz et al, 2013;
Orthwein et al, 2014). It was found that 53BP1 allele bearing phosphomimetic substitutions
of these two residues is no longer recruited to DSBs, whereas the corresponding alanine
substitutions (53BP1 TASA) generate a nonphosphorylated 53BP1 protein that can be
recruited to mitotic DSBs. Indeed, these findings raise the possibility that cancer cells with
deregulated PLK1 or CDK1 activity might have impaired DNA-repair capacity due to inhibi-
tion of RNF8 or 53BP1 (Escribano-Diaz et al, 2013; Orthwein et al, 2014). This would
provide a new explanation for the genome instability displayed by these types of cancer cells

and would launch an interesting avenue for cancer therapy.
In the context of the aforementioned discussion, the current study has aimed to elucidate the
novel association of CDK1 with TDP1 with following specific objectives:

= |dentification of TDP1 as a novel substrate of CDK1

= |nvestigating the role of CDK1 mediated cell cycle dependent phosphorylation in
regulating TDP1 dislodging from the mitotic chromosome.

= Elucidating the biological significance of the CDK1 mediated phosphorylation of
TDP1
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3. Leishmaniasis

Cytokinesis

The term “leishmaniasis”, refers to a group of vector borne infectious disease caused by
intracellular obligate, protozoan parasite Leishmania which are transmitted through the
phlebotomine sand flies (Altamura et al; Chappuis et al, 2007; Desjeux, 2001; Kaye & Scott,
2011; Mann et al, 2021). Leishmaniasis arises due to different parasites affecting various
populations and each can be related to a characteristic vector and animal reservoirs host. The
problem is not only complex but also cosmopolitan. Until about 60 years ago leishmaniasis
was thought to be endemic only in India, China, the Middle East, Southern Europe and parts
of southern America (Altamura et al; Chappuis et al, 2007; Desjeux, 2001; Kaye & Scott,
2011; Mann et al, 2021). Currently, all continents except Australia and Antarctica have been
recognised to be at risk. Visceral Leishmaniasis (VL), also known as “Kala azar” (a
synonym in Hindi), which means black fever due to the hyperpigmentation on the hands and
forehead, is the most severe form of the disease which proves to be fatal if left untreated.
Epidemiological data shows that leishmaniasis at present is the most fatal parasitic disease
affecting more than 16 million people and putting 600 million at risk second only to malaria
(WHO, 2000) (Altamura et al; Chappuis et al, 2007; Desjeux, 2001; Kaye & Scott, 2011;

Mann et al, 2021). Coinfection of Leishmaniasis infected patients with human
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immunodeficiency virus (HIV) infections are increasing and approximately every third of the
patients die during their first VL episode. In the developing countries like India, Bangladesh,
Afghanistan, Brazil, Bolivia, Iran, Peru, Saudi Arabia and Syria the situations are deporable
(Altamura et al; Chappuis et al, 2007; Desjeux, 2001; Kaye & Scott, 2011; Mann et al, 2021).
In fact, only 6 lakh cases of the 2 million actual occurrences are officially recorded per year.
For the last 50 years Kala azar or VL has remained as one of the major health concerns in
India. Survey report during 1991 suggests that VL affected more than 2.5 million people with
75,000 mortality, across 6 different states. In Bihar alone, 44 million people of 28 districts
and about 3.5 million people of West Bengal are at risk (WHO, 1993) (Altamura et al;
Chappuis et al, 2007; Desjeux, 2001; Kaye & Scott, 2011; Mann et al, 2021).

3.1 Classification of Leishmania and disease epidemiology

The systematic position of the pathogenic protozoan Leishmania is as follows:
KINGDOM : Protista

PHYLUM : Protozoa

SUBPHYLUM : Sarcomastigophora

SUPERCLASS : Mastigophora

CLASS : Zoomastigophora

ORDER : Kinetoplastida

SUBORDER : Trypanosomatida

FAMILY : Trypanosomatidae

GENUS : Leishmania
3.2 Leishmania

Leishmania has a digenetic life cycle. Although the initial infection of the mammalian host is
initiated by promastigotes through the bite of an infected sand fly, this form of Leishmania
has been rarely observed inside the mammalian host. Upon entry into host macrophage, the
flagellated motile promastigote transforms into a round, non-flagellated, non-motile
amastigote form (Figure 1.18). It is known that transformation to amastigotes within
macrophages take place within 12-24 hours of internalization by macrophages (Kaye & Scott,
2011; Mann et al, 2021). Amastigotes are spherical in shape, only about 2.5-5 um in diameter
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(Figure 1.18B) and are contained within parasitophorous vacuoles within a macrophage and
possess a prominent nucleus and kinetoplast, the cytoplasm is vacuolated and contains
lysosomes (Kaye & Scott, 2011; Mann et al, 2021). The outer membrane is composed of a
polysaccharide component but there is no cell surface coat. Amastigotes of different species
of Leishmania in mammalian hosts bear morphological similarity albeit the general
characteristics of amastigotes vary between species to species (Kaye & Scott, 2011; Mann et
al, 2021; Olivier et al, 2005). In the sand fly midgut, Leishmania exists as an elongated,
flagellated, motile promastigotes form which are usually 12 pm and sometimes as short as 5
um in size (Figure 1.18A). The kinetoplast is anterior in position and free flagellum measures
upto 15 um in length. Very small, unattached promastigotes found in the proboscis of sand
flies are believed to be the infective form introduced into the mammals (and & Kamhawi,
2001; Kaye & Scott, 2011; Mann et al, 2021; Olivier et al, 2005; Pearson et al, 1983).
flagellate promastigotes form. Then promastigotes move to the alimentary tract for
multiplication by binary fission. After 4-5 days of feeding, the promastigotes migrate to the
oesophagus and the salivary glands of the fly (Kaye & Scott, 2011; Mann et al, 2021; Olivier
et al, 2005; Pearson et al, 1983). The Leishmania promastigotes are transferred to the
mammalian host along with the saliva when the infected insect feed on a mammalian host.
After that the promastigotes gets readily converted to the amastigote inside the mamalian host
(Kaye & Scott, 2011; Mann et al, 2021; Olivier et al, 2005; Pearson et al, 1983).

Figure 1.18. (A) Ultrastructure
of Leishmania promastigote.
(B) Ultrastructure of
Leishmania amastigote

Autophagosome

Multi-vesicular
Tubule (MVT)
lysosome
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Leishmania are capable of resisting the microbicidal action of the acid hydrolases. Hence,
they can survive and multiply inside the macrophages and subsequent lysis of the
macrophages occurs. Again to continue the cycle, additional macrophages occupy the
released amastigotes. Finally, all the organs especially, the spleen, liver and bone marrow are
infected by the parasite containing macrophages and phagocytes (Kaye & Scott, 2011; Mann
et al, 2021; Olivier et al, 2005; Pearson et al, 1983).

3.3 Unique features of Leishmania
3.3.1A Kinetoplast: A unique mitochondrion

Flagellated protozoans of the class kinetoplastida have a single large mitochondrion called
the kinetoplast. It comprises of disc shaped mass of DNA network comprising maxicircles
and catenated minicircle and is adjacent to the organism's basal body (Kaye & Scott, 2011;
Mann et al, 2021; Olivier et al, 2005; Pearson et al, 1983).

3.3.1B kDNA (Maxicircles and Minicircles)

The most remarkable characteristics of the kinetoplastids is the presence of kinetoplast DNA
(kDNA). Electron microscopy has revealed that within the mitochondrial matrix of each cell
is a DNA network condensed into a disc like structure (Shapiro & Englund, 1995). kDNA
exist as a network with high AT-content and molecular weight of 4 x 10%° to constitute upto
25% of total cellular DNA (Borst & Hoeijmakers, 1979) Two types of DNA molecules:
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maxicircles, present in few dozen copies and minicircles, present in several thousand copies

that make up the complex KDNA network (Figure 1.20).

. maxicircle -/ Figure 1.20.

o ; Electron micrograph
of Kinetoplast DNA
(kDNA) network,
maxicircles and
minicircles.
(Source:
https://kdna.net/para
site_course-
old/kDNA/subchapt
ers/kdnal.htm)

. catenated
. minicircles

minicircles

Minicircles are covalently closed, relaxed DNA molecules that comprise 90% of the KDNA
network. Thousands of minicircles, usually homogenous in size (0.5-2 kb) but heterogenous
in sequence exist within a network (Figure 1.20). In Leishmania, they are about 830 bp in
size. Each minicircle is catenated to an average of three neighbours (Borst & Hoeijmakers,
1979) which is again linked to the maxicircles. Minicircles do not code for any protein but
they produce guide RNA’s which are involved in RNA editing (Cooper et al, 2022; Simpson
et al, 2000). The maxicircle has functional similarity to conventional mitochondrial DNA of
higher eukaryotes (Cavalcanti & de Souza, 2018). The size ranges from 20-40 kb and their
transcripts include rRNAs and mRNAs for several subunits of respiratory complexes (Figure
1.20). Maxicircles do not encode tRNAs, therefore cytoplasmic tRNAs are imported into the
mitochondrion (Cavalcanti & de Souza, 2018). Transcripts derived from maxicircles undergo
post-transcriptional uridine insertion and deletion to create functional open reading frames
which is termed as RNA editing (Cavalcanti & de Souza, 2018).

3.3.1C KDNA Replication:

Replication of KDNA causes a special topological problem because of its massive inter-

catenated network structure. KDNA replication occurs synchronously with nuclear DNA
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synthesis (Borst & Hoeijmakers, 1979) and every minicircle or maxicircle replicates only
once per generation (Borst & Hoeijmakers, 1979). Minicricles are decatenated from the
network by a topoisomerase to its covalently closed form. Free minicircle replication starts at
the universal minicircle sequence 5’-GGGGTTGGTGTA-3’ (Borst & Hoeijmakers, 1979).
Gaps generated in the lagging strand due to discontinuous replication helps in differentiating
already replicated minicircles from those that are going to be replicated (Borst &
Hoeijmakers, 1979). Thereafter gaps are filled and the networks segregate into developing

daughter cells (Figure 1.21).

Pafen.la.lkDNA
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REPLICATING
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base modification and insertions are termed as ‘RNA editing’. Rewriting or editing RNA
transcripts result major effects including over half of the nucleotides in some transcripts of
kinetoplastid protozoa (Hajduk & Ochsenreiter, 2010). Post-trascriptional insertion and
occasional deletion of Uridine (U) residues within the coding regions edited the transcripts of
the maxicircle protein coding genes and corrected frame shifts and generate translatable
MRNAs. gRNAs, the tiny RNA transcripts, guide the editing machinery, are encoded by
minicircles (Hajduk & Ochsenreiter, 2010). gRNAs behave like mini-templates to guide the
addition and deletion of Us from the pre-edited mRNA. For complete editing of a gene
several overlapping gRNAs are required. Each gRNA begins with a 5' anchor region and
terminates with a 3'-poly (U) tail that may be involved in the initial interaction of gRNA and
MRNA through RNA-RNA and RNA-protein interaction (Hajduk & Ochsenreiter, 2010).
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3.4 Search for new molecular targets

Development of new intervention strategies to control public health impact of parasitic
diseases is the main object of current biomedical research. Recently, the remarkable advances
in molecular and cell biology open up new opportunities for inventing and evaluating targets
for drug designing. Several studies confirm the antifolate chemotherapy in Leishmania to
target both pteridine reductase (PTR-1) and dihydrofolate reductase (DHFR) simultaneously
(Chakravarty & Sundar, 2010; Mohapatra, 2014). Various unusual facets of Leishmania
organisms might be exploited for drug design and novel drug targets are investigated from the
parasite genome sequence data. In conjunction with the fact that DNA topoisomerases are
proven targets for clinically useful anti-tumor and anti-leishmanial drugs (Chowdhury et al,
2012; Chowdhury et al, 2017; Das et al, 2008; Das et al, 2006a; Das et al, 2006b), the unique
bi-subunit topoisomerase | of the kinetoplastid parasites (Brata Das et al, 2004; Chowdhury et
al, 2012; Chowdhury et al, 2017; Das et al, 2008; Das et al, 2006a; Das et al, 2005; Das et al,
2006b), have also been found to be good target for anti-parasitic drug discovery. Besides,
these targets could be used as potential candidates for vaccine development, which would
help to fight against the leishmaniasis menace (Chowdhuri et al, 2023). Topoisomerase 1
inhibitors generate single-(SSB) or double stranded breaks (DSB), which cause fragmentation
of the genome and cell death(Brata Das et al, 2004; Chowdhury et al, 2012; Chowdhury et al,
2017; Das et al, 2008; Das et al, 2006a; Das et al, 2005; Das et al, 2006b). Therefore,
efficiency of these drugs, which target topoisomerases directly or indirectly, depends heavily
on the ability of DNA repair machinery to restore the basic cellular functions (Pommier,
2006; Pommier, 2013) of the parasites. The key mechanism for chemotherapeutic resistance
is to recognize DNA damage and initiate repair. DNA repair enzymes are considered to be
attractive targets to enhance the cytotoxicity of the DNA damaging agents towards cancer
cells. Understanding the DNA repair pathway of the unicellular protozoan parasites is vital as
it may influence the effectiveness of widely used parasitic drugs which exert their cytotoxic

effect by stabilizing topo I-DNA covalent complexes (Chowdhuri et al, 2023).
3.5 Targeting parasitic Topoisomerases

The currently available potent and therapeutically used anti-leishmanial drugs are urea-
stibamine and sodium stibogluconate (SAG) (Haldar et al, 2011). Camptothecin inhibits
DNA topoisomerase | from both Leishmania and Trypanosoma. The EC50 values for T.

brucei, T. cruzi and L. donovani are 1.5, 1.6 and 3.2 uM respectively (Bodley & Shapiro,
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1995). Anilinoacridines have recently been found to possess anti-parasitic activity towards
Leishmania, Trypanosoma and Plasmodium species. A biologically active synthetic
compound, indolyl quinoline acts as a dual inhibitor of L. donovani Topl and Il (Chowdhuri
et al, 2023; Chowdhury et al, 2012; Chowdhury et al, 2017). 3,3’-di-indolylmethane (DIM)
and its derivatives like diphenyl DIM can acts as LATOPIB poison and is more potent than
(Roy et al, 2008). DIM may induce oxidative stress in Leishmania cells and leads to
fragmentation of genomic DNA. Niranthin, a lignan (diphenyl propanoids) compound,
isolated from the plant Phyllanthus amarus exhibits as a potent antileishmanial agent and
triggers apoptosis by activation of cellular nucleases. Further, niranthin shows effectivity
against Leishmania parasites with antimony-resistant and low cytotoxicity to the host cells
(Chowdhury et al, 2012). Recently, chemically synthesized isobenzofuranone compounds,
3,5-bis(4-chlorophenyl)-7-hydroxyiso-benzofuran-1(3H)- one (JVPH3) and (4-bromo)-3-
hydroxy-5-(4-bromo-phenyl)-benzophenone (JVPH4) inhibit L. donovani topoisomerase Il
(LdTOP2) mediated decatenation of the kinetoplast DNA network and exhibit potent
antileishmanial activity against both antimony sensitive and resistant parasites (Mishra et al,
2014). Interestingly, these compounds do not inhibit LdTOPIB and are selective for LATOP2.
All the above mentioned compounds have promising anti-leishmanial activities and are
important leads for future anti-parasitic drug development. The sixth chapter of this
dissertation work is based on the identification and characterisation of a novel
pyrido[2',1":2,3]imidazo[4,5-c]quinoline derivative which selectively poisons Leishmania
donovani bi-subunit Topoisomerase 1 to inhibit the antimony-resistant Leishmania infection
in vivo(Chowdhuri et al, 2023).
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2.1 General Materials: Chemicals and Reagents; Biological Chemicals and Reagents
2.1.1 Chemicals and Reagents; Biological Chemicals and Reagents

All chemicals and reagents used for this study were of ultrapure grade, reagent grade or
equivalent. Agarose (A6013) was procured from Sigma Chemicals (St. Louis, MO, USA).
Camptothecin (CPT), Thymidine, Aphidicolin (Aph), Hydroxyurea (HU), RO3306 (CDK1
inhibitor) was procured from Sigma (St. Louis, MO, USA) and dissolved in 100% DMSO at
a final concentration of 20 mM and stored at -20°C. Colcemid (Karyomax) was purchased
from Roche. 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenylterazolium bromide (MTT) was
procured from Sigma Chemicals (St. Louis, MO, USA). Anti-TDP1 and anti-Mus81
antibodies were purchased from abcam. Anti-f actin antibody was purchased from Santa
cruz and Invitrogen. Anti-MPM2, anti-pHH3 and anti-yH2A.x antibodies were purchased
from Merck-millipore. Anti-Histone H3 and anti-CDK1 antibody was purchased from Cell
Signalling technologies. Anti-FLAG (M2) antibody was purchased from Sigma. Mouse
monoclonal anti-human Topl (C21) antibody, rabbit polyclonal PARP1 antibody and
secondary antibodies: horseradish peroxidase conjugated anti-rabbit 1gG or anti-mouse 19gG
were procured from Invitrogen and Novus technologies respectively. Restriction enzymes, T4
DNA ligase, Polunucleotide kinase, Tag DNA polymerase, Expand Hi-fidelity Tag DNA
polymerase were purchased from Roche Biochemicals. TOPO-TA cloning vector was
purchased from Invitrogen. [y32P] ATP was purchased from Amersham International, (U.K).
Ampicillin, kanamycin, chloramphenicol and tetracycline were purchased from Sigma

Chemicals. Site directed mutagenesis kit was purchase from Agilent.

Markers: DNA markers used in this study includes A DNA / Hind III (A DNA cleaved with
Hind 111;0.12-23.1 kb), GeneRuler 1kb DNA Ladder was purchased from Fermentas.

Prestained Protein Molecular Weight marker (19-240 kDa) was from Puregene.

Bacterial strains: E. coli DHSa was widely used for general transformation and BL21 (DE3)
pLysS strain was used as expression host. Cells were grown in LB media in presence or
absence of antibiotics.

Leishmania strains: Leishmania donovani (Ag83 and BHU575) was used for most studies

by growing in M199 medium.
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2.1.2 Biological Growth Media

DMEM: DMEM was purchased from Invitrogen. Fetal bovine serum (Invitrogen) was added
to final concentration of 10% v/v. Penicillin and streptomycin were added to a final
concentration of 100 U/ml and 100 pg/ml respectively.

M199: 11 gm dry powdered medium and 0.35 gm sodium bicarbonate were dissolved in 1
liter water containing 20 mM HEPES and pH adjusted to 7.2 with 1 N NaOH. Heat
inactivated fetal calf serum was added to a final concentration of 10% v/v. Penicillin and

streptomycin were added to final concentrations of 100 U/ml and 100 pg/ml respectively.

RPMI-1640:. RPMI was purchased from Invitrogen. Fetal bovine serum (Invitogen) was
added to final concentration of 10% v/v. Penicillin and streptomycin were added to a final

concentration of 100 U/ml and 100 pg/ml respectively.

LB Media: Bacto tryptone (1% wi/v), Yeast extract (0.5% wi/v), NaCl (1% wi/v); and pH
adjusted to 7.5.

Ligiud culture media: M199 powder (Sigma) 1.1%, HEPES buffer (pH7.5) 20 mM.
Buffered media was filter sterilized by passing through 0.22 pm pore sized filter (Nalgene)
and then heat inactivated fetal calf serum 10% (GIBCO), Penicillin 100 U/ml and
Streptomycin 100 pg/ml were added. This media was used for liquid culture of Leishmania

promastigotes.

Drug Solutions: Camptothecin (CPT), Aphidicolin, Nocodazole, Thymidine, MK1775,
RO3306 and Colcemid were dissolved in 100% DMSO. Drug solutions were kept in aliquots
at —200C. The final concentration of DMSO was kept at 4% and 0.5% for the in vitro studies

and cellular experiments respectively.
Materials for Column Chromatography:
Ni?*-NTA agarose was purchased from Qiagen.
2.1.3 Solutions and Buffers

Lysis/Equilibration Buffer: 50 mM NaH2PQOj4; 300 mM NaCl; 10 mM Imidazole;
1mMDTT; 1mM PMSF (pH 7.5-7.8).
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Wash Buffer: 50 mM NaH2P0O4; 300 mM NacCl; 40 mM Imidazole;
1 mM DTT; 1mM PMSF (pH 7.5-7.8).

Elution Buffer: 100 mM Tris-HCI, pH 7.5; 300 mM NaCl; 300 mM
Imidazole; 15% glycerol; 1 mM DTT; 1 mM PMSF.

TAE Buffer: 40 mM Tris-HCI, pH 7.5; 40 mM acetic acid; 2mM EDTA, pH
8.0.

TBE Buffer: 89 mM Tris-HCI, pH 7.5; 89 mM boric acid; 2mM EDTA, pH
8.0.

TE Buffer: 10 mM Tris-HCI, pH 7.5; 1 mM EDTA, pH 8.0.

Annealing Buffer: 20 mM Tris-HCI, pH 7.5; 150 mM NacCl.

STE Buffer: 10 mM NaCl, 10 mM Tris-HCIl pH 7.9 and 1 mM EDTA.

Phosphate Buffered Saline: 20 mM phosphate buffer (pH 7.4),
150 mM NaCl. (PBS)

DNA gel loading Buffer: 0.25% (wi/v) bromophenol blue, 0.25% (w/v) xylene
cyanol,30% glycerol (v/v) and 10 mM Tris-HCI, pH 8.

Protein gel loading: 100 mM Tris-HCI (pH 6.8), 200 mM DTT, 4% SDS, Buffer
(2X) 0.2% bromophenol blue and 20% glycerol.

STE: 20 mM Tris-HCI, pH 7.5; 300 mM NaCl; 1 mM EDTA.
Solution I: 50 mM glucose, 10 mM EDTA, 25 mM Tris-HCI (pH 8.0).
Solution I1: 0.2N NaOH, 0.1% SDS.

Solution I1I: 3M potassium acetate buffer (pH 5.2).

2.2 General Methods
2.2.1 Cell culture and maintenance of cell lines

Human cancerous cell lines like MCF7, HelLLa, HCT116, NIH: OVCAR-3 and HEK293were

obtained from the Developmental Therapeutics Program as generous gift from Dr. Yves
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Pommier (NIH/NCI/USA), TDP1"* and TDP1"" primary MEF cells were kind gift from Dr
Cornelius F Boerkoel (University of British Columbia, Canada) were cultured and were
maintained at 37°C under 5% CO; in Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum (Life Technologies). Cells were treated with different concentrations of
CPT as described previously (Das et al., 2009; Das et al., 2014).

2.2.2 Preparation of plasmid DNA

Plasmid DNA preparation was carried out according to the methods described previously
(Brinboim and Doly, 1979) with some modifications. E. coli host cells (DHS5a) containing
plasmid was grown in 250 ml LB media containing ampicillin at a concentration of 100 pg/ ml
at 37° C for 16 h (overnight). The cells were harvested by centrifugation at 6000 rpm for 10
min at 4° C. The pellet was washed thoroughly with ice-cold STE buffer and subsequently
suspended in 2.5 ml Solution | containing 50 ug/ ml lysozyme. The suspended cells were kept
at 4° C for 15 min and lysed by addition of freshly prepared 5 ml Solution Il with gentle
shaking. To the lysate 3.75 ml ice cold Solution Ill was added mixed and kept on ice for 15
min. Cell debris was pelleted at 12,000 rpm for 20 min at 4° C (Heraeus Biofuge Primo R
Centrifuge; Rotor number 7593). The supernatant was precipitated by addition of volume of
isopropanol, followed by centrifugation at 12,000 rpm for 20 min at room temperature, washed
with70% ethanol, dried and resuspended in 500 ul TE buffer. RNA was digested with 100
ng/ml RNase A for 3h at 37° C and RNAse was inactivated by Proteinase K in the presence
of 0.1% SDS. The mixture was extracted with equal volume of phenol: chloroform (1:1) and
chloroform and aqueous phase was precipitated with ethanol. The DNA pellet was dried and
resuspended in 500ul TE buffer.

2.2.3 Agarose Gel Electrophoresis

Agarose gel electrophoresis was carried out for the separation of DNA. Usually electrophoresis
is carried out at 0.8-1.2% agarose gel in 1X TAE or TBE buffer at a constant voltage of 5-6
V/cm for 2- 8 hrs. DNA was stained by soaking in 0.5 pg / ml of ethidium bromide solution,

visualized in U.V. transilluminator and photographed.
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2.2.4 Construction of recombinant plasmids, expression, site directed mutagenesis and

purification of recombinant proteins

All the recombinant constructs, over expression and purification procedures of the recombinant
proteins, enzymatic analysis with the recombinant proteins and other specific procedures are

described in the Materials and Methods section of individual chapters.
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3.1 Introduction:

DNA topoisomerase 1 (Topl) has been attributed indispensible for the maintenance of DNA
torsional stress generated during nucleic acid metabolic processeses like replication,
transcription and chromatin remodelling (Champoux, 2001; Pommier, 2006). Supercoiling
relaxation demands the reversal of Topl-linked DNA single-strand breaks (SSBs) (Topl
cleavage complexes), which are usually transient but can be selectively trapped by the Topl
interfacial inhibitors like camptothecin (CPT) and its clinical derivatives topotecan and
irinotecan (Das et al, 2018; Pommier, 2006; Pommier et al, 2016). Toplcc also accumulate
under physiological conditions when Topl acts on altered DNA structures (mismatches,
abasic sites, oxidized and adducted bases) (Pommier, 2006; Pommier et al, 2016). The
trapping of Toplcc results in DNA double-strand breaks (DSBs) upon replication and
transcription collisions (Pommier et al, 2016), associated with concomitant cell cycle arrest
and cell death. Hence, repairing irreversibly trapped Toplcc is an absolute necessity for DNA
metabolism, genome maintenance and is relevant to resistance of tumours to Topl inhibitors
(Ashour et al, 2015; Das et al, 2016; Pommier et al, 2014; Pommier et al, 2016) Tyrosyl-
DNA phosphodiesterase (TDP1), is the key enzyme for the repair of trapped Toplcc and
hydrolyses the phosphodiester bond between the catalytic tyrosine of Topl and the 3’-end of
DNA nicked by Topl (Pommier et al, 2014). It has been previously described that the genetic
inactivation of TDP1 results in heightened susceptibility to CPT (Das et al, 2009; Hirano et
al, 2007; Katyal et al, 2007; Murai et al, 2012; Pommier et al, 2014). Homozygous mutation
of TDP1 is also responsible for the neurodegenerative syndrome, spinocerebellar ataxia with
axonal neuropathy SCANL1, which results from elevated levels of Toplcc in post-mitotic
neurons (Caldecott, 2003; Caldecott, 2008; EI-Khamisy et al, 2005; Interthal et al, 2005;
Katyal et al, 2007; Takashima et al, 2002). TDP1 is not only implicated in Toplcc repair, it
also repairs blocking DNA lesions at the 3’-end of DNA breaks, including abasic sites,
phosphoglycolate, and alkylated bases at the 3’-end of DNA breaks (Caldecott, 2008)
resulting from oxidative DNA damage produced by radiomimetic drugs such as bleomycin,
alkylating agents and nucleoside analogues (Das et al, 2010; Hirano et al, 2007; Murai et al,
2012; Pommier et al, 2014) Additionally, TDP1 harbors nucleosidase activity towards 3’-
deoxyriboses, 3’-ribonucleotides and 3’-chain terminating anticancer and antiviral nucleosides
(cytarabine, acyclovir, AZT and abacavir) and even 5’-phosphodiesterase activity for
topoisomerase 1l cleavage complexes (Das et al, 2010; Hirano et al, 2007; Huang et al, 2011;
Huang et al, 2013; Murai et al, 2012; Nitiss, 1998; Pommier et al, 2014) and acts both in the
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cell nucleus and mitochondria (Das et al, 2010; Murai et al, 2012).

The regulation of cellular TDP1 has been studied widely and occurs mostly at the post-
translational level (Das et al, 2009; Pommier et al, 2014). ATM-and/or DNA dependent
protein kinase (DNA-PK)-mediated S81 phosphorylation has been reported to stabilize TDP1
(Das et al, 2009) and fosters the recruitment and activityof TDP1 for repairing Toplcc and
ionizing radiation (IR)-induced DSBs (Ashour et al., 2015; Das et al., 2009; Chiang et al.,
2010; McKinnon, 2012; Shiloh et al., 2015). Poly(ADPribosyl)ation of TDP1 by poly(ADP-
ribose) polymerase-1(PARP1) also enhances the stability of TDP1 and its interaction with X-
ray cross-complementing group 1 (XRCC1) and facilitates the recruitment of TDP1 to
Toplcc damage sites (Das et al, 2014). Additionally, SUMOylation of TDP1 at lysine 111 has
been reported to recruit TDP1 at transcription-associated Toplcc damage sites (Hudson et al,
2012). Recently it has been reported that the arginine methyl transferase PRMT5 acts as a
molecular determinant for Toplcc repair and that TDP1 is dimethylated at R361 and R586 by
PRMT5 (Bhattacharjee et al, 2022; Rehman et al, 2018) which modulates TDP1 catalytic
activity.

Previous studies using live cell microscopic imaging with GFP tagged constructs of TDP1
and Topl have shown that there is a markedly distinct chromosomal localisation pattern of
these proteins during the different phases of cell cycle, in as much as GFP-TDP1 does not
associate with the chromosomes in mitosis until late telophase (late mitosis), whereas GFP-
Topl remains DNA-bound during the entire mitotic cycle (Barthelmes et al, 2004).
However, a PTM or any other regulation of TDP1 responsible for this differential temporal
(cell cycle dependent) association of TDP1 with the chromatin has never been studied. In the
current study, we report a novel phosphorylation of TDP1 at S61, that was detected through
Mass Spectrometry. We show that the mitotic archetypical kinase Cyclin dependent kinase 1
(CDK1) phosphorylates TDP1 at Serine 61 (S61) in the early mitotic stage independent of
replication stress. CDK1 mediated phosphorylation stimulates TDP1 dissociation from
chromatin, and it is required for the proper chromosomsal segregation in mitosis.
Complementation of a phosphodeficient mutation of TDP1 at S61A in TDP1-/- MEFs results
in chromosomal aberrations and accumulation of extensive genome instability. Therefore, our
results represent the first demonstration of a cell cycle dependent regulatory phosphorylation
of TDP1 in human cells which is not involved in the recruitment of TDP1 at DNA damage
sites or in enforcing the stability of the protein in response to DNA damage (Bhattacharjee et
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al, 2022; Das et al, 2009; Rehman et al, 2018). Cell cycle dependent phosphorylation of
TDP1 at S61 regulates the chromosomal association and dissociation of TDP1 and also acts
as a switching tool for its role in the canonical base excision repair (BER) pathway coupled
with PARP1, XRCC1, Ligase IllI, PNKP and Polymerase Beta (Pommier et al, 2014) during
the S-phase and the alternative break induced repair (BIR) pathway known as mitotic DNA
synthesis (MiDAS) during the mitosis (Minocherhomiji et al, 2015).

3.2 Materials and methods
3.2.1 Mass spectrometry analysis of TDP1

Ectopic FLAG-TDP1 complexes were immunoprecipitated with anti-FLAG antibody as
described above. To induce DNA damage cells expressing FLAG-TDP1 were treated with
CPT (5 uM/3 h) prior to anti-FLAG immunoprecipitation and were subjected to tryptic
digestion at 37°C, overnight, followed by lyophilisation, reconstitution, and fractionation
applying strong cation exchange (SCX) liquid chromatography (LC) and mass spectrometry

analysis as previously described (Rehman et al, 2018).
3.2.2 Drugs

DNA replication inhibitor aphidicolin (APH) (Sigma-Aldrich) was used at 0.4 uM (low dose)
or 1.5 uM (intermediate dose), Hydroxyurea (Sigma-Aldrich) was used at 2 mM,
Camptothecin (Sigma-Aldrich) was used as per experimental requirements as indicated in the
experiment, CDK1 inhibitor (RO-3306, Sigma-Aldrich) at 9 puM. Nocodazole (Sigma-
Aldrich) was used at 200ng/ml and Thymidine (Sigma-Aldrich) at 2 mM. 5-Bromo-2’-
Deoxyuridine (BrdU, Thermo-fisher) was used at 1X working concentration.

3.2.2 Antibodies

Rabbit polyclonal anti-phospho-Histone H3 (06-570), anti- MPM2 (05-368), anti-Toplcc
(MABE1084) and mouse monoclonal anti-yH2AX (05-636) antibodies were purchased from
Millipore, USA. Rabbit polyclonal TDP1 (Ab4166) and GAPDH (Ab9485), mouse
monoclonal anti-XRCC1 (Ab1838), anti-MUS81 antibody (Ab14387) and Histone H3
(Ab24834) antibodies were purchased from Abcam (Cambridge, MA, USA). Mouse
monoclonal anti-flag (M2) (F3165), rabbit polyclonal anti-FLAG (F7425) antibodies were
purchased from Sigma (St Louis, MO, USA). The anti-CDK1 (9116), mouse monoclonal
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antibody was from Cell Signalling Technologies. Rabbit polyclonal anti-GFP (A-11122)
antibody was from Invitrogen. Rabbit polyclonal PARP1 antibody and anti-actin (sc-47778)
antibody secondary antibodies: Horseradish peroxidase (HRP)-conjugated anti-rabbit 19G or
anti-mouselgG were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

3.2.3 Expression constructs and site-directed mutagenesis

Human flag-tagged full-length TDP1 (FLAG-TDP1""), His-tagged and green fluorescent
protein (GFP)-tagged TDP1 constructs were described previously (Das et al., 2009; Das et al.,
2014). The HA-CDK1 fusion construct was a kind gift from Dr Sorab Dalal (Tata Memorial
Centre Advanced Centre for Treatment, Research and Education in Cancer, India). The point
mutations: TDP1% in FLAG as well as His-TDP1%" were created using the
‘QuickChange’ protocol (Stratagene, La Jolla, CA, USA). All PCR- generated constructs
were confirmed by DNA sequencing.

3.2.4 Cell culture, treatment and transfections

Cell cultures were maintained at 37°C under 5% CO; in Dulbecco’s modified Eagle’s medium
containing 10% fetal calf serum (Life Technologies, Rockville, MD, USA). The cervical
carcinoma cell line (HeLa), human kidney origin (HEK293) and human breast cancer
(MCF7) was obtained from the Developmental Therapeutics Program (NCI, NIH/ USA).
TDP1** and TDP1”" primary MEF cells were a kind gift from Dr Cornelius F Boerkoel
(University of British Columbia, Vancouver, British Columbia, Canada). Cells were treated
with the indicated concentrations of CPT. Plasmid DNAs and Si RNAs were transfected with
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol. TDP1”~ MEF
cells were transfected with the FLAG-TDP1 constructs using X-tremeGENE HP DNA

transfection reagent (Roche) according to the manufacturer’s protocol.
3.2.5 siRNA transfection

Transfections were performed as described previously (Das et al., 2009). In brief, cells (1.5 x
10°) were transfected with control siRNA or 25 nM CDK1, Mus81 or TDP1 siRNA (GE
Dharmacon, SiRNA- SMARTpool) using lipofectamine (Invitrogen) according to the
manufacturer’s protocol. Time course experiments revealed a maximum suppression of

CDK1 or TDP1 protein at day 3 after transfection, as analysed by Western blotting.

62



Chapter 3 Identification of TDP1 as a novel substrate of CDK1

3.2.6 Cell extracts, immunoblotting, and immunoprecipitation

Preparation of whole cell extracts, immunoprecipitation, and immunoblotting were carried out
as described previously (Das et al., 2009; Das et al., 2010 a; Das et al., 2014). Briefly, cells
were lysed in a lysis buffer (10 mM Tris—HCI (pH 8), 150 mM NacCl, 0.1% SDS, 1% NP40,
0.5% Na-deoxycholate supplemented with complete protease inhibitors) (Roche Diagnostics,
Indianapolis, IN) and phosphatase inhibitors (Phosphatase Inhibitor Cocktail 1 from Sigma).
After thorough mixing and incubation at 4°C for 2 h, lysates were centrifuged at 12 000 g at
4°C for 20 min. Supernatants were collected, aliquoted, and stored at —80°C. For
immunoprecipitation, cells were lysed in a lysis buffer (50 mM Tris—HCI (pH 7.4), 300 mM
NaCl, 0.4% NP40, 10 mM MgCl,, 0.5 mM dithiothreitol supplemented with protease and
phosphatase inhibitors). Supernatants of cell lysates were obtained by centrifugation at 15 000
g at 4°C for 20 min and pre-cleared with 50 ul of protein A/G-PLUS agarose beads (Santa
Cruz, CA, USA). About 5 mg of precleared lysate was incubated overnight at 4°C with
indicated antibodies (2-5 pg/ml) and 50 ul of protein A/G-PLUS agarose beads. Isolated
immunocomplexes were recovered by centrifugation, washed thrice with lysis buffer, and were
subjected to electrophoresis on 10% Tris—glycine gels and immunoblot analysis.
Immunoblottings were carried out following standard procedures, and immunoreactivity was
detected using ECL chemiluminescence reaction (Amersham) under ChemiDoc™ MP System
(Bio-Rad, USA). Densitometric analyses of immunoblots were performed using Image J

software.
3.2.7 Immunocytochemistry and confocal microscopy

Immunofluorescence staining and confocal microscopy were performed as described
previously (Das et al., 2009; Das et al., 2010 a; Das et al., 2014). Briefly, cells were grown
and drug treated on chamber slides (Thermo Scientific™ Nunc™ Lab-Tek™ II Chamber
slides) followed by fixation with 4% paraformaldehyde for 10 min at room temperature.
Primary antibodies against FLAG, yH2AX, anti-BrdU and Toplcc were detected using anti-
rabbit or anti-mouse 1gG secondary antibodies labelled with Alexa 488/568 (Invitrogen).
Cells were mounted in anti-fade solution with 4°,6-diamidino-2-phenylindole (DAPI) (Vector
Laboratories, Burlingame, CA, USA) and examined under Leica TCS SP8 confocal laser-
scanning microscope (Germany) with a 63x/1.4 NA oil objective. Images were collected and
processed using the Leica software and sized in Adobe Photoshop 7.0. The yH2AX or
Toplcc or BrdU intensity per nucleus was determined with Adobe Photoshop 7.0 by
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measuring the fluorescence intensities normalized to the number of cell count (Das et al.,
2009; Das et al., 2010 a; Das etal., 2014).

3.2.8 In vitro kinase assays

Purified His-TDP1 (WT and S61A) protein (1ug) was incubated with immpunoprecipitated
HA-CDK1 kinase, 0.05 mM ATP and in 1X kinase assay buffer (25 mM Tris-HCI (pH 7.5), 5
mM beta-glycerophosphate, 2 mM dithiothreitol (DTT), 0.1 mM NazVO,4, 10 mM MgCl,.)
buffer for 30 min at 37 °C. Reactions were stopped by adding 2x Laemmli sample buffer and
heating at 95 °C for 5 min. Samples were loaded onto a 10% SDS-PAGE gel and run at 25
mA for 2 hr. Phosphorylation reaction products were separated by SDS—PAGE, transferred
on to PVDF membrane and analyzed by Western blotting using anti-phosphoTDP1 (peptide
antibody) and anti-TDP1 antibodies.

3.2.9 Flow cytometry based cell cycle analysis

For cell cycle profile analysis, cell samples are harvested by scraping or trypsinisation
followed by pelleting the cells at 1500 rpm. The cell pellets are washed with 1X PBS before
fixation with 70% ethanol. On the day of the flow cytometry, the cell suspension in 70%
ethanol is pelleted and washed using 1X PBS. All fixative should be removed from cells
before proceeding with cell staining. Next, the flow cytometry samples each containing ~ 1 x
10° cells in suspension are prepared. The samples are centrifuged and the supernatant is
decanted, leaving a pellet of cells in each sample tube. 0.5 mL of FxCycle™ PI/RNase
Staining Solution stain is added to to each flow cytometry sample, mixed well. The samples
are incubated for 15-30 minutes at room temperature, protected from light. The samples are
analyzed the samples without washing, using 488-nm, 532-nm, or similar excitation, and

collect emission using a 585/42 bandpass filter or equivalent.
3.3 Results
3.3.1 TDP1 is phosphorylated at Serine 61 during mitosis

To investigate new post translational modifications of TDP1, we pulled down ectopic FLAG-
TDP1 both in the presence and absence of CPT and were examined using mass spectrometry
(MS) as described previously (Rehman et al, 2018). MS analysis of FLAG-TDP1

immunoprecipitation complex detected S61 as a phosphorylated serine residue on TDP1
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located at the N-terminal end of TDP1 (Figure 3.1A-B). MSdata also revealed that TDP1-S61
phosphorylation was detected independently of DNA damage. S61 residue of human TDP1
located at the N-terminal domain is phylogenetically conserved across vertebrate species as a
proline directed phosphorylation site (Figure 3.1B), and lies within a conserved motif, which
is the preferred substrate for Cyclin dependent kinase 1 (CDK1) (Holt et al, 2009). We used
phosphoNET (Kinexus) and the kinase predictor scansite algorithm, both of which predicted
CDK1 as the proline-directed serine/threonine kinases to phosphorylate S61
(http://lwww.phosphonet.ca/). Further, we also mined the cBioPortal Cancer Genomics
database and the BioMuta-single-nucleotide variations (SNVs) in cancer for any cancer
relevant variants associated with S61, which identified serine-to-leucine (S61L) melanoma
and oral-cavity cancer variants (https://portal.gdc.cancer.gov/genes/) imperative to the
physiological significance of this residue.
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Figure 3.1 (A) Schematic representation of human TDP1 showing the serine phosphorylation site
(S61) and the catalytic residues (HKN maotifs). The sequence alignment of amino acids of TDP1 in the
region flanking the S61 phosphorylation site (a conserved CDKL1 substrate phosphorylation site S/T-
P-X-K/R highlighted in blue) from human (Homo sapiens), monkey (Macaca mulatta), chimpanzee
(Pan troglodytes), rat (Rattus norvegicus), mouse (Mus musculus) demonstrates the phylogenetic
conservation of the residue. Sequence alignment was performed using ClustalW?2
(http://www.ebi.ac.uk/Tools/msa/clustalw?). (B) MS/MS spectrum of the TDP1 phospho-peptide
harbouring S61 residue.

In order to validate TDP1-S61 phosphorylation as a mitotic event we had generated a non-
phosphorylatable mutant variant of TDP1 at S61 (FLAG-TDP1%) by site directed
mutagenesis and performed the co-immunoprecipitation of FLAG-TDP1"" or FLAG-
TDP1%' with anti-FLAG antibody ectopically expressed in TDP1-/- MEFs cells,left in an
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asynchronous state or synchronized to G2/M by treatment with nocodazole (noc) as outlined
in the protocol (Figure 3.2A). Following immunoprecipitation and Western blotting with anti-
MPM2 antibody that recognizes epitopes in proteins phosphorylated during mitosis, we found
that the FLAG-TDP1"" indeed interacts with the MPM2 specific antibody only in the G2/M
arrested cells while the phosphorylation signal on TDP1 was abrogated in the
phosphorylation mutant variant FLAG-TDP1%* indicating S61 as the residue for the mitotic
phosphorylation (Figure 3.2B; phosphorylated TDP1). Further, to confirm TDP1-S61
phosphorylation, we also generated a phospho-specific peptide antibody that recognizes the
epitope HKRKI(S*)PVKFSN (the asterisk denotes phosphorylation) spanning S61 residue of
TDPL1. This antibody also recognized a single band with molecular weight similar to that of
TDP1 (pS61-TDP1) in the G2/M arrested cells expressing FLAG-TDP1"" while cells
expressing the phosphomutant FLAG-TDP1%% were completely defective in detecting the
pS61-TDP1 signal in both asynchronous and noc arrested cells (Figure 3.2B; pS61-TDP1),
confirming that the antibody detected mitosis specific TDP1 phosphorylation at S61 residue
(TDP1-pS61).

In order to monitor the temporal kinetics of TDP1 phosphorylation at S61, we synchronized
TDP1-/- MEFs expressing FLAG-TDP1"" to the G2/M border using noc, and monitored the
phosphorylation of this site at stages after release from the arrest at indicated time points in
G2/M (0 h), late mitotic (1 h) and G1 (5 h) phases (see FACS profile; Figure 3.2C) using both
the anti-MPM2 antibody and also the TDP1-pS61-phospho-specific antibody (Figure 3.2D).
We found that the S61-phosphorylation peaked upon release from early mitosis before
declining in telophase to return to near asynchronous basal levels in G1 (Figure 3.2D) which
exactly mirrored the CDK1 kinase activity (Brown et al, 2015; Diril et al, 2012; Enserink &
Kolodner, 2010; Holt et al, 2009; Li & He, 2020; Satyanarayana et al, 2008) congruent with
our assumption that CDK1 might be the kinase responsible for phosphorylating TDP1 at S61.
The flow cytometry analysis of the FLAG-TDP1"" and FLAG-TDP1°%'* transfected TDP1-/-
MEFs further confirmed that the overexpression of the phospho-mutant did not perturb the
cell cycle progression of the MEFs (Figure 3.2C).
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Figure 3.2 Human TDP1 is phosphorylated at S61 during early mitosis. (A) Schematic
representation for the protocol followed for synchronisation of TDP1-/- MEFs transfected with
FLAG-TDP1 (WT or S61A) variants to mitotic phase for immunoprecipitation or flow cytometry
analysis. (B) TDP1-/- MEFs ectopically expressing FLAG-TDP1"" or FLAG-TDP1%" were left
asynchronous or synchronised to G2/M phase as per the above protocol, following
immunoprecipitation with anti-FLAG antibody the immune complexes were analysed by Western
blotting. The anti-MPM2 antibody recognizes a single band (phosphorylated TDP1) with molecular
weight corresponding to TDP1 in the MEFs transfected with FLAG-TDP1"™ which have been
synchronised at G2/M phase. The phospho-specific antibody also recognizes a single band (pS61-
TDP1) with molecular weight corresponding to TDP1 in FLAG-TDP1"" expressing MEFs
synchronised at G2/M. This blot was stripped and re-probed with anti-FLAG antibody (FLAG-TDP1)
to confirm equal levels of immunoprecipitation for each condition. Aliquots (10%) of the input show
the level of proteins phosphorylated in the mitotic phase for each panel (anti-MPM2) and phospho-
histone H3 at Serl0 (anti-pHH3) indicates mitotic state prior to immunoprecipitation. (C) Flow
cytometry profile of the TDP1-/- MEFS ectopically expressing FLAG-TDP1"T and FLAG-TDP1%*'4,
synchronised to G2/M phase and harvested at indicated time points after release. (D) Detection of the
temporal kinetics of phosphorylation on TDP1-S61 using the anti-MPM2 and phospho-specific
antibody generated for the S61-epitope. FLAG-TDP1V™ and FLAG-TDP1%*** were ectopically
expressed in TDP1-/- MEFs. Following G2/M synchronisation as per the protocol, FLAG-TDP1
variants were immunoprecipitated at the indicated time points (0, 1 and 5 hours post noc release)
using anti-FLAG antibody and immune complexes were blotted with the anti-MPM2 and anti-pS61-
TDP1 antibody. The same blot was stripped and re-probed with anti-FLAG antibody. Phospho-
histone H3 (anti-pHH3) indicates mitotic state prior to immunoprecipitation in the aliquots (10%) of
the input.
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We also confirmed that the phosphorylation of TDP1 at S61 is a mitotic event by
immunocytochemistry using the phosphopeptide antibody (TDP1-pS61) in MCF7 cells at
interphase or arrested at mitosis in presence or absence of CPT or aphidicolin (Aph)
following the protocol outlined in Figure 3.3A. Coherent with our previous results we found
the phosphopeptide antibody (TDP1-pS61) detected phosphorylation mark on endogenous
TDP1 in mitotic cells but failed to detect any phosphorylation in interphase cells (Figure
3.3B) consistent with the previous literature that CDK1 remains inactive during S-phase.
Moreover the phosphorylation was detected independent of DNA damage or replication
stress induced by CPT (corroborating with the MS data) or aphidicolin respectively (Figure
3.3B-C). Interestingly we observed that the phosphorylated TDP1 (pS61-TDP1) remains
extruded from the mitotic chromosomes and shows cytosolic localization pattern (Figure
3.3B) in M-phase.
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Figure 3.3 Phosphorylation at TDP1-S61 residue is a mitotic event. (A) Schematic of the protocol
to study the cell cycle dependent S61 phosphorylation status of endogenous TDP1 in MCF7 cells. (B)
MCF7 cells were treated with or without CPT or aphidicolin and left asynchronous or fixed after
release from nocodazole arrest and stained with anti-pS61-TDP1 (phosphopeptide antibody which
detects TDP1-S61 phosphorylation). Cells at interphase and mitosis were tallied on the basis of their
chromatin morphology, as indicated by DAPI staining. The phosphorylated TDP1-S61 (pS61) is
stained in red. (C) Bar graph showing the levels of the phosphorylated TDP1 (pS61) for interphase
and mitotic cells as indicated for untreated cells or following replication stress with CPT or Aph.
Staining intensities from 40 nuclei per stage (indicated in the parenthesis) were expressed as mean *
s.d. a.u: arbitrary unit.
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3.3.2 CDK1 physically interacts with TDP1

CDK1 is the core mitotic regulatory kinase whose activity oscillates during each cell cycle
peaking at the G2/M phase and remaining low at G1/S phase (Brown et al, 2015; Diril et al,
2012; Enserink & Kolodner, 2010; Holt et al, 2009; Li & He, 2020; Satyanarayana et al,
2008)which led us to investigate if the phosphorylation of TDP1 at S61 is regulated by
CDK1 during the progression of cell cycle. CDK1 has been exhaustively studied to play a
key role in the regulation of the mitotic DNA damage response proteins and pathways (Brown
et al, 2015; Diril et al, 2012; Enserink & Kolodner, 2010; Holt et al, 2009; Li & He, 2020;
Satyanarayana et al, 2008). This prompted an investigation into the possible role of CDK1 in
the repair of Toplcc repair by a cell cycle dependent S61-TDP1 phosphorylation in the M-
phase. Since TDP1 is the key repair protein for the efficient repair of trapped Toplccs,
TDP1-CDK1 interaction was examined directly using immunoprecipitation. We ectopically
expressed FLAG-TDP1 in HEK293 cells and immuno-precipitated enriched TDP1 using anti-
FLAG antibody to test TDP1-CDK1 association. Co-immunoprecipitation (co-1P) of
ectopically expressed TDP1 pulled down endogenous CDK1 (Figure 3.4A) both in the
presence as well as in the absence of CPT, indicating TDP1-CDK1 binding is independent of
DNA damage. To test whether CDK1 directly interacts with TDP1, we performed co-IP with
FLAG-TDP1 in the presence of the benzonase nuclease. We found that the TDP1-CDK1
association was resistant to benzonase, indicating a direct protein - protein interaction, not
mediated through DNA or RNA. We further established the presence of TDP1 in the CDK1-
complex using reverse co-IP in cells ectopically expressing HA-CDK1 (Figure 3.4B). We
also found that the treatment with CDKZ1 inhibitor RO3306 does not disrupt the interaction
between CDK1 and TDP1 suggesting the physical interaction between the two proteins is not
dependent on the catalytic activity of CDK1.
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Figure 3.4 CDK1 physically interacts with TDP1. (A) HEK293 cells ectopically expressing FLAG-
TDP1 treated with or without CPT (5 uM, 3 h), and CDK1i (9 uM, 16 h) were immunoprecipitated
using anti-FLAG antibody. Immune complexes were blotted with anti-CDK1 antibody. The same blot
was stripped and reprobed with anti-FLAG antibody to show the expression of the FLAG-TDPL.
Aliquots (10%) of the input show the level of CDK1 prior to immunoprecipitation. To examine direct
protein-protein interaction between CDK1 and TDP1, cell lysates were pretreated with benzonase
prior to co-IP as indicated. Blots were subsequently stripped and probed with anti-FLAG antibody to
show the expression of the FLAG-TDP1 variants. Aliquots (10%) of the input show the level of
CDK1 prior to immunoprecipitation. (B) MCF7 cells ectopically expressing HA-CDK1 were treated
with or without CPT (5 uM, 3 h) and CDK1i (9 uM, 16 h) and immune-precipitated using anti-HA
antibody. The immune complexes were blotted with anti-TDP1 antibody. The same blot was stripped
and reprobed with anti-HA antibody. Aliquots (10%) of the input show the level of TDP1 prior to
immunoprecipitation. Migration of protein molecular weight markers (kDa) is indicated at right.

3.3.3 CDK1 phosphorylates TDP1 at S61 both in vitro and in vivo at G2/M phase

The observation that CDK1 physically interacts with TDP1 led us to further confirm whether
CDK1 is indeed the kinase responsible for TDP1-S61 phosphorylation. To explore the
possibility, we ectopically expressed FLAG-TDP1"T in CDK1-knockdown cells using small
interfering RNA (SiRNA). Figure 3.5A shows that CDK1 depletion resulted in a marked
decrease in pS61-TDP1, showing that TDP1 not only physically interacts with CDK1 (Figure
3.4A-B) but is also phosphorylated at S61 in vivo by CDK1. Next, we performed the in vitro
kinase assay to substantiate the CDK1 mediated TDP1 phosphorylation at S61.

Recombinant 6X-His-TDP1 (WT and S61A) protein variants were used as substrates for
immune-precipitated HA-CDKZ1 in the in vitro kinase assay. The phospho-peptide antibody
detected phosphorylation of TDP1VT by CDKZ1, but not of TDP1%'* (Figures 3.5B), which
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indicates that CDK1 phosphorylates TDP1 in vitro at S61. Taken together, these results

confirm a CDK1 mediated novel mitotic phosphorylation on TDP1 at S61 residue.
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Figure 3.5 CDK1 depletion abrogates the mitotic phosphorylation of S61 residue on TDP1. (A)
MCF7 cells were transfected with siCDK1 or siCtrl, then transfected 24 h later with a FLAG-tagged
human TDP1 construct (FLAG-TDP1). Following nocodazole treatment (200 ng/ml for 8 hours),
ectopic FLAG-TDP1 was immunoprecipitated using anti-FLAG antibody and the immune complexes
were blotted with a phospho-S61 specific peptide antibody. The same blot was stripped and reprobed
with anti-FLAG antibody. Aliquots (10%) of the input show the level of CDK1 knockdown and
FLAG-TDP1 prior to immunoprecipitation. Electrophoretic migration of protein molecular weight
markers (kDa) is indicated at right. (B) In vitro kinase assays with overexpressed HA-CDK1
immunoprecipitated from MCF7 cells. The substrates were recombinant 6XHis-tagged TDP1 variants
purified from bacterial expression system: wild type (WT) and phospho-mutant (S61A). Input denotes
the western blotting against anti-TDP1 antibody showing the amount of substrate in each reaction.

3.3.4 TDP1-S61 phosphorylation is dispensable for the catalytic activity of the enzyme

Next, in order to delineate whether this phosphorylation of TDP1 at S61 residue by CDK1
might regulate the catalytic activity of TDP1 we used real-time fluorescence-based assays
(Bhattacharjee et al, 2022; Bhattacharjee et al, 2023; Flett et al, 2018). We employed an ex
vivo approach with immune-precipitated FLAG-TDP1 variants (WT and S61A) as the source
of the enzyme to test the impact of S61 phosphorylation on TDP1 catalytic activity as
illustrated in Figure 3.6A (Bhattacharjee et al, 2022; Bhattacharjee et al, 2023; Flett et al,
2018). FRET-based TDP1 assays were performed using a double-stranded DNA hairpin
(dsDNA) containing 15 base pairs (Figure 3.6B). Each substrate had a 5° fluorophore and a 3’
quencher that ablates fluorescence, as described previously (Flett et al, 2018). Cleavage of the
3’ quencher by TDP1 abolishes FRET, giving
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rise to fluorescence that can be detected in real time. Figure 3.6B shows that the 3’ cleavage
efficiency of the phosphorylation mutant TDP1 (S61A) was comparable with the wild-type
protein (WT) suggesting that TDP1 phosphorylation at S61 is dispensable for its catalytic
activity. We also tested the activities of recombinant TDP1 mutant variants (WT and S61A)
purified from bacterial system and obtained similar results (Figure 3.6B). Additionally, we
also performed in vitro kinase assay on the bacterially purified recombinant WT and S61A
mutant enzymes using immune-precipitated HA-CDK1 (from mammalian cells) as the kinase
and used these in vitro phosphorylated mutants (TDP1-pS61 and TDP1-S61A) in the FRET-
based cleavage assays which also showed no significant differences between the two variants
(Figure 3.6B). These results further confirm that the enzymatic activity of TDP1 is
independent of the phosphorylation of TDP1 at the S61 residue by CDK1 coherent with
previous studies showing N-terminal deletion mutants of TDP1 are known to have complete
catalytically active (Interthal et al, 2001).
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Figure 3.6 TDP1-S61 phosphorylation is dispensable for the catalytic activity of the enzyme (A)
Representative Western blot showing equal levels of immunoprecipitated FLAG-tagged TDP1
variants (FLAG-TDP1"" and FLAG-TDP1*') in the immune complexes used as the source of
TDP1 variants for time-dependent FRET-based real time TDP1 Cleavage assays. (B) Schematic
representation of activity assays using a 15-bp hairpin double-stranded fluorescence quencher DNA
(dsDNA). Cleavage of the 3’ quencher (blue ellipse) by TDPI1 increases the fluorescence of 5°
fluorophore (orange dot) (lower). (C) Graph for the time-dependent FRET-based real time TDP1
Cleavage assays. Immunoprecipitated FLAG-tagged TDP1 variants (FLAG-TDP1V" and FLAG-
TDP1%°') were used for the assay. Also recombinant TDP1 (WT and S61A) purified from bacterial
expression system were used as the source of enzyme for the cleavage assay. These recombinant
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proteins were phosphorylated by in vitro kinase assay using immune-precipitated HA-CDK1 as the
source of kinase and the phosphorylated proteins (TDP1 (pS61) and TDP1 (S61A)) were also used for
the cleavage assay. Substrate cleavage by WT and S61A TDP1 was measured by fluorescence
intensity, in relative fluorescence units (RFU), and plotted as a function of time (min). Error bars
represent mean £ SEM (n = 3).

3.3.5 TDP1l-association with XRCC1-PARP1 is independent of TDP1-S61
phosphorylation.

It has been previously reported that TDP1 is a part of the base excision repair complex
comprising of XRCC1, PARP1, PNKP, Polp, Ligllla. (Pommier et al, 2014), we tested
whether phosphorylation of TDP1 at S61 affected its interaction with XRCC1 or PARP1.
Immunoprecipitation of ectopic FLAG-TDP1"T or FLAG-TDP1%* showed that the
phosphomutant TDP1S61A was equally efficient in pulling down XRCC1 from untreated and
CPT-treated cell extracts (Figure 3.7). Thus, S61 phosphorylation seems to have no role in
govering the association of TDP with PARP1 or XRCCL1. This data further provide evidence
that coupling of TDP1-XRCC1-PARP1 for Toplcc repair is independent Mitotic-phase
specific TDP1-S61 phosphorylation.

Figure 3.7 TDP1-association with XRCC1-

—AEnEELAE PARP1 is independent of TDP1-S61
FLAGTDP1 __ WT = S61A phosphorylation.. FLAG-TDP1"" and FLAG-
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3.4 Discussion

The present study reveals that TDP1 is a novel substrate of the archetypical mitotic kinase
CDK1. CDK1 catalyzes phosphorylation on a wide spread target proteins (Enserink &
Kolodner, 2010) is commonly activated in cancers (Li & He, 2020). Genetic inactivation of

CDK1 in mice is early embryonic lethal (Satyanarayana et al, 2008), while CDK1 depletion
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causes cell proliferation defects (Lau et al, 2021). CDK1 directly binds to TDP1 and
catalyzes phosphorylation of TDP1 at S61 residue both in vitro and in vivo. Till date studies
involving the PTMs associated with TDP1 are restricted to the interphase (Bhattacharjee et al,
2022; Das et al, 2009; Das et al, 2014; Rehman et al, 2018) and have been reported to
regulate TDP1 recruitment and stability at the sites of DNA damage (Bhattacharjee et al,
2022; Das et al, 2009; Das et al, 2014; Rehman et al, 2018). PTMs play key roles in ensuring
efficient segregation of the mitotic chromosomes to allow accurate transmission of genetic
material to the daughter cells (Shoaib et al, 2020). While CDK1 mediated phosphorylation of
several mitotic proteins is an established key regulator for the accurate mitotic propagation
(Enserink & Kolodner, 2010)and cell proliferation (Diril et al, 2012)and also for proper
mitotic DNA damage repair, its emerging role in coordinating the localization and
delocalization of the DDR proteins to and from the condensed mitotic chromosomes are

gaining interest in the recent past (Brown et al, 2015).

Our findings unveil a novel physical and functional association between CDK1 and TDP1
(Figure 3.4), whose role in the repair of Toplcc-associated DNA damage and genome
maintenance will be explored in the subsequent chapters of this dissertation work. CDK1
mediated phosphorylation at S61 residue of TDP1 was detected in mitosis (Figures 3.2 and
3.3). Interestingly it was observed that the phosphorylated TDP1 (pS61-TDP1) was extruded
from the mitotic chromosomes and showed a cytosolic localization pattern (Figure 3.3,
Mitotic); which has been investigated in the fourth chapter of this thesis. The abrogation of
this phosphorylation by site directed mutagenesis into the nonphosphorylatable alanine
residue (S61A) neither altered the catalytic activity of TDP1 (Figure 3.6) nor disrupt the
interaction of the phosphomutant with the BER partner proteins of TDP1 (Figure 3.7)
suggesting a role of this phosphylation beyond the canonical repair functions known for
TDP1 so far. In conclusion, the present study reveals a novel interaction between CDK1 and
TDP1 for the post translational phosphorylation of TDP1. Further studies are warranted to
determine the potential relevance of CDK1 mediated TDP1 phosphorylation for the repair of
Toplcc (Pommier et al, 2014) which will be addressed in the following chapters of the

present dissertation.
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4.1 Introduction:

An intriguing example of how cells regulate DNA damage response (DDR) machinery occurs
during the mitotic phase of the cell cycle (Clay & Fox, 2021). Double strand break (DSB)
accumulation in this phase of the cell cycle does not evoke a full DDR causing the mitotic
cells challenged with DNA damage bypass any arrest to facilitate DNA repair and directly
transit to the next cellular cycle for the repair to commence at the G1 phase in the daughter
cells (Denchi & Li, 2014). Although early DDR markers such as the phosphorylations of
ataxia telangiectasia mutated (ATM) and histone H2A.x (H2AX) can be readily detected, the
ionizing radiation-induced foci (IRIF) formation of late DDR markers such as breast cancer
type 1 susceptibility protein (BRCA1) and p53-binding protein 1 (53BP1) are absent until the
telophase/cytokinesis stage (Blackford & Stucki, 2020). Incompletely replicated, or
unresolved, chromosomes from S-phase can often persist into mitosis, where they present a
potential threat to the faithful segregation of sister chromatids (Mankouri et al, 2013). Indeed,
it is becoming increasingly apparent that the transition from S-phase to M-phase perhaps
encounters a less stringent checkpoint, and cells frequently enter mitosis with under-
replicated or unrepaired chromosomes (Mankouri et al, 2013). The expression of common
fragile sites (CFS) on metaphase chromosomes suggests that these sites also fail to complete
DNA replication in the S-phase and G2-phase or suffer breakages that are carried over to
mitosis (Li & Wu, 2020). Mitotic DNA synthesis (MiDAS) is a recently discovered break
induced repair (BIR) mechanism that operates in early mitosis for the resolution of late
replication intermediates to allow disjunction of sister chromatids in anaphase and involves
POLD3, RAD52, MUS8L1 as a key players (Minocherhomji et al, 2015). Interestingly, Topl
has been reported to assist RNA Polymerase Il (RNAPII) during mitotic transcription
(Baranello et al, 2016; Wiegard et al, 2021). This Topl-RNAPII interaction allows
completion of transcription during prometaphase and reloading of RNAPII at promoters
during mitotic exit, facilitating the progression into G1 (Wiegard et al, 2021). Interfering with
Topl-RNAPII interaction affects the transcriptional program of the cell and the progression
through cell cycle (Baranello et al, 2016; Wiegard et al, 2021). Topl undergoes a cell-cycle
specific phosphorylation which regulates its activity during mitotic transcription to remove
supercoiling that would otherwise impair RNAPII elongation and clearance before the re-
initiation of transcription in mid-mitosis (Baranello et al, 2016). Topl has also been
implicated in CFS instability and the depletion of Top1l significantly increases CFS breakage
(Tuduri et al, 2009). FANCD2 is a key DNA repair protein from the Fanconi Anemia
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pathway that localizes to CFSs in G2 and mitosis to ensure their efficient replication. Topl
enrichment at CFS loci in G2/M phase has been reported in a study conducted using Orbitrap
Mass Spectrometry (MS) in combination with chromatin immunoprecipitation (ChlIP) of
FANCD?2, to map the proteins that are recruited to CFSs when challenged (Pladevall-Morera
et al, 2019). In the previous chapter we discovered a novel post-translational regulation that
CDK1 phosphorylates on the N-terminal region of TDP1 at Serine 61 (S61) in the early
mitotic stage independent of replication stress. TDP1 is found to be overexpressed in several
cancers types including non-small cell lung cancers (Liu et al, 2007), Dukes C colorectal
cancers (Yu et al, 2005), breast cancer cell lines (Dean et al, 2014), and some
rhabdomyosarcomas (RMS) (Fam et al, 2013). It has also been reported that high levels of
chromosomal instability (CIN) in RMS cell lines could be partially rescued by TDP1
downregulation (Duffy et al, 2016), implying the role of TDP1 for the CIN phenotype in
these cells (Duffy et al, 2016). Further, in yeast, high levels of yTdp1"" results in sensitivity
to a broad spectrum of adduct-forming agents and DNA damaging agents like CPT,
hydroxyurea (HU), methyl methane sulphonate (MMS) and bleomycin (Duffy et al, 2016).
Synthetic dosage lethal (SDL) partner screens in yeast to identify a set of genes that when
deleted specifically kill cells with high levels of TDP1 revealed that TDP1 overexpressing
yeast cells could not grow in the absence of several DNA repair factors especially
endonucleases like Rad27, SIx4, and Mus81 (Duffy et al, 2016). Moreover, the
overexpression of the yTdp1H432R mutant (ortholog of SCANL1 in humans) had similar CIN
levels and sensitivity profiles compared with the overexpression of wild type, despite the
reduced activity and increased adduct-forming ability of the mutant (Duffy et al, 2016). It is
therefore possible that overexpression of TDP1 leads to the accumulation of nonspecific
TDP1-DNA adducts, in a manner similar to Topl-DNA adducts, which may lead to DNA
double-strand breaks resulting from the collision of the replication fork with the protein—
DNA adducts, increasing DNA damage and CIN (Duffy et al, 2016). Also, it has been
previously evidenced that, during interphase TDP1 is homogenously distributed in the entire
nuclear space, while it is not bound to the chromosomes at early mitosis until late telophase
(Barthelmes et al, 2004). We therefore hypothesized if this CDK1 mediated phosphorylation
at the TDP1-S61 residue controls the dynamics of the occlusion of TDP1 from the condensed
mitotic chromosomes. The current chapter of this dissertation work deals with the
physiological implications of this mitotic phosphorylation of TDP1 at S61 residue by CDK1
and explores into the role of this PTM of a fundamental base excision repair (BER) protein in

repairing Toplccs beyond interphase. Since TDP1 has been implicated in the repair of
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Toplcc associated DNA breaks, we rationalised whether this mitotic phosphorylation of
TDP1 at S61 residue by CDK1 which aids in the ousting of this repair protein from the
condensed mitotic DNA, has a role in maintaining the stability of the common fragile sites
(CFS) under mild replication stress (RS).

4.2 Materials and Methods
4.2.1 Drugs

DNA replication inhibitor aphidicolin (APH) (Sigma-Aldrich) was used at 0.4 uM (low
dose) or 1.5 uM (intermediate dose), Hydroxyurea (Sigma-Aldrich) was used at 2 mM,
Camptothecin (Sigma-Aldrich) was used as per experimental requirements as indicated,
CDK1 inhibitor (RO-3306, Sigma-Aldrich) at 9 uM. Nocodazole (Sigma-Aldrich) was used
at 200ng/ml and Thymidine (Sigma-Aldrich) at 2 mM. 5-Bromo-2’-Deoxyuridine (BrdU,
Thermo-fisher) was used at 1X.

4.2.2 Antibodies

Rabbit polyclonal anti-phospho-Histone H3 (06-570), anti- MPM2 (05-368), anti-Toplcc
(MABE1084) and mouse monoclonal anti-yH2AX (05-636) antibodies were purchased from
Millipore, USA. Rabbit polyclonal TDP1 (Ab4166) and GAPDH (Ab9485), mouse
monoclonal XRCC1 (Ab1838), anti-MUS81 antibody (Ab14387) and Histone H3 (Ab24834)
antibodies were purchased from Abcam (Cambridge, MA, USA). Mouse monoclonal anti-
flag (M2) (F3165), rabbit polyclonal anti-FLAG (F7425) antibodies were purchased from
Sigma (St Louis, MO, USA). The anti-CDK1 (9116), mouse monoclonal antibody was from
Cell Signalling Technologies. Rabbit polyclonal anti-GFP (A-11122) antibody was from
Invitrogen. Rabbit polyclonal PARP1 antibody and anti-actin (sc-47778) antibody secondary
antibodies: Horseradish peroxidase (HRP)-conjugated anti-rabbit 1gG or anti-mouse IgG were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

4.2.3 Expression constructs and site-directed mutagenesis

Human flag-tagged full-length TDP1 (FLAG-TDP1""), His-tagged and green fluorescent
protein (GFP)-tagged TDP1 constructs were described previously (Das et al, 2009; Das et al,
2014). The HA-CDKZ1 fusion construct was a kind gift from Dr Sorab Dalal (Tata Memorial

Centre Advanced Centre for Treatment, Research and Education in Cancer, India). The point
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mutations: TDP1% in FLAG as well as His-TDP1%* were created using the
‘QuickChange’ protocol (Stratagene, La Jolla, CA, USA). All PCR- generated constructs

were confirmed by DNA sequencing.
4.2 .4 Cell culture, treatment and transfections

Cell cultures were maintained at 37°C under 5% CO in Dulbecco’s modified Eagle’s medium
containing 10% fetal calf serum (Life Technologies, Rockville, MD, USA). The cervical
carcinoma cell line (HeLa), human kidney origin (HEK293) and human breast cancer
(MCF7) was obtained from the Developmental Therapeutics Program (NCI, NIH/ USA).
TDP1** and TDP1~ primary MEF cells were a kind gift from Dr Cornelius F Boerkoel
(University of British Columbia, Vancouver, British Columbia, Canada). Cells were treated
with the indicated concentrations of CPT. Plasmid DNAs were transfected with Lipofectamine
2000 (Invitrogen) according to the manufacturer’s protocol. TDP17~ MEF cells were
transfected with the FLAG-TDP1 constructs using X-tremeGENE HP DNA transfection

reagent (Roche) according to the manufacturer’s protocol.
4.2.5 siRNA transfection

Transfections were performed as described previously (Das et al., 2009). In brief, cells (1.5 x
10°) were transfected with control siRNA or 25 nM CDK1 or TDP1 siRNA (GE Dharmacon,
SiIRNA- SMARTpool) using oligofectamine (Invitrogen) according to the manufacturer’s
protocol. Time course experiments revealed a maximum suppression of CDK1 or TDP1

protein at day 3 after transfection, as analysed by Western blotting.
4.2.6 Cell extracts, immunoblotting, and immunoprecipitation

Preparation of whole cell extracts, immunoprecipitation, and immunoblotting were carried out
as described previously (Das et al, 2009; Das et al, 2014). Briefly, cells were lysed in a lysis
buffer (10 mM Tris—HCI (pH 8), 150 mM NaCl, 0.1% SDS, 1% NP40, 0.5% Na-
deoxycholate supplemented with complete protease inhibitors) (Roche Diagnostics,
Indianapolis, IN) and phosphatase inhibitors (Phosphatase Inhibitor Cocktail 1 from Sigma).
After thorough mixing and incubation at 4°C for 2 h, lysates were centrifuged at 12 000 g at
4°C for 20 min. Supernatants were collected, aliquoted, and stored at —80°C. For
immunoprecipitation, cells were lysed in a lysis buffer (50 mM Tris—HCI (pH 7.4), 300 mM
NaCl, 0.4% NP40, 10 mM MgCl,, 0.5 mM dithiothreitol supplemented with protease and
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phosphatase inhibitors). Supernatants of cell lysates were obtained by centrifugation at 15 000
g at 4°C for 20 min and pre-cleared with 50 ul of protein A/G-PLUS agarose beads (Santa
Cruz, CA, USA). About 5 mg of precleared lysate was incubated overnight at 4°C with
indicated antibodies (2-5 pg/ml) and 50 ul of protein A/G-PLUS agarose beads. Isolated
immunocomplexes were recovered by centrifugation, washed thrice with lysis buffer, and were
subjected to electrophoresis on 10% Tris—glycine gels and immunoblot analysis.
Immunoblottings were carried out following standard procedures, and immunoreactivity was
detected using ECL chemiluminescence reaction (Amersham) under ChemiDoc™ MP System
(Bio-Rad, USA). Densitometric analyses of immunoblots were performed using Image J

software.
4.2.7 Immunocytochemistry and confocal microscopy

Immunofluorescence staining and confocal microscopy were performed as described
previously (Das et al, 2009; Das et al, 2010; Das et al, 2014). Briefly, cells were grown and
drug treated on chamber slides (Thermo Scientific™ Nunc™ Lab-Tek™ II Chamber slides)
followed by fixation with 4% paraformaldehyde for 10 min at room temperature. Primary
antibodies against FLAG, yH2AX, anti-BrdU and Toplcc were detected using anti-rabbit or
anti-mouse 1gG secondary antibodies labelled with Alexa 488/568 (Invitrogen). Cells were
mounted in anti-fade solution with 4’ 6-diamidino-2-phenylindole (DAPI) (Vector
Laboratories, Burlingame, CA, USA) and examined under Leica TCS SP8 confocal laser-
scanning microscope (Germany) with a 63x/1.4 NA oil objective. Images were collected and
processed using the Leica software and sized in Adobe Photoshop 7.0. The yH2AX or
Toplcc or BrdU intensity per nucleus was determined with Adobe Photoshop 7.0 by
measuring the fluorescence intensities normalized to the number of cell count (Das et al,
2009; Das et al, 2010; Das et al, 2014).

4.2.8 Cell fractionation and isolation of chromatin bound protein

For cell fractionation and isolation of chromatin bound proteins (Wu & Wang, 2021), cells
were washed with 1x PBS followed by washing with hypotonic buffer containing20 mM
HEPES, pH 7.5, 20 mM NaCl, 5 mM MgClz and suspended in hypotonic buffer (10 ml). Post
10 min incubation on ice, cells were lysed to free nuclei by 45 strokes of a dounce
homogenizer and were centrifuged at 1500 g at 4°C for 5 min to isolate the supernatant from

the nuclear pellet. Nuclei were further suspended in extraction buffer containing 50 mM
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HEPES, pH 7.5, 100mMKCI, 0.25% Triton X-100, 2.5mM MgCl,, 1mM dithiothreitol,
aprotinine (1 uM), leupeptine (50 uM), 4-(2-aminoethyl)-bezenesulfonylfluoride/HCI (1 mM)
and NaF (10 mM) followed by centrifugation at 600 g at 4°C for 3 min. Nuclei were further
suspended thrice in extraction buffer for complete lysis of the nuclear envelope and full
extraction. Supernatants were pooled to yield nucleosolic proteins and the residual pellet

contained all DNA and structure bound proteins (chromatin fraction).
4.2.9 Chromatin immunoprecipitation (ChlIP)

Cells were cultured overnight at a density of 1 x 107 per 100 mm petri dish and subjected to
transfections or treatments as indicated in the experimental protocol outlines. Chromatin and
proteins were cross-linked by incubating cells in 1% formaldehyde for 15 min at room
temperature and the reaction was stopped by 10 min incubation with 125 mM glycine. Cells
were collected and washed sequentially with solution A (10 mM HEPES [pH7.5], 10 mM
EDTA, 0.5 mM EGTA, 0.75% Triton X-100) and solution B (10 mM HEPES [pH7.5], 200
mM NaCl, 1 mM EDTA, 0.5 mM EGTA). The cell pellets were resuspended in 1 ml lysis
buffer (25 mM Tris-HCI [pH7.5], 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 0.5%
deoxycholate freshly supplemented with protease inhibitor cocktail (Roche) and sonicated on
ice by 10s pulses at 25% of maximal power on a sonicator. After centrifugation at 13 000 rpm
for 15 min to remove any debris, the supernatant was pre-cleared with protein-G-
sepharose/salmon sperm DNA beads at 4°C for 1h. For each immunoprecipitation, 600ul of
the pre-cleared chromatin was incubated overnight at 4cC with 6 pg of antibodies specific for
TDP1, FLAG, Topl, Mus81 and yH2AX. A reaction containing an equivalent amount of
Goat/rabbit 1gG was included as the background control. 10% of the pre-cleared chromatin
was taken as input control. Antibody-chromatin complexes were pulled down by adding 50
ul of protein-G-sepharose/salmon sperm DNA beads and incubated for 4 h at 4°C. The beads
were washed for 10 min each with the lysis buffer followed by high-salt wash buffer (0.1%
SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI [pH 8.1], 500 mM NacCl), LiCl wash
buffer (250 mM LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCI [pH
8.0]), and TE buffer (10 mM Tris-HCI [pH 8.0], 1 mM EDTA). Finally, DNA was eluted
with elution buffer (1% SDS, 100 mM NaHCO3). Elutes were incubated at 65°C for
overnight with the addition of 5 M NaCl to a final concentration of 200 mM to reverse the
formaldehyde cross-linking and digested at 55°C for 3 h with proteinase K at a final

concentration of 50 pg per ml. Following phenol/chloroform extraction and ethanol
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precipitation, sheared DNA fragments served as template in semi-quantitative PCR analysis.

The sequences of the PCR primers are as follows:

FCR Forward-5_-TGTTGGAATGTTAACTCTATCCCAT-3_;
FCR Reverse 5. ATATCTCATCAAGACCGCTG- CA-3
FDR Forward- 5 -CAATGGCTTAAGCAGACATGGT-3_;
FDR Reverse- 5_-AGTGAATGGCATGGCTGGAATG-3
FRA16D Forward- 5 -TCCTGTGGAAGGGATATTTA-3_;
FRA16D Reverse-5 -CCCCTCATATTCTGCTTCTA-3_;
B-actin Forward-5 -GACGCAGGA- TGGCATGGG-3

[ -actin Reverse- 5 -ACGCCTCTGGCCGTACCAC-3_.
4.3 Results

4.3.1 S6l1-phosphorylation of TDP1 by CDK1 facilitates TDP1's dissociation from

mitotic chromosomes.

In order to investigate the role of the CDK1-mediated phosphorylation of S61 residue of
TDP1 in the chromosomal recruitment and or dissociation during mitosis, we knocked down
CDK1 by siRNA in MCF7 cells ectopically expressing FLAG-TDP1, synchronised the cells
to mitotic phase with nocodazole (noc) treatment, followed by chromatin fractionation. A 60-
70% knockdown of CDK1 was aimed to allow cells to progress into mitosis because CDK1
deficiency prevents mitotic entry (Diril et al, 2012). Figure 4.1A shows that the phospho-
peptide antibody raised to span the TDP1-S61 epitope detected a phosphorylation mark on
TDP1 in the control (siCtrl) which was markedly reduced upon CDK1 knockdown. We also
noted pS61-TDP1 was detected only in the mitotically enriched cellular lysates (cytosolic
fraction) and was not detected in the chromatin fraction for both CDK1 proficient and
deficient conditions during interphase or mitosis. We also observed that pS61-TDP1 had an
inverse correlation with the chromosomal enrichment of FLAG-TDP1. In the whole cell
lysates, FLAG-TDP1 was not found to be in the chromatin fraction in CDK1 proficient cells.
In contrast we detected a marked increase in the FLAG-TDP1 in the chromatin fraction (~ 3-
4 fold; Figure 4.1B) in CDK1 knockdown cells which led to abrogation of the
phosphorylation at S61 (Figure 4.1). Next we confirmed the enrichment of endogenous TDP1

82



Chapter 4 CDK1 regulates chromosomal localization of TDP1

on mitotic chromosomes upon CDK1 knockdown (Figure 4.1C). Figure 4.1C shows
phosphorylated TDP1 (pS61) in mitosis in control cells which was abrogated upon CDK1
knockdown. This decrease in the phosphorylation was associated with a concomitant increase
in the chromatin fraction of endogenous TDP1 (~ 4 fold; Figure 4.1D). Taken together, our
data provide new evidence that CDK1-dependent TDP1 phosphorylation at S61 promotes its

dissociation from mitotic chromosomes

A . ' B Figure 4.1 TDP1 phosphorylation at S61 by CDK1
e STCOKI abrogates chromosomal enrichment of TDP1
i 3 o X during mitosis. (A) Knocking down CDK1 reduced
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pS61-TDP1 | e Y.< 1 accentuated chromatin loading of FLAG-TDP1"" in
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C siCtrl  siCDK1 D X . .
WEE = = o @ samples assessed before chromatin fractionation. (B)
Chromatin -+ - 4 Bar graphs showing quantifications of relative
Noc + + + + chromatin enrichment of FLAG-TDP1 in mitotic
p561~TDP1B —- \-75 — cells upon CDK1 knockdown. (C) MCF7 cells were
Endogenous—75 5B transfected with CDK1 or control (ctrl) siRNA.
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weight markers (kDa) is indicated at right. (D) Bar
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upon CDK1 knockdown. Asterisks denote
statistically significant difference (*P < 0.01; t test).

4.3.2 Inhibition of CDK1 causes enrichment of endogenous TDP1 on

mitotic chromosomes.

There is a marked difference in the cell cycle dependent chromosomal localisation of TDP1
(Barthelmes et al, 2004). During interphase, TDP1 is homogenously distributed in the entire
nuclear space, while it is not chromosome-bound at early mitosis and does not associate with

the chromatin until late telophase (Barthelmes et al, 2004). Because the CDK1-mediated
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phosphorylation of TDP1 at S61 exactly mirrors the delocalization pattern of TDP1 from the
chromosome observed in M-phase, we tested if phosphorylation at the S61 residue was
responsible for controlling the dynamics of TDP1 occlusion from condensed mitotic
chromosomes. In order to delineate the effect of the CDK1 mediated phosphorylation on the
chromosomal recruitment kinetics of endogenous TDP1 in the different stages of cell cycle,
we left the cells asynchronous or synchronized the MCF7 cells to the mitosis as per the
schematic protocol (Figure 4.2A). We then treated the cells with or without CDK1 inhibitor
(RO3306) at interphase/mitosis to monitor the effect of phosphorylation of this site at
interphase and the distinct stages of mitosis (Figure 4.2B-C). The cells at the indicated stages
of mitosis were selected on the basis of their chromatin morphology indicated by DAPI
staining. Treatment with RO3306 resulted in a markedly distinct pattern of chromosomal
localisation of TDP1 during mitosis. It is known that CDK1 remains inactive during S-phase
due to inhibitory phosphorylations at T14 and Y15 by Mytl and Weel kinases and is
activated at the late G2/M transition by the action of cdc25 phosphatases (Barthelmes et al,
2004). We noted that the RO3306 untreated and treated interphase cells showed similar TDP1
chromatin localisation which can be correlated with the absence of CDK1 activity in S-phase
under normal physiological conditions mimicking the effect of RO3306 administration.
However, the loss of chromosomal enrichment of endogenous TDP1 was observed in the
mitotic cells with functional CDK1 (-RO3306). However a stark change in the localisation
pattern was seen with RO3306 treatment (+RO3306) with a significant TDP1 association
with chromosomes from prophase to telophase (Figure 4.2B-C). This chromosomal
enrichment of the endogenous TDP1 in mitosis corroborated with our results discussed in the
previous chapter where it was observed that CDK1 inhibition during mitosis resulted in
occlusion of phospho-TDP1 from both the interphase and mitotic chromosomes (Figure
3.3A-C) thereby strengthening our hypothesis that this phosphorylation plays a key role in

ousting TDP1 from chromosomes in mitosis.
4.3.3 TDP1** mutant shows cell cycle independent chromosomal recruitment

The non-phosphorylatable mutant of FLAG-TDP1 was generated by site directed
mutagenesis (FLAG-TDP1%%) to investigate the effect of TDP1-S61 phosphorylation on
chromosomal localisation. We complemented TDP1-/- MEFs either with FLAG-TDP1"" or
with FLAG-TDP1%%* synchronized to the mitosis as per the schematic protocol in presence
and absence of a low dose of CPT (15 nM) which generates replication stress, and the effect
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of TDP1-S61 phosphorylation during interphase and the distinct stages of mitosis (Figure
4.3A and C) was monitored. The cells at the indicated stages of mitosis were selected on the
basis of their chromatin morphology indicated by DAPI staining (Figure 4.3B and D). Using
anti-FLAG antibody, we detected a markedly different pattern of chromosomal localisation of
the TDP1"" and the phosphomutant TDP1%*'* (Figure 4.3B and D).
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Figure 4.2 CDK1 mediated phosphorylation of TDP1 at S61 helps to dislodge TDP1 from
mitotic chromosomes. (A) Schematic representation of the protocol followed to study the cell cycle
stage dependent co-localisation of endogenous TDP1 with the chromosomes in presence and absence
of CDKU1 inhibitor (RO3306) as indicated. (B) MCF7 cells were fixed at different time intervals after
release from G2/M arrest as outlined in the protocol and stained with anti-TDP1 antibody to detect
endogenous TDP1 (green). Cells at interphase and the indicated distinct stages of mitotic propagation
were tallied on the basis of their chromatin morphology, as indicated by DAPI staining. (C)
Fluorescence intensity of co-localised TDP1 variant over the region of interest (on DNA) was
guantified. Staining intensities from 20-30 nuclei per stage were expressed as mean + s.d. a.u:
arbitrary unit.

Although the chromatin localisation pattern of the two variants bear similarity in the

1WT

interphase cell, TDP1™" shows a relatively low chromosomal
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Figure 4.3 Abrogation of S61 phosphorylation accumulates TDP1 on mitotic chromosomes. (A
and C) Schematic of the protocol followed to study the cell cycle stage dependent co-localisation of
FLAG-TDP1 variants viz. wild type (WT) and non-phosphorylatable mutant (S61A) with the
chromosomes in presence and absence of CPT as indicated. (B and D) TDP1-/- MFEs transiently
overexpressing the FLAG-TDP1 variants were fixed after release from G2/M arrest and stained with
anti-FLAG antibody. Cells at interphase and the indicated distinct stages of mitotic propagation were
tallied on the basis of their chromatin morphology, as indicated by DAPI staining. (E and F)

86



Chapter 4 CDK1 regulates chromosomal localization of TDP1

Fluorescence intensity of co-localised TDP1 variant over the region of interest (on DNA) was
quantified. Staining intensities from 20-30 nuclei per stage were expressed as mean * s.d. a.u:
arbitrary unit.

enrichment in the early to mid-mitotic phases (prophase to metaphase) with a slight increase
in chromosomal association in the anaphase/telophase. However, the TDP1%# shows
relatively steady chromosomal enrichment during prophase to metaphase, before dropping to
the same level as that of TDP1"T, during the late stages of mitosis (Figure 4.3B and D).
Interestingly the intensity of chromatin enrichment of the S61A mutant was not significantly
altered when the TDP1-/- MEFs were subjected to CPT as compared to the untreated cells
(Figure 4.3E and F).

4.3.4 TDP1%™ is enriched at CFS loci in G2/M-phase during CFS expression

The presence of phospho-mutant TDP1-S61A on mitotic chromosomes prompted us to
investigate the location of TDP1 recruitment on mitotic chromosomes. Chromosomal fragile
sites are specific regions of the genome that exhibit gaps or breaks on metaphase
chromosomes under conditions that partially inhibit DNA replication (Li & Wu, 2020). These
sites often co-localize with regions deleted, amplified, or rearranged in cancer (Li & Wu,
2020).We tested the enrichment of endogenous Topl and TDP1 at three CFS loci located on
mitotic chromosome at three CFSs, FRA3B (FDR and FCR regions) and FRA16D (Figure
4.4B-C) following the protocol illustrated in Figure 4.4A using chromatin
immunoprecipitation (chIP). To create conditions of mild RS that mimic those of oncogenic
transformation causing CFS instability, the MCF7 cells were exposed to low dose of CPT (15
nM) for 24 h then synchronized to G2/M by 8 h noc (400 ng/ml) treatment. These conditions
are known to increase the number of challenged CFSs in G2/M (Li & Wu, 2020; Pladevall-
Morera et al, 2019) and are typically used to study the mechanisms and proteins that resolve
CFS aberrations (Li & Wu, 2020; Pladevall-Morera et al, 2019). We found endogenous Topl
but not endogenous TDP1 to be enriched at the fragile sites (Figure 4.4D-F) which showed
significant increase following CPT treatment. Immunoprecipitation of FLAD-TDPL1 variants
confirmed similar levels of interactions between Topl and TDP1 variants (WT or S61A) in

Western blotting suggesting that the abrogation of the
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Figure 4.4 Phosphomutant TDP1 is enriched at the CFS (A) A schematic representation for the
protocol followed for the chromatin immunoprecipitation (chIP). (B-C) Genomic organization of the
common fragile sites FRA3B and FRA16D region along with the primer sets of distal (FDR) and
central (FCR) region within the FRA3B locus; FRA16D locus is designated. (D-F) Endogenous Topl
but not TDP1 preferentially localizes to Common Fragile Sites (CFSs) upon low dose CPT treatment
during mitosis. Quantification of cross-linked FRA3B-FCR, FRA3B-FDR and FRA16D loci
chromatin-immunoprecipitated from MCF7 cells using the specified antibodies (Topl and TDP1).
yH2A.x antibody was used as a positive control for FRA3B and FRA16D enrichment post CPT
treatment. Fold enrichment over goat 1gG was determined and is shown for each primer pair for the
ChIP. (G) MCF7 cells ectopically expressing FLAG-TDP1 variants (WT and S61A) were
immunoprecipitated using anti-FLAG antibody. Immune complexes were blotted with anti-Topl
antibody. The same blot was stripped and reprobed with anti-FLAG antibody to ensure equal pull
down events for WT and S61A. Aliquots (10%) of the input show the level of Topl and TDP1 prior
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to immunoprecipitation. (H-J) Quantification of cross-linked FRA3B-FCR, FRA3B-FDR and
FRA16D loci chromatin-immunoprecipitated from MCF7 cells transfected with FLAG-TDP1 (WT or
S61A) using the specified antibodies (endogenous Topl). yH2A.x antibody was used as a positive
control for FRA3B and FRA16D enrichment post CPT treatment. Fold enrichment over goat 1gG was
determined and is shown for each primer pair for the ChIP. (K-M) Quantification of cross-linked
FRA3B-FCR, FRA3B-FDR and FRA16D loci chromatin-immunoprecipitated from MCF7 cells
overexpressing the FLAG-TDP1 variants (WT and S61A) using the specified antibodies with or
without low dose CPT treatment. yH2A.x antibody was used as a positive control for FRA3B and
FRA16D enrichment post CPT treatment. Fold enrichment over goat IgG was determined and is
shown for each primer pair for the ChIP. All the results are expressed as mean + SD for at least three
independent experiments. Asterisks denote statistically significant difference (*P < 0.01, **P < 0.001,
***pP < (0.0001; t test).

phosphorylation at S61 residue does not impact TDP1-Topl interaction (Figure 4.4G). ChIP
assay confirmed that ectopic expression of the FLAG-TDP1 variants (FLAG-TDP1"" and
FLAG-TDP1%") had no effect on the Topl enrichment at the CFSs which could be
rationalised by the hierarchical involvement of TDP1 after Topl trapping (Figure 4.4H-J).
CPT treatment preferentially enhanced enrichment of the Topl to the CFSs congruent with
the increased occupancy of Toplcc’s on stalled replication forks at CFS loci (Pladevall-
Morera et al, 2019). Additionally, replication stress was also induced by the low dose
treatment with aphidicolin and the role of abrogating the CDK1 mediated phosphorylation on
TDP1 occupancy at CFSs in MCF7 cells was monitored. ChIP assay showed that CPT
treatment preferentially enhanced binding of the TDP1°%' with respect to the TDP1"" to the
CFSs as compared to aphidicolin induced replication stress (data not shown). The observation
can be correlated with to the more direct involvement of TDP1 in repair of trapped Toplccs
which are significantly more in CPT treated cells as compared to aphidicolin. Previous
studies also provide compelling evidence for the involvement of DNA topoisomerase in CFS
breakage (Arlt & Glover, 2010). Interestingly it was also noted that treatment with neither
CPT nor Aphidicolin led to the enrichment of TDP1 (WT or S61A) to the B-actin locus,
coherent with the hypothesis that this loci may be different from the replication stress induced
CFSs in that they map to genomic regions replicating in the early S-phase, which are close to
early-firing replication origins, are highly transcribed, and may display R-loop-forming
potential (Arlt & Glover, 2010; Li & Wu, 2020; Pladevall-Morera et al, 2019). Our data
suggest that the lack of extrusion of the TDP1-S61A mutant is perhaps at the late replicating

regions of the genome at CFS loci.
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4.3.5 TDP1 is not involved in the repair of Toplcc’s in mitosis

Our data and previous studies (Barthelmes et al, 2004) show the extrusion of TDP1 from the
mitotic chromosomes during the cell cycle progression. Therefore, we reasoned how
Toplcc’s are repaired during mitosis. To test the possibility, we complemented the TDP1-/-
MEFs ectopically expressing empty vector (EV), FLAG-TDP1 variants (WT or S61A) and
the cells were arrested in mitosis and treated with CPT during mitotic progression (Figure
4.5A). No significant differences in the yH2AX levels were observed for the FLAG-TDP1V'
or FLAG-TDP1%% or the empty vector (EV) expressing TDP1-/- MEFS (Figure 4.5B-C)
suggesting the involvement of alternate pathways for the repair of Toplccs in mitosis (Wu &
Wang, 2021). Intriguingly it was found that when the TDP1-/- MEFs were subjected to CPT
induced replication stress during the indicated times in S-phase (Figure 4.5D-F), Toplcc’s
levels were greatly reduced for the FLAG-TDP1"" or FLAG-TDP1%*'* transfected cells as
compared to EV confirming the similar catalytic potentials of both the TDP1 variants (Figure
4.5G and H) Moreover, the CPT treatment during early and late S-phase showed a difference
in YH2AX levels on mitotic chromosomes. It was found that the CPT treatment in late S/G2
phase led to accumulation of mitotic DNA breaks, while the mitotic YH2AX levels was
significantly reduced in early S-phase CPT treated TDP1-/- MEFs (Figure 4.5J). In the
TDP1-/- MEFs expressing the EV, the reduction in yH2AX levels on mitotic chromosomes
could be attributed to the repair of trapped Toplcc’s by a functional homologous
recombination in S-phase in absence of TDP1 (Wu & Wang, 2021). However, it was
observed that despite similar reduction in the Toplcc levels for the two variants, the yYH2AX
levels were significantly more in the FLAG-TDP1%%4
comparable to the TDP1-/- MEFs expressing the EV (Figure 4.5G-1). Figures 4.6J-K shows

expressing cells and was almost

quantification of the yH2ax and Toplcc levels in S and M phases of the cell cycle in the
TDP1-/- MEFs expressing either EV or the FLAG-TDP1 variants. Our data suggest that a
source of DNA breaks manifested in mitotic chromosomes which entirely distinct from the
Toplcc mediated DSBs in the FLAG-TDP1%%' expressing TDP1-/- MEFs. Therefore, we
conclude that mitotic DNA breaks are generated by endonucleases, which are required for the
clearance of the trapped TDP1-S61A mutant on mitotic chromosomes (Figure 4.5) (Wu &
Wang, 2021).
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Figure 4.5 CPT induced Toplcc’s are not repaired by TDP1 during mitosis. (A) Schematic for
the protocol followed to study the repair of Toplccs induced by CPT treatment during mitotic
propagation. (B) TDP1-/- MEFs ectopically expressing FLAG-TDP1 variants (WT and S61A) were
synchronised in G2/M phase and treated with or without CPT (10 uM, 1 h) in presence of nocodazole
followed by immunocytochemistry with anti-FLAG (red) and anti-yH2Ax (green) antibody. (C)
Quantification for the number of yH2AXx foci per mitotic nucleus calculated for 40 nuclei. (mean *
S.E.M.) (D- F) Schematic for the protocol followed to study the repair of Toplcc’s induced by CPT
treatment in early and late S-phases. (G) TDP1-/- MEFs ectopically expressing FLAG-TDP1 variants
(WT and S61A) were treated with very low dose (15 nM) CPT for 9 hours in S-phase as indicated,
synchronised in G2/M phase followed by immunocytochemistry with anti-yH2AX (red) and anti-
Toplcc (green) antibody. (H & 1) Quantifications for the number yH2AX foci and Toplcc positive
yH2AX foci per mitotic nucleus of cells treated with CPT as per the protocol in detailed in scheme
(D) respectively. (J) Bar diagram showing the quantifications of percentages of mitotic nuclei with
>10 yH2AXx upon treatment with 15 nM CPT following protocols detailed in schemes: early CPT (E)
and late CPT (F) respectively. (K) Bar diagram showing the quantifications of percentages of mitotic
nuclei with >10 Toplcc’s upon CPT treatment during S or M phases calculated for 20-25 cells (mean
+ S.E.M.). Asterisks denote statistically significant difference (**P < 0.001, ***P < 0.0001; t test).
n.s. non-significant.
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4.4 Discussion:

The current study deals with the functional characterization of a novel CDK1 mediated
phosphorylation of TDP1 at S61 residue which is responsible for regulating the temporal
chromosomal association-dissociation kinetics of TDP1 through the cell cycle progression.
CDK1 depletion by knockdown was found to reduce the level of phosphorylated TDP1
(pS61-TDP1) with a concomitant enrichment in the levels of TDP1 in the chromatin fraction
at mitotic phase implying that the phosphorylation is responsible for the dissociation of TDP1
from the chromosomes. The phosphorylation was found to be a mitotic event and the
abrogation of the phosphorylation occludes the dissociation of TDP1 from the condensed
mitotic chromosomes (Figure 4.2 and 4.3) which is associated with accumulation of mitotic
DNA breaks (Figure 4.5) upon replication stress by treatment with Topl poison CPT. Our
study clearly shows the dispensability of TDP1 in the repair of Toplccs generated in
exclusively in mitosis (Figure 4.6A-C) coherent with the observation that TDP1 remains
extruded from the chromosomes in the mitotic phase (Figure 4.2 and 4.3). The study also
emphasizes on the need of the phosphorylation of TDP1 at S61 residue to prevent
accumulation of mitotic DSBs resulting from the formation of non-specific TDP1-DNA
adducts. Conclusively, the study reveals a novel cell cycle specific post translational
phosphorylation on TDP1 at S61 residue which governs the chromosomal localization
dynamics of TDPL1.
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Chapter 5

Biological significance of CDK1
mediated phosphorylation of TDP1
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5.1 Introduction:

The primary function of mitosis is the faithful segregation of the genome into two copies that
are equally shared among daughter cells. Mitotic cells are exquisitely sensitive to DNA DSBs
(Bakhoum et al, 2017) to which they can only mount a partial response that stops short of
activating downstream DNA damage repair pathways (Blackford & Stucki, 2020). While the
compact architecture of mitotic chromatin is thought to confer a protective role, mitotic cells
can still encounter DSBs as a result of persistent pre-mitotic errors (Orthwein et al, 2014) or
due to the direct exposure to DNA-damaging agents (Petsalaki & Zachos, 2020). The
consequences of such damage have remained elusive. Mounting evidence suggests that
untimely activation of the DDR and DSB repair induces severe chromosome segregation
defects (Bakhoum et al, 2017). These intricacies between the response to DNA damage
during mitosis and interphase have important implications not only for normal biology, but
also for cancer cells, which are frequently exposed to mitotic DNA damage either through
unrepaired pre-mitotic errors or exogenous therapies (Bakhoum et al, 2017). Topl relax
topological stress generated during DNA metabolic processes by temporarily forming a
reversible Topl-DNA cleavage  complex (Toplcc) nicking one strand and allowing
controlled rotation of the broken strand around the intact strand (Pommier, 2006; Pommier,
2013). CPT and its clinical derivatives trap Toplcc’s forming protein-DNA crosslinks
blocking DNA replication fork progression and ongoing transcription (Pommier, 2006;
Pommier, 2013). Replication forks colliding with the stabilized Toplccs induce replication-
associated DNA double-strand breaks (DSBs). These are replication associated DNA double
stranded ends (DSE’s) caused by either replication run-off or cleavage of stalled replication
forks by Mus81 (Groelly et al, 2022; Regairaz et al, 2011). Poisoning of Topl by CPT also
induces accumulation of unscheduled R-loop, a three-stranded structure formed during
transcription, which contain DNA-RNA hybrids and single-stranded displaced non-template
DNA (Groelly et al, 2022). R-loops induced by stalled Toplccs lead to generation of
transcription-dependent DSBs (Cristini et al, 2019). R-loop- impeded replication forks can be
sensed and cleaved by Mus81 leading to DSBs (Matos et al, 2020). Two major pathways,
homologous recombination (HR) and nonhomologous end joining (NHEJ) are involved in
DSBs repair (Chowdhuri & Das, 2021). Compared to DSB’s, the DSE’s lack another DNA
end to be ligated to for end joining, and thus are preferentially repaired by HR (Rodgers &
McVey, 2016). In budding yeast, it has been established that DSEs undergo break-induced

replication (BIR), a type of HR process that involves extensive 5’ to 3’-end resection to
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generate a 3'-single- stranded DNA (ssDNA) end that is bound by RPA, RAD52-mediated
strand invasion and formation of displacement loop (D- loop) intermediates and POLD3-
dependent DNA synthesis (Wu & Wang, 2021). In human cells, Mus81-mediated cleavage of
collapsed replication forks at common fragile sites (CFS) initiates mitotic DNA synthesis
(MiDAS) via BIR mechanism that depends on RAD52 and POLD3 but not on RAD51
(Kramara et al, 2018). BIR also occurs in response to oncogene overexpression (Stivison et
al, 2020), re-replication, or telomere erosion (Kramara et al, 2018). Although HR is indicated
as a high-fidelity repair mechanism, BIR is a mutagenic mechanism that leads to chromosome
rearrangements. The mechanism of resection to generate 3’-sSDNA and regulation of BIR has
been extensively studied in yeast but still remains poorly understood in mammalian cells (Wu
& Wang, 2021). In the absence of TDP1 we found an enrichment of SLX4/MUS81 on
damaged chromatin which promotes MiDAS for the Toplcc repair (Zhang et al, 2022).
However we found that abrogation of the CDK1 mediated phosphorylation of TDP1 at S61
residue leads to several fold higher DNA end resection at CPT-induced DSE’s sites by
promoting excess of SLX4/MUS81 chromatin loading and subsequent cleavage of
replication-associated DSBs. DNA ends of cleaved replication-associated DSBs are further
processed by MRE11 endonuclease, CTIP, and DNA2/BLM nucleases, generating excessive
sSDNA that leads to MiDAS via BIR mechanism and chromosome aberrations. Our results
demonstrate a novel role of CDK1 mediated phosphorylation of TDP1 at S61 residue in
ousting of TDP1 from chromosomes in mitotic phase which otherwise forms non-specific

DNA adducts, hyperactivating MiDAS culminating in genome instability.
5.2 Materials and Methods
5.2.1 Drugs

DNA replication inhibitor aphidicolin (APH) (Sigma-Aldrich) was used at 0.4 uM (low dose)
or 1.5 uM (intermediate dose), Hydroxyurea (Sigma-Aldrich) was used at 2 mM,
Camptothecin (Sigma-Aldrich) was used as per experimental requirements as indicated,
CDK1 inhibitor (RO-3306, Sigma-Aldrich) at 9 uM. Nocodazole (Sigma-Aldrich) was used
at 200ng/ml and Thymidine (Sigma-Aldrich) at 2 mM. 5-Bromo-2’-Deoxyuridine (BrdU,
Thermo-fisher) was used at 1X.
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5.2.2 Antibodies

Rabbit polyclonal anti-phospho-Histone H3 (06-570), anti- MPM2 (05-368), anti-Toplcc
(MABE1084) and mouse monoclonal anti-yH2AX (05-636) antibodies were purchased from
Millipore, USA. Rabbit polyclonal TDP1 (Ab4166) and GAPDH (Ab9485), mouse
monoclonal XRCC1 (Ab1838), anti-MUS81 antibody (Ab14387) and Histone H3 (Ab24834)
antibodies were purchased from Abcam (Cambridge, MA, USA). Mouse monoclonal anti-
flag (M2) (F3165), rabbit polyclonal anti-FLAG (F7425) antibodies were purchased from
Sigma (St Louis, MO, USA). The anti-CDK1 (9116), mouse monoclonal antibody was from
Cell Signalling Technologies. Rabbit polyclonal anti-GFP (A-11122) antibody was from
Invitrogen. Rabbit polyclonal PARP1 antibody and anti-actin (sc-47778) antibody secondary
antibodies: Horseradish peroxidase (HRP)-conjugated anti-rabbit 1gG or anti-mouse lgG were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

5.2.3 Cell culture, treatment and transfections

Cell cultures were maintained at 37°C under 5% CO; in Dulbecco’s modified Eagle’s medium
containing 10% fetal calf serum (Life Technologies, Rockville, MD, USA). The cervical
carcinoma cell line (HeLa), human kidney origin (HEK293) and human breast cancer
(MCF7) was obtained from the Developmental Therapeutics Program (NCI, NIH/ USA).
TDP1** and TDP1™" primary MEF cells were a kind gift from Dr Cornelius F Boerkoel
(University of British Columbia, Vancouver, British Columbia, Canada). Cells were treated
with the indicated concentrations of CPT. Plasmid DNAs were transfected with Lipofectamine
2000 (Invitrogen) according to the manufacturer’s protocol. TDP1™~ MEF cells were
transfected with the FLAG-TDP1 constructs using X-tremeGENE HP DNA transfection
reagent (Roche) according to the manufacturer’s protocol.

5.2.4 siRNA transfection

Transfections were performed as described previously (Das et al, 2009; Das et al, 2010; Das
et al, 2014). In brief, cells (1.5 x10°) were transfected with control siRNA or 25 nM CDK1 or
TDP1 siRNA (GE Dharmacon, SiRNA- SMARTpool) using oligofectamine (Invitrogen)
according to the manufacturer’s protocol. Time course experiments revealed a maximum
suppression of CDK1 or TDP1 protein at day 3 after transfection, as analysed by Western
blotting.
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5.2.5 Cell extracts, immunoblotting, and immunoprecipitation

Preparation of whole cell extracts, immunoprecipitation, and immunoblotting were carried out

as described previously in chapter 1V.
5.2.6 Immunocytochemistry and confocal microscopy

Immunofluorescence staining and confocal microscopy were performed as described
previously (Das et al, 2009; Das et al, 2010; Das et al, 2014). Briefly, cells were grown and
drug treated on chamber slides (Thermo Scientific™ Nunc™ Lab-Tek™ II Chamber slides)
followed by fixation with 4% paraformaldehyde for 10 min at room temperature. Primary
antibodies against FLAG, yH2AX, anti-BrdU and Toplcc were detected using anti-rabbit or
anti-mouse 1gG secondary antibodies labelled with Alexa 488/568 (Invitrogen). Cells were
mounted in anti-fade solution with 4’ 6-diamidino-2-phenylindole (DAPI) (Vector
Laboratories, Burlingame, CA, USA) and examined under Leica TCS SP8 confocal laser-
scanning microscope (Germany) with a 63x/1.4 NA oil objective. Images were collected and
processed using the Leica software and sized in Adobe Photoshop 7.0. The yH2AX or
Toplcc or BrdU intensity per nucleus was determined with Adobe Photoshop 7.0 by
measuring the fluorescence intensities normalized to the number of cell count (Das et al,
2009; Das et al, 2010; Das et al, 2014).

5.2.7 Neutral COMET assays

To compare the levels of DNA damage in TDP1 depleted cells transfected with the different
TDP1 variants, samples were subjected to neutral comet assays according to the
manufacturer’s instructions (Trevigen, Gaithesburg, MD) as described previously (Das et al,
2009; Das et al, 2010; Das et al, 2014). Briefly, after treatment with 30 nM CPT and mitotic
arrest by nocodazole treatment, cells were collected and mixed with low melting agarose.
Slides were immersed in lysis solution at 4°C for 1 h. After a rinse with deionized water,
slides were immersed in a 4°C electrophoresis solution (50 mM NaOH, 1 mM EDTA, and
1%dimethyl sulfoxide) for 1 h. Electrophoresis was carried out at a constant voltage of 25 V
for 30 min at 4°C. After electrophoresis, slides were neutralized in 0.4 M Tris—HCI (pH 7.5),
dehydrated in ice-cold 70% ethanol for 5 min, and air-dried. DNA was stained with ethidium
bromide (EtBr) purchased from Sigma (USA). The relative length and intensity of EtBr-stained
DNA, tails to heads, is proportional to the amount of DNA damage present in the individual
nucleus. Comet length was measured using the TriTek Comet Score software (TriTek Corp,
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Sumerduck, VA) and was scored for at least 50 cells. Distributions of comet lengths were

compared using the Student t-test.
5.2.8 Cell survival assays

Cells (6 x 10%) were transfected with control or CDK1 siRNA (25 nM) as described above
and seeded in 96-well plates (BD Biosciences, USA). After 24 h, cells were treated with CPT
at the indicated concentrations and kept further for 48 h. In a related experiment the TDP1+/+
and TDP1-/- MEFs were ectopically expressed with FLAG-TDP1 variants and treated with 30
nM CPT for 24 hours. The cells were arrested at G2/M phase by treatment with 200 ng/mL
nocodazole for the last 8 hours of CPT treatment. The cells were allowed to grow for additional
24 hours in drug free medium. Cell survival was then assessed by 3- (4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) purchased from Sigma, USA as described
previously (Rehman et al, 2018). Plates were analysed on Molecular Devices SpectraMax M2
Microplate Reader at 570 nm. The percent inhibition of viability foreach concentration of
CPT was calculated with respect to the control. Data represent mean values = S.D. for three

independent experiments.
5.2.9 Cell fractionation and isolation of chromatin bound protein

Cell fractionation and isolation of chromatin bound proteins was performed previously as
described in chapter IV (Rehman et al, 2018; Wu & Wang, 2021).

5.2.10 Chromatin immunoprecipitation (ChlIP)
ChlIP was performed following protocol described in chapter 1V.
5.2.11 Metaphase spread

For metaphase spreads, cells were transfected as per experimental requirements treated with
or without low dose of CPT and later incubated with 1 g/ml colcemid for the last 4 h. Cells
were then harvested and treated with hypotonic solution (75 mM KCI) for 12 min, washed
with chilled fixative (methanol/acetic acid 1:1), and left overnight at 4°C. Cells were later
dropped onto a chilled glass slide, air-dried and stained with 5% aqueous Giemsa. For each

case, 50 metaphase plates were scored.
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5.2.12 Detection of mitotic BrdU foci (Mitotic DNA synthesis)

For detection of mitotic BrdU foci in MEFs, cells were transfected as detailed in
experimental protocol, synchronized at the G1/S transition with 1.5 mM thymidine (Sigma-
Aldrich) for 16 hours, washed three times with PBS, released in fresh medium containing 6
uM RO-3306 (Sigma-Aldrich) for 10.5 hours (in the absence of aphidicolin) or for 17.5 hours
(in the presence of 15 nM CPT alone or combined with 1 uM aphidicolin (Sigma-Aldrich))
and treated as indicated. Cells were then washed three times with warm medium and released
in medium containing 100 ng/mL nocodazole (Sigma-Aldrich) and 1X BrdU (ThermoFisher)
for 60-90 min before being processed. Cells were fixed and permeabilized with 4%
paraformaldehyde, 20mMHEPES, 10mMEGTA, 0.2%Triton X-100, 1mMMgCI2 for 20 min
at room temperature. Coverslips were washed three times with PBS and then BD
Pharmingen™ BrdU Flow Kits was used for the immunofluorescence staining of the
incorporated BrdU in mitosis. Coverslips were washed once with PBS, incubated with DAPI
(0.5 mg/mL, ThermoFisher) in PBS for 10 min at room temperature, washed three times with
PBS and rinsed in distilled water before being mounted on slides using ProLong Gold
Antifade Mountant (ThermoFisher) mounting media. Microscopy was done on LeicaTCSSP8
confocal laser-scanning microscope(Germany) with 633/1.4NAoil objective. Leica software
was used for image processing which was later sized in AdobePhotoshop7.0.The yH2AX or
BrdU foci/intensity per nucleus was measured by the fluorescence intensities normalized to
the number of cell counts in Adobe Photoshop 7.0. Images were also analyzed with
ImagelJ/F1J1 software (National Healthcare Institute, USA; (Schindelin et al., 2012).

5.3 Results

5.3.1 Toplcc’s are repaired independent of TDP1 in mitosis through mitotic DNA
synthesis (MiDAS)

Trapped Toplcc’s, which can be repaired in cells broadly by phosphodiesterase pathway that
primarily includes TDP1, which is coupled with PARP1 and are restricted to the “S”-phase of
the cell cycle; while alternative endonuclease pathways that include Mus81-EME1, XPF-
ERCC1, etc are known to operate independent “S-phase” of the cell cycle (Wu & Wang,
2021) for Toplcc repair in mitotic phase. Therefore, we tested the role TDP1 as well as
alternative endonuclease pathways pathway in the repair of trapped Toplcc’s during mitosis.

During early mitosis the nuclease activity of the structure specific endonuclease Mus81-
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Emel complex promotes a RAD52-mediated break-induced replication process using POLD3
at mitotic break sites (Bhowmick et al, 2016), which might serve to minimize chromosome
mis-segregation and non-disjunction under conditions of replication stress. Although
homologous recombination (HR) is indicated as a high-fidelity repair mechanism, the break-
induced replication (BIR) or MiDAS, classified as a subtype of HR, is a mutagenic error-
prone mechanism that leads to chromosome rearrangements and chromosomal instabilities
(Wu & Wang, 2021). It remains poorly understood how cells suppress mutagenic BIR. CPT-
induced trapped Toplcc can be transformed into induce replication-associated DNA double-
strand breaks (DSBs). These are replication associated DNA double stranded ends (DSE’s)
caused by either replication run-off or cleavage of stalled replication forks or transcriptional
machinery. To test the repair of such unrepaired premitotic Toplcc linkeds DSE’s by
MiDAS, we looked into BrdU incorportation on prophase DNA to mark the newly replicating
cells. The TDP1-/- MEFs used in this study were transfected with empty vector or FLAG-
TDP1 variants (WT or S61A), synchronized at the G1/S transition using a single thymidine
block and released them in media containing the CDK1 inhibitor RO-3306 (Figure 5.1A).
This treatment caused cell-cycle arrest in G2, reflected by the lack of histone H3
phosphorylation at Serl0 in FACS analyses (data not shown). After 10.5-h incubation with
RO-3306, we released the cells into mitosis in the presence of nocodazole and BrdU (Figure
5.1A). Entry into mitosis was demonstrated by FACS analyses of histone H3 Serl0
phosphorylation (data not shown), while BrdU incorporation was used to monitor MiDAS.
Because labeling with BrdU takes 20-30 min, any BrdU found in mitotic cells was assumed
to have been incorporated into the genome in G2. The use of the CDKL1 inhibitor, RO3306
(Vassilev, 2006), to arrest cells at the G2/M boundary allowed us to separate G2 from M-
phase, and therefore to add BrdU only after cells had entered the prophase of mitosis. Under
these circumstances, we could detect BrdU on metaphase chromosomes and demonstrate that
DNA synthesis was still occurring in early mitosis. Also, to exclusively capture DNA
synthesis in mitosis, we inhibited S/G2 replication with hydroxyurea, as previously described
(Macheret et al., 2020). BrdU-labeled DNA was isolated from mitotic ‘‘shake-off’” cells and

analyzed by immunofluorescence microscopy. We detected no BrdU
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or yH2AX foci in control untreated cells (Figure 5.1B) which were markedly increased after
CPT treatment (Figure 5.1C). TDP1-/- MEFs expressing the FLAG-TDP1"T were found to
accumulate significantly low yH2AX (green) levels (Figure 5.1C) confirming our previous
data (Figure 4.5), BrdU foci (red) were found to colocalise with the yH2AX foci indicating
the involvement of MiDAS in the repair of these Toplcc-associated breaks (Figure 5.1C).
TDP1-/- MEFs expressing the EV or FLAG-TDP1%** showed marked increase in the levels
and simultaneous colocalization of BrdU and yH2AX foci upon CPT treatment (Figure 5.1C)
confirming that this BIR operates in cells to repair Toplcc’s independent of TDP1. We also
co-treated the cells with Aph and CPT and observed a reduction in the levels of BrdU and
yH2AX foci suggesting replication conflicts as a potential source of these Toplcc induced
DNA breaks (Figure 5.1D). Figure 5.1E shows CPT treatment results in marked increase in
yH2AX foci due to concomitant increase of MiDAS in the TDP1-/- transfected with FLAG-
TDP1%' hoth compared to the EV or FLAG-TDP1"" overexpressing MEFs which could be

partly diminished by the co-treatment with the replication inhibitor aphidicolin.

5.3.2 Abrogation of CDK1-mediated phosphorylation of TDP1 at Serine 61 promotes
MiDAS by escalating chromatin enrichment of Mus81

MiDAS requires the structure specific endonuclease Mus81-Emel, Rad52 and a non-catalytic
subunit of the Pol-delta complex, POLD3 and is correlated with diminished chromosome
missegregation and nondisjunction (Minocherhomji et al, 2015) if tightly regulated.
Unrestrained Mus81 mediated resection and hyperactivated MIDAS can be potentially
dangerous to the cells translating into chromosomal instabilities (Wu & Wang, 2021). Cells
overexpressing yeast TDP1 (yTDP1) are found to be excessively dependent on DNA repair
enzymes especially endonucleases like Rad27, SIx4, and Mus81 (Duffy et al, 2016) which
suggests the non-specific adduct forming tendencies of yTDP1 which might be processed and
removed by the endonucleases (Duffy et al, 2016). Mus81 overloading on the mitotic
chromatin was observed in TDP1-/- MEFs which leads to increased resection as marked by
increased YH2AX foci (Figure 5.2B) under CPT treated conditions. Mus81 is involved in the
cleavage of Toplcc-stalled replication forks and R-loop-impeded replication forks (Wu &
Wang, 2021). We found that chromatin-bound Mus81 level was even higher in CPT treated
TDP1-/- MEFs complemented with FLAG-TDP1%*'* as compared to that of the TDP1-/-
MEFS expressing EV and negligible Mus81 chromatin loading was observed upon FLAG-

TDP1"T complementation (Figure 5.2B). Quantification of the IF staining of chromatin-
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bound Mus81 for cells pre-extracted with Triton X-100 before fixation showed enriched
Mus81 intensity in FLAG-TDP1%*'* cells upon CPT treatment (Figure 5.2D, left) compared
to TDP1-/- MEFS complemented with EV or FLAG-TDP1%*' Chromatin fractionation
followed by Western blot analysis also showed that Mus81 loading on chromatin was greater
in FLAG-TDP1°**'* complemented TDP1-/- MEFs (Figure 5.3B-C) as compared to FLAG-
TDP1™T. We also tested whether Mus81 overloading results in uncontrolled Mus81-mediated
cleavage leading to increased DSBs. DNA breaks were analysed using YH2AX as a DSB
marker; we found that the number of YH2AX foci significantly increased in TDP1-/- MEFs
complemented with TDP1%'* compared to TDP1"" transfected MEFs treated with CPT.
Importantly, knocking down Mus81 using siRNA largely reduced elevated yH2AX in TDP1-
/- MEFs complemented with either EV, FLAG-TDP1"" or FLAG-TDP1%% and treated with
CPT, indicating that the extensive resection culminating in the process of break induced
replication (MiDAS) of CPT-induced collapsed replication forks in mitosis cells depends on
MUSB81 independent of TDP1(Figure 5.2C and E). Thus, complementation of TDP1-/- MEFs
with FLAG-TDP1%% results in uncontrolled Mus81-mediated cleavage, leading to increase
DSBs that are subjected to subsequent DNA end resection and processing for the break
induced replication (BIR).
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Figure 5.2 Abrogation of CDK1-mediated phosphorylation of TDP1 at Serine 61 promotes
MIDAS by escalating chromatin enrichment of Mus81 (A) Schematic representation of the
protocol followed for the scoring of mitotic DNA breaks by yH2AX staining in Mus81 proficient and
deficient TDP1-/- MEFs. (B and C) Representative images showing the yH2AX (green) and Mus81
(red) levels observed in the TDP1-/- MEFs co-transfected with SiCtrl (B) or siRNA against Mus81
endonuclease (C) and FLAG-TDP1 variants (WT and S61) or empty vector (EV) following
replication stress (15 nM CPT, 24 h) as shown in protocol. (D) Quantifications of the enrichment of
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Mus81 on the mitotic chromosomes scored for 50 mitotic nuclei (each category) as depicted by the
corresponding bar diagram. (E) Quantifications for the percentage of yH2Ax foci on mitotic nuclei
after CPT treatment upon Mus81 knockdown calculated for 50 cells (mean + S.E.M.). Asterisks
denote statistically significant difference (**P < 0.001; ***P < 0.0001; t test). n.s. non significant

5.3.3 Mus8L1 is enriched at CFS loci in G2/M-phase during CFS expression in MCF7

cells overexpressing FLAG-TDP1%%

Chromosomal common fragile sites are specific regions of the genome that exhibit gaps or
breaks on metaphase chromosomes under conditions that partially inhibit DNA replication
(Li & Wu, 2020)). These sites often co-localize with regions deleted, amplified, or rearranged
in cancer (Li & Wu, 2020). In the previous chapter of our dissertation we had looked into the
enrichment of the ectopically expressed FLAG-TDP1 variants (FLAG-TDP1"" and FLAG-
TDP1%') at three CFSs using ChIP assay which confirmed CPT treatment preferentially
enhanced binding of the TDP1%%* with respect to the TDP1"" to the CFSs as compared to
aphidicolin induced replication stress (Figure 4.5A-D). In the chapter, we performed chIP
against endogenous Mus81 at CFSs in MCF cells overexpressing FLAG-TDP1"" or FLAG-
TDP1%', Corroborating with our previous results that chromatin loading of Mus81 is
increased in the FLAG-TDP1°*'* expressing TDP1-/- MEFs in both the immunofluorescence
and chromatin fractionation (Figure 5.2 and 5.3A-C), chlP analysis confirmed an enrichment
of endogenous Mus81 at the CFSs cells overexpressing the phosphomutant TDP1 (S61A)
after CPT treatment which could be rationalised to be due to the role of the structure specific
endonuclease in the removal of trapped TDP1%%* from the mitotic chromosomes (Figure
4.5A-D). These data also strengthens our hypothesis that the lack of extrusion of the TDP1-
S61A mutant results in the formation of non-specific TDP1-DNA adducts which could be
plausibly be processed by the Mus81 endonuclease. In the CPT treated TDP1-/- MEFs
expressing EV or FLAG-TDP1"T, Mus81 seems to be involved in the repair of the Toplccs.
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Figure 5.3 Mus8L1 is enriched at CFS loci in G2/M-phase during CFS expression in MCF7 cells
overexpressing FLAG-TDP1%*'* (A) Schematic representation showing the protocol followed for
the chromatin fractionation of the MCF7 cells transfected with FLAG-TDP1"" or FLAG-TDP1% to
study the mitotic chromosomal enrichment of Mus81 and the TDP1 variants. (B) MCF7 cells were
transfected with FLAG-TDP1"" or FLAG-TDP1%* and the chromatin fractions were prepared to be
used for Western blotting performed against anti-FLAG and anti-Mus81 antibodies. Histone H3 (anti-
HH3) and phospho-Histone H3 (anti-pHH3) were used as chromosomal and mitotic markers. Protein
levels of Mus81, FLAG-TDP1"" and FLAG-TDP1%'* were analysed in the whole cell lysates to
ensure equal levels of protein before chromatin fractionation. (C) Quantification showing the relative
chromosomal enrichment of FLAG-TDP1 variants (FLAG-TDP1Y" or FLAG-TDP1*) in
interphases (Asn) and Mitotic (M) chromosome. (D) Quantification showing the relative enrichment
of Mus81 on mitotic chromosomes in interphases (Asn) and Mitosis (M) for the FLAG-TDP1"" or
FLAG-TDP1% expressing MCF7 cells following replication stress with low dose CPT (15 nM, 24
hours). (E) A schematic representation for the protocol followed for the chromatin
immunoprecipitation (chIP) of endogenous Mus81 at the CFSs loci in mitosis upon replication stress
induces by low dose of CPT. (F-H) Quantification of cross-linked FRA3B-FCR, FRA3B-FDR and
FRA16D loci chromatin-immunoprecipitated from MCF7 cells transfected with empty vector (EV)
and FLAG-TDP1 variants (WT or S61A) using the specified antibodies (endogenous Mus81). Fold
enrichment over goat 1gG was determined and is shown for each primer pair for the ChIP. Asterisks
denote statistically significant difference (**P < 0.001; *P < 0.01; t test). n.s. non significant.
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However in the FLAG-TDP1%** complemented TDP-/- MEFS, the endonuclease has a
bipartite function where it not only removes the trapped Toplcc’s from the mitotic
chromosomes but also participate in the removal of trapped TDP1-DNA adducts as indicated
by concomitant increase of DNA breaks (Figure 5.2D-E).

5.3.4 Mitotic phosphorylation of TDP1 at Serine 61 prevent genome instability

Earlier studies show that the overexpression of TDP1 induces CIN resulting in accumulation
of chromosomal breaks and fusions as a consequence of non-specific TDP1-DNA adduct
formation which might lead to the poor resolution of replication/recombination intermediates
prior to mitosis (Duffy et al, 2016). Our data suggest that the abrogation CDK1 mediated S61
phosphorylation of TDP1 leads to the formation of non-specific TDP1 adducts on the DNA
which might plausibly be involved in defective mitotic progression and accumulation of
chromosomal aberrations. Hence, metaphase spreading was performed and we analysed the
micronuclei (MN) formation, presence of bulky anaphase bridges (AB), chromatid breaks
(CB) and several other mitotic defects in TDP1-/- MEFs expressing the EV or the FLAG-
TDP1 variants (WT or S61A) exposed or not to a low-dose CPT (30 nM for 24 hours)
(Figure 5.4A). TDP1 depleted cells and the cells expressing the TDP1"" and TDP1%%** had
comparable levels of MN formation under non-CPT treated condition (data not shown).
However, CPT treatment was found to greatly augment the micronuclei formation in the
TDP1 depleted and TDP1%%' complemented MEFs compared to the TDP1"Y" complemented
MEFs (Figure 5.4B). In CPT-treated cells, the percentage of anaphases with bulky chromatin
bridges was similar among cell lines, except those expressing the phosphomutant
TDP1S61A, which showed significant increase in anaphase bridges (Figure 5.4B). Taken
together our results provide evidence for the role of S61 phosphorylation of TDP1 during
mitosis in the maintenance of genomic stability.
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Figure 5.4 (A) Schematic representation of the protocol followed for the scoring of mitotic defects on
metaphase chromosomes using metaphase spreading. (B) Representative images showing the different
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mitotic defects observed in the metaphase spreads of TDP1-/- MEFs co-transfected with Si Ctrl or
siRNA against Mus81 endonuclease and FLAG-TDP1 variants (WT and S61) or empty vector (EV)
following replication stress (15 nM CPT, 24 h). The percentage of such defects scored for 150
metaphase spreads (each category) as depicted by the corresponding bar diagram quantification.
Asterisks denote statistically significant difference (**P < 0.001; (*P < 0.01t test). MN, micronuclei;
AB, anaphase bridges; R, ringed chromosome; F, fragmentation; PL, polyploidy; CB, chromatid
breaks; CD, cohesion defect; SCD, single chromatid decomposition; 1Saf, iso-arm fragmentation.

5.3.5 53BP1 nuclear bodies accumulate upon FLAG-TDP1%%'* overexpression following

replication stress

53BP1 nuclear bodies are induced by DNA or chromatin damage, increase after replication
stress, and are largely confined to G1 (Fernandez-Vidal et al, 2017). A fraction of under-
replicated chromosomes often escape the G2 checkpoint and 53BP1 nuclear bodies could
arise after such loci become converted to DNA lesions during mitosis (Harrigan et al, 2011).

To test whether the non-specific trapping of the TDP1%°'4

phosphomutant on the mitotic
chromosomes can lead to the replication-stress-induced formation of 53BP1 nuclear bodies in
the subsequent G1 phase, which can be correlated with the presence of DNA DSBs at the M-
phase (Figure 5.5A-C), TDP1-/- MEFs overexpressing FLAG-TDP1V' or FLAG-TDP1%%'4
were left untreated or exposed to a low dose of CPT followed by synchronisation to the next
G1 phase of the cell cycle. Immunostaining of 53BP1 was performed which revealed the
detectable accumulation of G1 phase 53BP1 nuclear bodies in the FLAG-TDP1%%'4
transfected cells as compared to the TDP1-/- and the FLAG-TDP1"" transfected TDP1-/-
MEFs, indicating that the abrogation of the CDK1 mediated phosphorylation of TDP1 at S61
contributes to the genesis of these structures (Figure 5.5B and C). Next, we also used neutral
comet assays to compare the CPT-associated DNA strand breaks (Cortés-Gutiérrez et al,
2012) in TDP1-/- cells. We measured the level of DNA double strand breaks following 24 h
incubations with 30 nM CPT and Figure 5.5D shows that CPT-treated TDP1-/- MEFs
accumulate ~4-fold more DSBs as compared to the TDP1-/- cells complemented with
FLAG-TDP1"T while the FLAG-TDP1°*'* complemented MEFs showed ~5 fold more DNA
DSBs. Interestingly Mus81 knockdown resulted in a marked reduction of the mean comet
length (Figure 5.5, siMus81) in these cells indicative of lesser number of DNA breaks

generated in cells in absence of Mus81 endonuclease.
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5.3.6 Mus81 knockdown rescue the survival of TDP1-/- MEFs complemented with
FLAG-TDP1* following replication stress

To further establish the role of the CDK1 mediated phosphorylation of TDP1 at S61 in
response to Toplcc repair, we performed survival assays. Figure 5.5E shows that TDP1
proficient MCF7 cells do not showed increased the cytotoxicity towards CPT when Mus81 is
knocked down which could be primarily because TDP1 is the main repair protein responsible
for CPT induced Toplcc’s and Mus81 endonuclease pathway might just be a backup pathway
functioning in absence of TDP1. However, when the survival assays were performed in
TDP1-/- MEFs transfected with empty vector (EV), FLAG-TDP1"" or FLAG-TDP1%*
CPT treatment rendered the EV and FLAG-TDP1%** transfected cells hypersensitive but the
FLAG-TDP1"T complemented cells were protected against CPT (Figure 5.5F) treatment.
Importantly it was also observed that the TDP1-/- MEFs in which Mus81 has been
additionally depleted using siRNA, the MEFs were significantly hypersensitive to CPT
suggesting that the TDP1 dependent phosphodiesterase pathway and the endonuclease
pathways distinctly operate in repair of Toplccs (Figure 5.5F). The additional
hypersensitivity to CPT in these TDP1-/- MEFs caused by Mus81 depletion could be rescued
by complementation with FLAG-TDP1"" further substantiating the role of TDP1 in Toplcc
repair. However, when TDP1-/- MEFs were transfected with FLAG-TDP1%%* the cells were
simultaneously Mus81 depleted, the MEFs showed a better survival phenotype when
challenged with CPT (Figure 5.5F) which further validates our previous results that excessive

1S61A

Mus81 loading on the chromatin in TDP overexpressing cells leads to unrestrained end
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Figure 5.5 Mus81 knockdown rescue the survival of TDP1-/- MEFs complemented with FLAG-
TDP1S61A following replication stress (A) Schematic showing the workflow to study the 53BP1
nuclear body formation in G1 daughter nuclei post CPT induced replication stress after Mus81
knockdown in TDP1-/- MEFs ectopically expressing empty vector (EV) or FLAG-TDP1 variants
(WT and S61A). (B) TDP1-/- MEFs transfected with SiCtrl or SiMus81, ectopically expressing empty
vector, FLAG-TDP1 (WT or S61A) were subjected to CPT (15nM, 16 h) followed by G2/M arrest
with 200ng/mL nocodazole during the last 8 hours. Mitotic cells were harvested by shake-off and re-
seeded, 5 hours after release cells were fixed and stained with 53BP1 antibody (green). (C)
Quantifications showing the number of cells having 53BP1 nuclear bodies upon CPT treatment in G1
phase calculated for 45-50 cells (mean = S.E.M.). (D) Quantification of CPT-induced DNA strand
breaks measured by neutral comet assays in TDP1—/— MEF cells expressing empty vector or FLAG-
TDP1 variants (WT or S61A) arrested in G2/M phase with 200 ng/mL nocodazole added during the

110



Chapter 5 Biological significance of CDK1 mediated phosphorylation of TDP1

last 8 h of CPT treatment. CPT-induced DNA strand breaks were calculated for 50 cells (mean +
S.E.M.). (E) Survival of MCF7 cells expressing SiCtr or SiMus81 in presence of CPT for 72 hours.
Percentage survival was normalized to the CPT untreated cells + S.E.M. Western blots showing the
levels of Mus81 knockdown and the corresponding TDP1 levels in the MCF7 cells. Actin was used as
loading control. (F) Survival of TDP1—-/— MEF cells expressing SiCtr or SiMus81 and ectopically
expressing empty vector (EV), FLAG-TDP1"" or FLAG-TDP1>*'* following replication stress. The
cells were released from the arrest and allowed to grow for an additional 48 hours. Percent survival
was normalized to the CPT untreated cells = S.E.M. Asterisks denote statistically significant
difference (**P < 0.01, **P < 0.001, ***P < 0.0001; t test). N.s non-significant.

@/ICPT Figure 5.6 Model depicting how TDP1%%'4

i G2/M checkpoint trapping on mitotic chromosomes leads to

o hyperactivation of mitotic DNA synthesis

L (MiDAS) causing excessive Mus81-Emel

@ ToP1 endonuclease mediated DNA resection and
Prophase/ breaks on the mitotic DNA. These breaks

lv : Prometaphase manifest as bulky anaphase bridges followed
Dissociation from mito;fgf’f‘{’)‘:gfomes by chromosomal segregation defects leading
mitotic chromosomes to  formation of micronuclei and

Mus81/SLX4

@ Mus81/5LX4 e accumulation of 53BP1 nuclear bodies in
: ;* _Pﬁ— Gl daughter cells. CDK1 mediated
— phosphorylation of TDP1 at S61 residue
L — promotes its extrusion from the mitotic

. lv . ' Metaphase chromosome to safeguard genomic stability.
<
<
‘ Excessive i
l, MiDAS
A 0 Bulky Anaphase LS
Bridges « Anaphase
@

Micronuclei @
@ ® @ Telophase/G1

53BP1 bodies in G1

5.4 Discussion:

The current study identifies a uniqgue CDK1-mediated serine (S61) phosphorylation of TDP1
as a key regulator of genomic stability during mitosis following replication stress. The results
of this work show that S61 phosphorylation of TDP1 facilitates its dissociation from
condensed chromosomes at the start of mitosis, promoting normal chromosome segregation
and preventing non-disjunction and other chromosomal defects. We further show that
phosphomutant-TDP1 (TDP1%%'*) are trapped on mitotic DNA causes DSBs that can be

significantly decreased by the replication inhibitor aphidicolin, implying that pre-mitotic
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replication conflicts are a potential source of these mitotic breaks (Figure 5.1). Moreover, the
additional mitotic DNA breaks in the FLAG-TDP1%*** complemented TDP1-/- MEFs as
compared to the empty vector or the FLAG-TDP1"" complemented TDP1-/- MEFs indicate

1552 on the mitotic chromosomes activates an end-resection

the removal of trapped TDP
mediated repair pathways (break induced replication). This is further justified by excessive
chromatin loading of the structure specific endonuclease Mus81 was seen in cells

overexpressing FLAG-TDP1%'4

, which is likely responsible for the elevated H2AX in these
cells. (Figure 5.2). Furthermore, increased Mus81 enrichment on mitotic chromosomes is
associated with hyperactive MiDAS (Figure 5.1), which causes chromosomal defects (Figure
5.3) that can be rescued by Mus81 knockdown (Figure 5.1), confirming hyperactive
unrestrained MiDAS as a potential source of the observed chromosomal instabilities. Mus81-
mediated Toplcc repair functions as a backup route in TDP1 competent cells, as evidenced
by the minimal sensitivity to CPT in TDP1 competent cells in which Mus81 has been
knocked down by SIRNA (Figure 5.5E). TDP1-/- MEFs with concomitant Mus81
knockdown, on the other hand, displayed increased sensitivity to CPT, which was rescued by
FLAG-TDP1IWT complementation (Figure 5.5F). Interestingly, CPT treated TDP1-/- MEFs
complemented with FLAG-TDP1%'# showed better survival upon Mus81 knockdown,
further confirming the occurrence of unrestrained Mus81 dependent MiDAS responsible for
abnormal chromosomal segregation and mitotic defects (Figure 5.3). Our findings provide
novel mechanistic and functional insights into CDK1-mediated phosphorylation of TDP1 at
S61 during mitosis, which confers a protective function in maintaining genomic stability
(Figure 5.6 and 5.7).
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Figure 5.7 Hypothetical model for the proposed mechanism of CDK1 mediated phosphorylation
of TDP1 at S61 residue for the repair of pre-mitotic Toplcc’s and preventing chromosomal
instabilities. In S-phase CDK1 remains inactivated by dual phosphorylations on its Threonine 14 and
Tyrosine 15 residues by Mytl and Weel kinases respectively. TDP1-S61 phosphorylation is thus
prevented during S-phase which allows TDP1 to get recruited on the chromatin and participate in the
base excision repair (BER) for the removal of Toplcc’s. At the G2/M phase of the cell cycle, CDK1
is activated by the action of the CDC25 phosphatases which dephosphorylate CDK1 (T14, Y15
residues). CDK1 then mediates phosphorylation of TDP1 at S61 residue which promotes extrusion of
TDP1 from the mitotic chromosomes at early mitosis. Pre-mitotic Toplcc’s are removed in mitosis by
the alternate pathways (Mus81-Emel mediated) independent of TDP1. Abrogation of TDP1-S61
phosphorylation (TDP1%*'*) leads to the formation of nonspecific TDP1-DNA adducts which are
processed by the structure specific endonuclease Mus81-Emel by a break induced repair (BIR)
mechanism operating in mitosis (mitotic DNA synthesis) which leads to unrestrained end resection
and accumulation of DNA breaks. These DNA breaks lead to bulky anaphase bridge formation which
leads to non-disjunction and chromosomal segregation defects culminating in micronuclei formation
and accumulation of 53BP1 nuclear bodies in the G1 daughter cells.
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6.1 Introduction:

Leishmania donovani is an obligate intracellular protozoan parasite that contributes to an
annual estimate of 50,000 to 90,000 new cases of kala-azar or Visceral leishmaniasis (VL),
worldwide in 98 countries with 350 million people at risk of infection (Desjeux, 2001;
Torres-Guerrero et al, 2017). Leishmania propels an immune-suppressive infection in the
host by colonizing within macrophages followed by trans-differentiation from the
extracellular insect gut form promastigotes to intracellular amastigote stage (and & Kamhawi,
2001; Kaye & Scott, 2011). The broad spectrum of clinical manifestations (Torres-Guerrero
et al, 2017) includes localized cutaneous leishmaniasis characterized by ulcerative skin
lesions, damaging mucosal inflammation, and disseminated systemic visceral infection
(Mann et al, 2021). Pentavalent antimonials or sodium stibogluconate are no longer
recommended owing to their toxicity and high levels of resistance in the Indian subcontinent
(Altamura et al; Bi et al, 2018; Chappuis et al, 2007; Mohapatra, 2014; Sundar &
Chakravarty, 2010). Alternatively, other drugs like the orally active polyene antibiotic
miltefosine (hexadecyl phosphocholine) shows clinical limitations that include potential
fetotoxicity, nausea, vomiting and other adverse side effects while the currently used
liposomal formulation of an anti-fungal agent amphotericin B is restricted by severe
nephrotoxicity  which raise serious concerns for their future applications (Sundar &
Chakravarty, 2010). The lack of effective drugs, vaccines against any form of human
leishmaniasis, and emerging cases of drug-resistant strains call for immediate identification
of new molecular targets for anti-leishmanial therapy (Altamura et al; Chakravarty & Sundar,
2010; Mann et al, 2021; Mohapatra, 2014).

DNA topoisomerases are essential enzymes that regulate DNA topology by catalyzing the
nicking and resealing of DNA strands to facilitate relaxation of supercoiling generated during
the DNA metabolic processes (Capranico et al, 2017; Champoux, 2001). Unlike other type 1B
eukaryotic topoisomerases, Leishmania topoisomerase IB (LdTopl) is a heterodimeric
enzyme (Figure 6.3.1A) with the core DNA binding domain ‘“VAILCNH’ located on the large
subunit (LATOP1L, 635 amino acids) and catalytic domain harboring the consensus catalytic
'SKXXY" motif on the small subunit (LdTOP1S, 262 amino acids) (Brata Das et al, 2004,
Das et al, 2006a; Das et al, 2006b; Das et al, 2006¢). The two subunits are encoded by two
different genes, which associate with each other through protein-protein interactions to form
an active heterodimeric Topl (LdTopl) within the parasite (Das et al, 2005). Therefore,
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LdTopl bi-subunit could be exploited as a novel drug target for the treatment of
leishmaniasis, which is starkly distinct from the mono-subunit human counterpart (Das et al,
2006a; Das et al, 2006c). Camptothecin (CPT), the human Top1B poison has already been
reported to inhibit LdToplB in vitro and induce cytotoxicity in Leishmania donovani
promastigotes and amastigotes leading to apoptosis (Sen et al, 2004b). CPT promotes the
formation of protein-DNA adducts both with the nuclear as well as kinetoplast DNA of
Leishmania and Trypanosoma parasites (Balafia-Fouce et al, 2014; Das et al, 2006b; Sen et
al, 2004b). However, there are several limitations associated with CPT including the
chemical instability of the CPT alpha-hydroxy-lactone ring and loss of efficacy due to the
drug efflux-mediated resistance generation (Das et al, 2018; Kundu et al, 2019; Kundu et al,

2020; Pommier, 2013) as well as its dose-limiting cytotoxicity (Pommier, 2013).

Non-camptothecin compounds like pyridine derivatives have a broad range of pharmaceutical
properties that strengthen their medicinal application as antileishmanial, antiviral,
antimalarial, and anticancer agents (de Mello et al, 2004; Kishbaugh, 2016). Pyridine
derivatives have also been reported to target the Topl enzyme (Zhao et al, 2004). The
quinoline core structure is shared by CPT and its clinically approved derivatives like
topotecan and irinotecan which have anticancer activities (Chowdhuri & Das, 2021; Das et al,
2021a; Kundu et al, 2019; Kundu et al, 2020; Pommier, 2006). Moreover, imidazole groups
represent broad non-CPT based Topl inhibitors like indotecan, indimitecan, and other
indenoisoquinolines (Beck et al, 2014; Pommier & Cushman, 2009; Song et al, 2010)
derivatives which are in clinical trials as anticancer agents (Kundu et al, 2019; Kundu et al,
2020; Pommier, 2006). Therefore, we rationalized that a pyrido[2',1":2,3]imidazo[4,5-
c]quinoline (P1Q) derivative harboring the pyridine, imidazole, and quinoline scaffolds could
potentially target the unique heterodimeric bi-subunit Topl enzyme of the Leishmania

donovani.

In the present study, we report the characterization and validation of a novel class of chimeric
compounds based on the pyrido[2',1":2,3]imidazo[4,5-c]quinoline (P1Q) core identified
through the structural features of known ligands (Figure 6.3.1B) and tested their potential role
in the inhibition of Leishmania Topl activity. The structure-activity relationships (SAR) of
the twenty compounds resulting from the parental structure of the PIQ core suggested that
compound C17 is the most potent LdTopl inhibitor both in the in vitro and ex vivo DNA
relaxations assays (Table 6.2). C17 inhibits the growth of both the antimony-resistant field
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isolate of Leishmania (BHU575) which is also known to be less susceptible towards the
clinically used anti-leishmanials like sodium stibo-gluconate (SSG), miltefosine,
paromomycin and amphotericin B (Ghosh et al, 2021) as well as the wild-type drug-
responsive strain (Ag83) by targeting LdTopl. C17 did not inhibit the activity of human
monomeric Topl which further exalts its promise as a selective anti-leishmanial drug
candidate. C17 poisons LdTopl-DNA covalent complex’s (LdToplcc) formation in the
parasites leading to the accumulation of apoptotic DNA breaks that was evidenced by in vitro
biochemical assays coupled with microscopic examination and in vivo studies. Furthermore,
administration of C17 by intraperitoneal route results in marked reduction of the Leishmania
amastigotes burden from the wildtype and antimony-resistant BHU575 parasite-infected
spleen and liver of BALB/c mice implicating a new drug candidate against drug-resistant

leishmaniasis.
6.2 Materials and Methods
6.2.1 Chemicals

3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium-bromide (MTT), dimethyl
sulfoxide (DMSO), isopropyl-p-D-thiogalactoside (IPTG), camptothecin  (CPT),
amphotericin B, penicillin and streptomycin were purchased from Sigma Aldrich (St. Louis,
MO, USA). CPT and C17 were dissolved in 100% DMSO (Sigma) at a concentration of 10
mM and stored at -20°C.

6.2.2 Parasite maintenance and culture

The Leishmania donovani cells were cultured in M199 containing 10% (v/v) heat-inactivated
fetal bovine serum (FBS) supplemented with 100 IU/ml of penicillin and 100 mg/ml of
streptomycin at 22 nC. Promastigotes were obtained from amastigotes of the spleens of
infected hamsters and were cultured in 10% (v/v) heat-inactivated FBS for 3-5 days at
22°C.The antimony-resistant field isolates MHOM/IN/2009/BHU575/0 (BHU-575) strains of
Leishmania donovani cells were cultured as discussed previously and utilized for the
experiments (Chowdhury et al, 2012; Chowdhury et al, 2017).
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6.2.3 Cell extracts

Cellular extracts from Ag83 or BHU575 cells were prepared as described previously
(Chowdhury et al, 2012; Chowdhury et al, 2017). Briefly, cells were lysed in buffer (10mM
Tris-HCI, pH 7.5, 0.1mM EGTA, 1mM EDTA, 1mM PMSF, 5mM DTT and 1mM
Benzamidine hydrochloride), homogenized and was centrifuged at 10,000 rpm for 10 min at
4nC. The lysate was utilized as the source of the endogenous LdTopl enzyme for plasmid

DNA relaxation assays.
6.2.4 Purification of recombinant Leishmania bi-subunit Topl (LdTopl)

The large (LATOP1L, 73 kDa) and the small (LdTOP1S, 29 kDa) subunits of LdTopl were
cloned in pET16b separately (Brata Das et al, 2004; Chowdhury et al, 2012; Chowdhury et al,
2017). Escherichia coli BL21(DE3)/pLysS cells harbouring pET16b-LdTOP1L and pET16b-
LdTOPL1S were separately induced at an optical density of 0.6 at 600 nm with 0.5 mM IPTG
(isopropyl- B-D-thiogalactoside) at 22 °C for 12 h. Cells were separately lysed by lysozyme
and then sonicated. The proteins were purified through Ni-NTA column (Qiagen, Hilden,
Germany) followed by a phosphocellulose column (P11 cellulose; Whatman, Maidstone,
Kent, United Kingdom). Both the subunits were mixed at a molar ratio of 1:1 at a total
protein concentration of 0.5 mg/ml in reconstitution buffer and dialyzed overnight at 4°C as
described (Brata Das et al, 2004; Chowdhury et al, 2012; Chowdhury et al, 2017).

6.2.5 Recombinant Human Top1 purification

The recombinant human Topl was purified from Sf-9 insect cells which were infected with
the recombinant baculovirus (a kind gift from Prof. James J. Champoux) as described
previously (Das et al, 2018; Kundu et al, 2019; Kundu et al, 2020; Majumdar et al, 2015).

6.2.6 Plasmid DNA relaxation assay

DNA topoisomerases were assayed by decreased mobility of the relaxed isomers of
supercoiled pBluescript SK(+) [pBS SK(+)] DNA at 37°C for 30 min in 1% agarose gel (Das
et al, 2018; Kundu et al, 2019; Kundu et al, 2020; Majumdar et al, 2015). LdTopl1 was diluted
in the relaxation buffer (25 mM Tris-HCI [pH 7.5], 5% glycerol, 0.5 mM DTT, 10 mM
MgCI2, 50 mM KCI, 25 mM EDTA, and 150 pg/ml bovine serum albumin [BSA]) and
supercoiled plasmid pBS SK(+) DNA (85 to 95% were negatively supercoiled, with the
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remaining being nicked circles). For recombinant human Topl, the relaxation assay was
carried out as described elsewhere (Das et al, 2018; Kundu et al, 2019; Kundu et al, 2020;
Majumdar et al, 2015). Ex vivo relaxation assays were carried out with whole-cell extracts
obtained from indicated cells as described (Das et al, 2018; Kundu et al, 2019). Briefly, the
equivalent amount of whole-cell extracts from indicated cells was incubated with supercoiled
pBS SK(+) DNA (200 ng) in the relaxation buffer (25 mM Tris-HCI [pH 7.5], 10 mM
MgCI2, 5% glycerol, 50 mMMKCI, 0.5 mM DTT, 25 mM EDTA, and 150 mg/ml bovine
serum albumin [BSA]) at 37°C for 30 min and products from relaxation assay were analyzed

by agarose gel electrophoresis as discussed before.
6.2.7 Plasmid DNA cleavage assay

For cleavage assay, 50 fmol of pBS SK(+) supercoiled DNA and 100 fmol of reconstituted
LSco or recombinant human Topl were incubated in a standard reaction mixture (50 ul)
containing 50 mM Tris-HCI (pH 7.5), 100 mM KCI, 10 mM MgCI2, 0.5 mM DTT, 0.5 mM
EDTA, and 30 ug/ml BSA (Chowdhury et al, 2012; Chowdhury et al, 2017) at 37°C for 30
min. The reactions were terminated by adding 1% SDS and 150 ug/ml proteinase K, and the
mixtures were further incubated for 1 h at 370C. DNA samples were electrophoresed in 1%
agarose gel containing 0.5 pg/ml EtBr to resolve more slowly migrating nicked product (form

I1) from the supercoiled molecules (form I).
6.2.8 Oligonucleotide Cleavage Assay

Equilibrium cleavage assays with a 25-mer duplex of an oligonucleotide containing a Topl
binding motif were labeled and annealed as described previously (Kundu et al, 2019).
Samples were analyzed by 12% sequencing gel electrophoresis, dried, exposed on

Phosphorlimager screens, and imaged with Typhoon FLA 7000 (GE Healthcare, UK).
6.2.9 Analysis of Compound 17-DNA Intercalation

The ability of the drug to intercalate into plasmid DNA was determined by the Topl
unwinding assay (Das et al, 2018; Kundu et al, 2019). Assays were performed with 50 fmol
of pBluscript (SK+) DNA in the presence or absence of C17, m-AMSA, and etoposide.
Relaxed DNA was prepared by treatment of the supercoiled plasmid DNA with an excess of
LdTopl, followed by proteinase K digestion at 37 °C, phenol/chloroform extraction, and

ethanol precipitation. After incubation at 37 °C for 15 min, reactions were terminated and
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electrophoresed onto 1% agarose gel as described above (Das et al, 2018; Kundu et al, 2019).
The DNA band was stained with 0.5 pg/mL of EtBr and visualized by UV light as described
above. Second, an ethidium displacement fluorescence assay (Das et al, 2018; Kundu et al,
2019) was employed to determine whether compound 17 binds in the minor groove of DNA.
Fluorescence emission spectra (Amax = 590 nm, excitation wavelength 510 nm) were
obtained at 25 °C. The assays contained 1 uM EtBr, 0—-300 mM compound 28, and 5 nM CT
DNA in 2 mL of fluorescence buffer.

6.2.10 Cell cycle analysis

DNA synthesis or replication was measured by flow cytometry analysis (FACS). L. donovani
promastigote (2.5x10° cells) were treated with camptothecin or C17 (5uM) for the indicated
time, harvested, and washed several times with PBS (1X). Fixation and staining of cells were
performed and were analyzed via flow cytometry as discussed previously (Chowdhury et al,
2012). Detection of cells in individual G1, S, and G2/M phases of the cell cycle was carried
out using a Becton Dickson flow cytometer and further data were processed by BD FACS
Scan Software (San Diego, CA).

6.2.11 DNA laddering experiment

Fragmentation of DNA into oligonucleosomal bands, as a function of apoptotic cell death,
was studied by DNA laddering assay as described before (Shadab et al, 2017). Briefly, the
treated and untreated cells were suspended in 500 pl of extraction buffer followed by
incubation on ice for 30 min and centrifuged at 15000 x g for 5 min. Isolated DNA aliquots
were electrophoresed on 1.5% agarose gel containing ethidium bromide (0.5ug/ml), using
Tris- acetate-EDTA (pH 8.0) running buffer, and then observed and photographed under UV
illumination in a BioRad gel documentation system (Bio-Rad Laboratories, Inc., Hercules,
CA, USA).

6.2.12 SDS-KCI precipitation assay

For C17-induced protein-DNA complex determination, L. donovani promastigotes were
labeled with 1X BrdU for 24 h and exposed to different concentrations of CPT, C17, and
Topl catalytic inhibitor (HR8) for 30 minutes. Cells were pelleted and permeabilized by
incubation at 60°C for 10 min in the presence of 2.5% (wt/vol) SDS, 0.8 mg/ml salmon
sperm DNA, and 10 mM EDTA. After the addition of 65 mM KClI, the reaction mixture was
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incubated on ice for 60 min. The pellet was resuspended in 100 mM KCI (10 minutes at 65
degrees) followed by the repetition of the washing step. The resulting pellet was resuspended
in anti-BrdU (Alexa-488 conjugated) antibody for 2 hours followed by 1X PBS wash and

spectrophotometric reading at 488 nm.
6.2.13 Measurement of cell viability

The viability of the Leishmania donovani promastigotes was measured by MTT assay
(Bhattacharjee et al, 2022; Chowdhury et al, 2012; Chowdhury et al, 2017). All ECsy values
were calculated by using the non-linear variable slope model for finding ECsp in Prism (ver.
5.0; GraphPad Software, USA).

6.2.14 Terminal deoxyribonucleotide transferase (TdT)-mediated dUTP nick-end
labelling (TUNEL) assay

TUNEL assay was performed according to the manufacturer's instructions (ApoDirect™ Kit,
BD Biosciences, Cat. 556381). Briefly, CPT/C17 treated and untreated promastigotes were
harvested by centrifugation and fixed by adding 5 ml of fresh, prechilled 1%
paraformaldehyde/PBS. The cell suspension is centrifuged for 5 minutes at 300xg and the
pellets resuspended in 0.5 ml of PBS were then permeabilized by adding 5 ml of 70% ice-
cold ethanol and incubated at -20°C for at least 24 h before staining. The cells were then
resuspended in 80 pl of equilibration buffer and incubated at room temperature for 5 min.
The cells were washed with PBS and resuspended in 50 pl of TdT incubation buffer and
incubated at 37°C in a water bath for 60 min followed by the addition of 20 mM EDTA to
terminate the reaction, and mixed by gentle vortexing. The cells were pelleted down by
centrifugation and resuspended in 1 ml of 0.1% Triton X-100/BSA/PBS. The cells were then
resuspended gently in 0.5 ml of PI/RNase/ PBS to stain with PI following incubation at room
temperature in the dark for 1530 min and spread on poly-lysine coated glass slides. They

were analyzed by confocal microscopy.
6.2.15 Double staining with annexin V and PI

The externalization of phosphatidyl-serine of indicated promastigotes with or without
treatment of C17 or CPT was measured by attachment of FITC-annexin V and Pl by an
annexin V-FITC staining kit (Invitrogen Incorporation Ltd). Flow cytometry was also

performed for treated and untreated parasites. The gating was fixed in such a way that the
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mean intensity of FITC-annexin V and the mean intensity of Pl were depicted by FL-1 and
FL-2 channels, respectively. The data presented are the mean of three independent

experiments (Chowdhury et al, 2012).
6.2.16 In vitro macrophage infection

Macrophages were isolated from Balb/c mice 36-48 h post-injection (intraperitoneal) with
2% (wi/v) hydrolyzed starch by peritoneal lavage with ice-cold phosphate-buffered saline. In
vitro infection with promastigotes was carried out as described previously (Chowdhury et al,
2012). C17 was added to infected macrophages and left for another 48-96 h period. Cells
were then fixed in methanol and stained with Propidium lodide (P1). Percentages of infected
cells and the total number of intracellular parasites were determined by manual counting in at

least 200 cells using a fluorescent microscope.
6.2.17 In vivo studies

For experimental visceral infections, female BALB/c mice (4 weeks old and 20-25 g each)
were divided into the following groups: (i) uninfected control group (ii) infection control
group infected with Ag83 and BHUS575 separately and (ii) two treatment groups for each
infection group viz. 5 and10 mg C17/kg body weight, respectively. Each group consisted of 5
animals. The animals were injected via the intracardiac route with 2 x 10’ hamster spleen-
transformed L. donovani promastigotes (suspended in 200 ml of 0.02 M PBS per mouse)
(Chowdhury et al, 2012). Three weeks post-infection, C17 was administered to infected
animals via intraperitoneal routes separately twice a week for 3 weeks. Visceral infection was
determined by Giemsa-stained impression smears of spleen and liver from 6-week infected
mice and reported as Leishman Donovan Units (LDU), calculated as the number of parasites
per 1000 nucleated cells x organ weight in mg (Das et al, 2020; Das et al, 2021b) as well as
by Limiting Dilution Assay (Das et al, 2020; Das et al, 2021b). For LDA calculation, a 1
mg/ml (w/v) organ suspension (spleen or liver) prepared in Schneider drosophila media was
serially diluted and cultured at 22°C for 2 weeks. Parasite burden was expressed as a 10-fold
logarithm scale of the highest dilution containing viable parasites, and the mean values of
five mice per group were represented. All the animals were euthanized by carbon dioxide

exposure.
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6.2.18 RT-PCR for mRNA expression of cytokines

Total RNA was isolated from 1 mg organ (in presence of liquid nitrogen) of different control
and treatment groups of Balb/c mice used for the study, using TriZOL method (15596018,
Invitrogen) which includes deoxyribonuclease (AMPD1; Sigma-Aldrich) treatment for each
sample. The RNA pellet obtained was dissolved in di-ethyl pyrocarbonate (DEPC) treated
water and the concentration was measured using a UV-Visible spectrophotometer. An aliquot
of 2 ug of RNA was reverse-transcribed using a reverse transcription kit (4368814, Applied
Biosystems). For RT-PCR, 2 ul ¢cDNA, 0.5 pl 25 nM primer pairs of the respective gene as
well as internal control, 5 ul SYBR green master mix (A25742, Applied Biosystems), and
nuclease free water were added in 10 pl reaction mixture and PCR was performed in ABI
7500 thermocycler (Applied Biosystems) software and fold change was calculated using the

following formula:
F0|d Change = 2-AACt; AACt = (ACtexperiment - Actcontm]) , (ACt = ACtgene - ACtActin)

All the experiments were performed in triplicates and mouse B-actin was used as a reference
gene.. A negative control containing all reaction components except the reverse transcriptase
enzyme was included and subjected to RT-PCR to confirm the absence of DNA
contamination in RNA. The primers used for the experiment have been enlisted Table 6.1.

6.2.19 DNA isolation from blood and parasites

Blood samples were collected in heparinized tubes. DNA extraction was performed using
QlAamp DNA Blood mini kits (Qiagen, Germany) from whole blood or organs according to
the manufacturer’s instructions. DNA was isolated from 400 pl of sample and eluted in 25 pl
elution buffer. A stock solution of L. donovani DNA was also obtained by extraction
(QlAamp DNA mini kit, Qiagen, Germany) from 2.5x10° promastigotes. After eluting in 25
ul elution buffer, assuming the extraction was nearly 100% efficient, the DNA concentration

corresponded t010° parasites/pl. All the DNAs were stored at -20°C until use.
6.2.20 gPCR assay for the estimation of parasite burden in mice

SYBR Green-based real-time PCR was applied for quantification of the Leishmania parasites
in mice blood. For accurate sensitivity, L. donovani-specific kinetoplast DNA was chosen as

the target region. The PCR was performed in a final volume of 20 ul containing 10 ul of
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SYBR Green master mixture, 3 ul of MiliQ water, 5 ul of DNA template and 1 ul (50
pmol/ul) of forward and reverse primers, 5’-CTTTTCTGGTCCTCCGGGTAGG-3’ and 5’-
CCACCCGGCCCTATTTTACACCAA-3’ respectively. To construct the standard curve ten-
fold serially diluted L. donovani DNA stocks corresponding to 10°, 10%, 10° 10% 10,1
parasite/ul were included in the assay. The thermal cycling conditions included an initial
incubation at 50°C for 2 min, followed by a 10 min denaturation at 95°C and 40 cycles at
95°C for 15 s and 60°C for 1 min each. Each sample was tested in triplicate. Negative
controls with no template were included in each plate to deal with contamination issues. For
all the real-time PCR reactions we used specific primers for the constitutively expressed
GAPDH gene as a quality control to verify the integrity of the DNA samples. Threshold cycle
values (Ct) were calculated by determining the point at which the fluorescence exceeded the
threshold limit plotted against known concentrations of parasite DNA, and the parasite load

of Balb/c mice was then determined using the standard curve.

Table 6.1: List of the primers

S.No |Name of primer Sequence

1 Mouse GAPDH (F) GCATCTTCTTGTGCAGTGCC

2 Mouse GAPDH (R) TACGGCCAAATCCGTTCACA

3 Mouse IL-10 (F) GTACAGCCGGGAAGACAATAAC

4 Mouse IL-10 (R) CTCCACTGCCTTGCTCTTATTT

5 Mouse TGF-B ( F) ACGGAATACAGGGCTTTCGATT

6 Mouse TGF- ( R) CGGGTTGTGTTGGTTGTAGAG

7 Mouse IL-4 (F) AGATGGATGTGCCAAACGTCCTCA
8 Mouse IL-4 (R) AATATGCGAAGCACCTTGGAAGCC
9 Mouse IFN-y (F) GGCCATCAGCAACAACATAAGCGT
10 Mouse IFN-y (R) TGGGTTGTTGACCTCAAACTTGGC
11 Mouse TNF- a (F) GCCTCTTCTCATTCCTGCTTG

12 Mouse TNF- a (R) CTGATGAGAGGGAGGCCATT

13 Mouse IL-12a (F) ACGAGAGTTGCCTGGCTACTAG

14 Mouse IL-12a (R) CCTCATAGATGCTACCAAGGCAC
15 Mouse IL-2 (F) GCGGCATGTTCTGGATTTGACTC
16 Mouse IL-2 (R) CCACCACAGTTGCTGACTCATC

17 kDNA (F) CTTTTCTGGTCCTCCGGGTAGG

18 kDNA (R) CCACCCGGCCCTATTTTACACCAA
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6.2.21 Statistical calculations

Results are reported as mean SEM and statistical significance was determined with the

unpaired t-test with Welch's or Mann—Whitney correction test by GraphPad Software, LLC.
6.3 Results and Discussion
6.3.1 C17 inhibits the Leishmania Top1l relaxation activity

To test the inhibitory effect of the synthetic library of pyrido[2',1":2,3]imidazo[4,5-
c]quinoline compounds on LdTopl activity, we performed the in vitro and ex vivo plasmid
DNA relaxation assays in standard assay conditions using either recombinant LdTopl or the
Ag83 lysates as the source of endogenous LdTopl. Table 6.2 shows inhibitory patterns of the
LdTopl mediated relaxation of supercoiled plasmid DNA with the different derivatives of the
P1Q compounds (C1-C21) with relative efficiencies of LdTopl inhibition as a measure of
their effective drug concentrations (ICsp value), indicating the highest activity for the selected
PIQ derivative compound C17.

Table 6.2. Half maximal inhibitory concentrations (ICsy) of screened PIQ derivatives
(C1-C21) on the Leishmania donovani Topl mediated plasmid DNA relaxation
inhibition.

Compound Topl inhibition 1Csq (UM) | Activity
In vitro Ex vivo index®
R' R2
L,
R | R | R R’

C1 H | H| H H >10 NT® +
C2 H |[CH;| H H >10 NT® +
C3 H | H |CHs H >10 NT® +
C4 H | H | Br H >10 NT® +
C5 H | H| CI H >10 NT® +
C6 H | H CeHs >10 NT® +
C7 CHs| H | H CeHs 6.75+0.211[12.75+0.117 | ++
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C8 CH;| H | H 4-MeCgH,4 7.25+0.018] 15.06 +0.811 | ++
C9 CHs| H | H 4-CICgH, 55+0.022 | 125+0314 | ++
C10 CH; | H H 2-thienyl 7.25+0.078| 14.9+0.036 ++
C11 CHs; | H H 2-pyridyl >10 NT® +
C12 H |CHz| H CeHs >10 NT® +
C13 H [CH;| H 4-MeCgH,4 >10 NT® +
Cl4 H [CHs| H 4-MeOCgH,4 >10 NTP +
C15 H | H]J| H 4-MeCgHy, >10 NT® +
C16 H | H]|H 4-CICgH4 8.52 + 0.014 NT® o+
C17 H | H | H [345-(Me0)sCsH, [3.75+£0.122| 6.5+0.34 +++
C18 H | H]J| H 4-NO,CgH4 >10 NT® +
C19 H | H]J| H 3-NO,CgHj >10 NT® +
C20 H | H/|H 2-NO,CeH, >10 NT® +
c21 H | H | H | 34-(MeO),CeHs [5.25+0.261 | 11.95+0.611 | ++
o 9.2+0.148 | 21.91+0.125 | ++
Camptothecin HO/-: °

4Compound-induced in vitro inhibition of Top1 with scores given according to the following
system based on the activity of camptothecin: + = ICso > 10 uM; ++ = ICsp in between 5 uM
and 10 UM +++ = ICsqin between 2 uM and 5 pM; °NT = not tested.

6.3.2 C17 poisons the Leishmania Topl-DNA cleavage complexes without intercalating
with DNA.

To evaluate the inhibitory activity of C17 towards the bi-subunit LdTopl, we performed the
plasmid DNA relaxation assays using both the recombinant LdTopl enzyme (Figure 6.3.1D)
and endogenous LdTopl from the whole-cell extracts of Leishmania donovani Ag83 strain
(Figure 6.3.1F). When LdTopl and C17 were added simultaneously to the plasmid DNA in
the relaxation assays, C17 inhibited the plasmid DNA relaxation activity of LdTopl in a
dose-dependent manner (Figure 6.3.1D, lanes 5—10), with 85-90% inhibition of Topl
achieved at 5 uM concentration of C17 (Figure 6.3.1D, lane 8, see the quantification in 1E).
Accordingly, the ex vivo plasmid DNA relaxation assay using Ag83 cellular lysate as a

source of endogenous LdTopl (Figure 6.3.1F) was inhibited to ~85% at 10 uM concentration
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of C17 (Figure 6.3.1F, lane 8 and see the quantification in 1G). Additionally, to investigate
whether C17 interacts with the free enzyme, we pre-incubated C17 with recombinant or
endogenous LdTopl for 5 min. at 37 °C before the addition of substrate plasmid DNA. We
observed no significant increment in the inhibition pattern of LdTop1 in the pre-incubation as

compared to
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Figure 6.3.1: Inhibition of Leishmania donovani Topl-induced plasmid DNA relaxation activity
by C17. (A) Schematic representation of the large and small subunits of the Leishmania donovani
heterodimeric bi-subunit Topl (LdToplLS) enzyme. The catalytic residue (Y222) in the small subunit
is indicated. (B) Design for the synthesis of the chimeric PIQ derivatives from the parental
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imidazo[1,2-a]pyridine and imidazo[4,5-c]quinoline molecules with different substitutions in the “R”
group. (C) Structure of the “R” group for the most active compound C17. (D) Relaxation assays of
supercoiled plasmid DNA using recombinant LdToplLS at 3:1 molar ratio. Lane 1, pBS (SK+) DNA
(90 fmol); lane 2, same as lane 1 but incubated with 30 fmol of recombinant LdToplLS; lane 3, same

as lane 2, additionally Topl was incubated with 2% DMSO as the solvent control; lane 4, same as
lane 2 but incubated simultaneously with 50 pM CPT; lanes 5—10, same as lane 2 but incubated with
increasing concentrations of C17 as indicated, at 37 °C for 30 minutes. Positions of supercoiled
monomer (SM) and nicked and relaxed monomer (RM) are indicated. (E) Quantitative representation
of inhibition (%) of recombinant LdTopl at variable concentrations of C17 in plasmid DNA
relaxation assays. The experiments were performed in triplicate and expressed as the mean +SD. (F)
Relaxation of supercoiled pBS (SK+) DNA by endogenous Topl from the Leishmania Ag83 cellular
extract (each reaction volume contains 0.1 pg protein). Lane 1, pBS (SK+) DNA (0.3 pg); lane 2,
same as lane 1, but DNA was incubated with Ag83 cell lysates; lane 3, same as lane 2 but incubated
with 2% DMSO; lanes 4-10, same as lane 2, but Ag83 whole cell lysates were incubated
simultaneously with 50 uM CPT or with increasing concentrations of C17 (as indicated) together with
plasmid DNA at 37 °C for 30 minutes. (G) Quantitative representation of endogenous Topl DNA
relaxation inhibition (%) at variable concentrations of C17. The experiments were performed in
triplicate and expressed as the mean £SD. (H) C17-DNA interaction as investigated by agarose gel
electrophoresis in Topl relaxation assays. Lane 1, 50 fmol of pBS (SK+) DNA. Lane 2, relaxed pBS
(SK+) DNA generated by incubation with a molar excess of Topl. Lanes 3—4, same as lane 2 but
incubated with 25 and 50 uM m-amsacrine (AMSA); Lanes 5-6, same as lane 2 but incubated with
100 and 200 uM etoposide; Lanes 7—10, same as lane 2 but incubated with 20, 50, 100, and 200 uM
of C17 as indicated. (I) Fluorescence-based ethidium bromide (EtBr) displacement assay. All samples
contained 1 uM EtBr and 5 nM calf thymus (CT) DNA in the presence or absence of the indicated
drugs. Graphical representation of the percentage of bound EtBr with increasing concentration (0—300
uM) of C17, m-AMSA, and etoposide. EtBr fluorescence was monitored with an excitation
wavelength of 510 nm and an emission wavelength of 590 nm.

simultaneous incubation of C17 with LdTopl in the plasmid DNA relaxation inhibition
assays (Figure 6.3.2A-D), suggesting C17 might not interact with the free enzyme
(Chowdhury et al, 2012; Chowdhury et al, 2017). Notably, C17 was ~2.5 fold more potent in
inhibiting LdTopl-mediated DNA relaxation activities when compared with CPT (Figure
6.3.2E; Table 6.2). Further, C17 failed to inhibit the plasmid DNA relaxation activities
(Figure 6.3.2F-G, lanes 4-8) and stabilize the cleavage complexes (Figure 6.3.2H-1) with
recombinant human Topl even at 10-fold molar excess of C17. Consequently, the relative
extent of C17-mediated LdTopl inhibition was increased by ~2.5 fold (1Csp value 3.75 uM)
in comparison with CPT (ICs value 9.2 uM) (see Table 6.2), implying C17 is a specific
inhibitor for LdTopl as it failed to inhibit human Topl both in the plasmid DNA cleavage

and relaxation assays (Figure 6.3.2).
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Figure 6.3.2: C17 binds to the LdTopl-DNA complex but not to the free LdTopl enzyme (A)
Relaxation assay of supercoiled plasmid DNA using recombinant Leishmania bi-subunit Topl
(LdToplLS) at 3:1 molar ratio under pre-incubated conditions. Lane 1, pBS (SK+) DNA (90 fmol);
lane 2, pBS (SK+) DNA (90 fmol) incubated with 30 fmol of recombinant LdToplLS; lane 3, same as
lane 2, additionally Topl was incubated with 2% DMSO as the solvent control; lane 4, same as lane 2
but Topl was pre-incubated for 5 minutes with 50 uM CPT before addition of the DNA substrate;
lanes 58, same as lane 2 but Topl was pre-incubated with increasing concentrations of C17 as
indicated for 5 minutes before addition of DNA substrate. After addition of DNA to the preincubated
Topl-drug reaction mix, the total reaction volume was additionally incubated at 37 °C for 30 min.
Positions of supercoiled monomer (SM) and nicked and relaxed monomer (RM) are indicated. (B)
Relaxation of supercoiled pBS (SK+) DNA by Topl activity from the Ag83 cellular extract (each
reaction volume contains 0.1 pg protein). Lane 1, pBS (SK+) DNA (0.3 pg); lane 2, same as lane 1,
but pBS (SK+) DNA (0.3 pg) was incubated with Ag83 cell lysates; lane 3, same as lane 2 but
incubated with 2% DMSO; lanes 4—8, same as lane 2, but Ag83 whole cell lysates were pre-incubated
with 50 uM CPT or with increasing concentrations of C17 (as indicated) for five minutes followed by
addition of the plasmid DNA substrate and an additional incubation at 37 °C for 30 min. Positions of
supercoiled monomer (SM) and nicked and relaxed monomer (RM) are indicated. (C) Quantitative
representation of recombinant LdToplLS mediated DNA relaxation inhibition (%) at variable
concentrations of C17 as indicated. The experiments were performed in triplicate and expressed as the
mean +SD. (D) Quantitative representation of endogenous LdTopl DNA relaxation inhibition (%) at
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variable concentrations of C17. The experiments were performed in triplicate and expressed as the
mean £SD. (E) Quantitative representation of recombinant LdToplLS (in vitro) and endogenous
Topl from Leishmania donovani Ag83 lysates (ex vivo) mediated plasmid DNA relaxation inhibition
(%) at variable concentrations of CPT as indicated. The experiments were performed in triplicate and
expressed as the mean £SD. (F) Relaxation assay of supercoiled plasmid DNA using recombinant
human Topl at 3:1 molar ratio. Lane 1, pBS (SK+) DNA (90 fmol); lane 2, pBS (SK+) DNA (90
fmol) incubated with 30 fmol of recombinant human Top1l; lane 3, same as lane 2, additionally human
Topl was incubated simultaneously with 10 pM CPT; lanes 4—8, same as lane 2 but incubated with
increasing concentrations of C17 as indicated, at 37 °C for 30 min. Positions of supercoiled monomer
(SM) and nicked and relaxed monomer (RM) are indicated. (G) Quantitative representation of
recombinant human Topl DNA relaxation inhibition (%) at variable concentrations of C17 as
indicated. The experiments were performed in triplicate and expressed as the mean +SD. (H)
Representative gel showing plasmid DNA cleavage mediated by recombinant human Topl in the
presence of CPT or C17. Lane 1, 50 fmol of pBS (SK+) DNA; lane 2, with 150 fmol recombinant
hTopl; lane 3, same as lane 2, but with SDS—proteinase K treatment; lanes 4 and 5, same as lane 3,
but in the presence of 5 and 10uM CPT, respectively, as control; lanes 6-9, same as lane 3, but in the
presence of 10, 25, 50 and 100 uM of C17, respectively. Positions of the supercoiled substrate (form
1) and nicked monomers (form II) are indicated. (I) Quantitative measurement of hToplcc (%)
formation induced by CPT or C17 by recombinant hTop1.

Next, to test the DNA intercalating property of C17 as a mechanism of LdTopl inhibition, we
used both gel-based Topl unwinding assays and fluorescence-based Ethidium Bromide
(EtBr) displacement assays. Topoisomerase unwinding assay exploits the ability of the
intercalating compounds to unwind the DNA duplex and thereby change the DNA twist
inducing net negative supercoiling. It was found that in the presence of a strong DNA
intercalator such as m-AMSA, net negative supercoiling of the relaxed substrate DNA was
induced at 50 and 200 puM concentration (Figure 6.3.1H, lanes 3 and 4), while non-
intercalative compounds such as Etoposide failed to show any such effect at 50 and 200 uM
concentrations (Figure 6.3.1H, lanes 5 and 6). C17 also rendered no effect on the substrate
DNA topology leading to its complete relaxation at the indicated concentrations (Figure
6.3.1H, lanes 7—10), ruling out the possibility of C17 acting as a DNA intercalator. To further
substantiate this observation, we carried out the EtBr displacement assays. The DNA
intercalator mAMSA (50 uM) dislodges the already bound fluorophore (EtBr) from the
plasmid DNA while (Figure 6.3.11), C17 was unable to induce any EtBr displacement even at
a high concentration (200 M) confirming that C17 is not a DNA intercalator.

To further investigate the ability of C17-mediated stabilization of LdTopl cleavage complex,
we performed in vitro DNA cleavage reactions under equilibrium conditions by reacting
LdTopl with plasmid DNA in the presence of C17 or CPT. Covalently closed circular DNA
(Form 1) are converted to nicked circular DNA (Form Il) by Topl which are trapped in the

presence of Topl poisons and are referred to as “cleavage complex; Toplcc”. C17 acts as a
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poison to stabilize Toplcc in plasmid DNA cleavage assays both with recombinant LdTopl
(Figure 6.3.3A), and with endogenous Topl from Ag83 lysate (Figure 6.3.3C) like CPT.

Next, we confirmed the C17-induced stabilization of Toplcc in single turnover equilibrium
cleavage assays by using recombinant LdTopl and 25-mer duplex oligonucleotides harboring
Topl cleavage sites (Figures 2E and F). The quantification of LdTopl-mediated cleavage
assays (Figure 6.3.3B, 2D, and 2G) indicates that the extent of Top1-DNA cleavage complex
formation (% cleavage) with C17 was increased by ~2-3 fold when compared with CPT at
indicated concentrations, which is in keeping with C17-mediated increased inhibition of
LdTopl in the plasmid DNA relaxation assays (Table 6.2).
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Figure 6.3.3: C17-mediated trapping of Topl-DNA cleavage complexes. (A) Representative gel
showing plasmid DNA cleavage mediated by recombinant LdToplLS in the presence of CPT or C17.
Lane 1, 50 fmol of pBS (SK+) DNA,; lane 2, with 150 fmol LdToplLS; lane 3, same as lane 2, but
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with SDS—proteinase K treatment; lanes 4 and 5, same as lane 3, but in the presence of 25 and 50uM
CPT, respectively, as control; lanes 6-9, same as lane 3, but in the presence of 2.5, 5, 10 and 25 uM
of C17, respectively. Positions of the supercoiled substrate (form I) and nicked monomers (form II)
are indicated. (B) Quantitative measurement of LdToplcc (%) formation induced by CPT and C17 by
recombinant LdToplLS. (C) Representative gel showing plasmid DNA cleavage mediated by
endogenous LdTopl from Ag83 lysate in the presence of CPT or C17. Lane 1, 0.2 ug of pBS (SK+)
DNA,; lane 2, with 0.6 ug lysate; lane 3, same as lane 2, but with SDS—proteinase K treatment; lanes 4
and 5, same as lane 3, but in the presence of 50 and 100 uM CPT, respectively, as control; lanes 6-9,
same as lane 3, but in the presence of 5, 10, 25 and 50 uM of C17, respectively. Positions of the
supercoiled substrate (form 1) and nicked monomers (form II) are indicated. (D) Quantitative
measurement of LdToplcc (%) induced by CPT and C17 using endogenous LdTopl from Ag83
lysate. All the experiments were performed three times and expressed as the mean + SD. *p<0.05,
**p<0.01 (Student's t-test). *** Indicates a significant difference between CPT and C17 treatments
(p<0.001). (E) Schematic representation of the formation of LdToplcc with 5'-32P-end-labeled
oligonucleotide substrates in the presence of Topl poison. (F) Representative gel showing Topl-
mediated 25-mer duplex oligonucleotide cleavage in the presence of CPT and C17. Lane 1, 15 nM 5'-
32P-end-labeled 25-mer duplex oligo as indicated above. Lane 2, same as lane 1 but incubated with
recombinant LS (0.2 pM). Lanes 3—4, same as lane 2 but incubated with an indicated concentration of
CPT. Lanes 5—7, same as lane 2 but incubated with an indicated concentration of C17. Positions of
uncleaved oligonucleotide (25-mer) and the cleavage product (12-mer oligonucleotide complexed
with residual Topl) are indicated. (G) Quantitative measurement of cleavage complex (Toplcc)
formation (%) by CPT and C17 by oligo cleavage assay. All the experiments were performed three
times and expressed as the mean + SD. *p<0.05, **p<0.01 (Student's t-test). ** Indicates a significant
difference between CPT and C17 treatments (p<0.01). (H) Exponentially growing L. donovani
promastigotes (5X10° cells/ml) were labelled with BrdU at 22 °C for 24 hours and then treated with
different concentrations of CPT, C17, and a catalytic inhibitor of Topl as indicated. SDS-K+
precipitable complexes were measured as described in Materials and Methods. All the experiments
were performed three times and representative data from one set of experiments are expressed as
mean + SD. Variations among different sets of experiments were <10%. *p<0.05, **p<0.01 (Student's
t-test). *** Indicates a significant difference between catalytic inhibitor control and C17 treatments
(p<0.001).

We further tested the ability of C17 to induce Topl-linked DNA complexes in the L.
donovani promastigotes by using modified KCI-SDS precipitation assays (Chowdhury et al,
2012). BrdU-labeled promastigotes were treated with various concentrations of C17 as well
as CPT and a catalytic inhibitor of Topl (compound 8 or HR8) as controls (Das et al, 2018).
Treatment of promastigotes with different concentrations of C17 markedly increased the
SDS-KCI precipitable complex compared with the untreated control cells as detected by anti-
BrdU staining (Figure 6.3.3H), which was similar to that obtained by treatment with different
concentrations of CPT for 24 hours. These results show that the formation of SDS-KCI
precipitable complexes is due to the formation of protein-linked DNA complexes following
treatment with C17. Together, we conclude that C17 selectively stabilizes the LdTopl
cleavable complex and acts as poison inside the Leishmania parasites. Cumulatively, our data
suggest that C17 selectively poisons LdTopl cleavage complexes abrogating the religation
activity.
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6.3.3 C17 treatment inhibits cell cycle progression, accumulates DNA breaks, and

triggers apoptosis-like death in Ag83 promastigotes.

Trapped LdToplcc generates toxic DNA lesions which result in DNA double-strand breaks
(DSBs) upon collision with ongoing replication forks and/or transcription machinery leading
to cell cycle arrest and killing of the parasites (Das et al, 2008). To test such a possibility, we
examined the cell cycle profile of the parasites after treatment with C17 using the flow-
cytometric analysis (Figure 6.3.4A). In the absence of C17 treatment Leishmania
promastigotes exhibited regular cell cycle distribution in G1, S, and G2/M phases (G1:
65.1%, S: 18.1%, and G2/M: 15.1%), while, after treatment with 5 uM C17 led to a time-
dependent arrest at the S/G2-M phase and concomitantly inhibited entry into the next cell
cycle phase as evident from a declining G1 phase promastigote population at 6 h (55.3%), 12
h (40.7%) and 24 h (31.5%) post C17 treatment compared to untreated control parasites.
Also, continuous exposure to C17 led to S/G2-M phase arrest with 41.3% at 6 h, 57.6% at 12
h, and 65.7% after 24 h after treatment, suggesting C17-induced disruption of the parasite

replication cycle.

Next, we performed TUNEL staining that detects C17-induced DNAs breaks inside the
parasites by labelling their DNA-free ends with dUTP. This assay utilizes a reaction
catalyzed by exogenous terminal deoxynucleotidyl transferase for labelling DNA breaks with
fluorophore tagged-dUTP in a template-independent addition to the 3'-hydroxyl (OH) termini
of double- and single-stranded DNA (Chowdhury et al, 2012; Shadab et al, 2017). C17
significantly increased TUNEL positive (+ve) cells in a time-dependent manner compared to
the untreated control parasites (Figure 6.3.4B; see the quantification). The representative
confocal microscopic images show TUNEL +ve cells induced by 5 uM of C17 treatment for
24 h compared to the untreated control (Figure 6.3.4B) and also suggested that C17 might
trap LdToplcc’s both in the nucleus as well as the kinetoplast as reflected in the
accumulation of DNA breaks in both compartments. (Chowdhury et al, 2012; Shadab et al,
2017)We confirmed that DNA breaks in the Leishmania promastigotes was detected as early
as 15 min post treatment with C17 using TUNEL assays (blue). Under similar condition we
failed to detect, significant increase in apoptotic Leishmania promastigotes (Annexin V-FITC
+staining cells) Figure 6.3.7E, suggesting C17-inuced LdToplcc generates DNA breaks in
the parasites (Figure 6.3.3). In the later time point of C17 treatment, we detected significant

increase in the apoptotic cells 1.5 h post treatment (Figure 6.3.4B-D and S3E). Further, we
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also confirmed the extent of DNA fragmentation in the Leishmania Ag83 promastigotes after
treatment with C17 using DNA laddering assays (Chowdhury et al, 2012; Shadab et al,
2017). Consistent with TUNEL staining (Figure 6.3.4B), C17-induced apoptotic DNA breaks
in the promastigotes were also confirmed by a marked increase in genomic DNA
fragmentation when promastigotes were treated with C17 post 6h treatment (Figure 6.3.4C).
Further, we confirmed that C17-induced DNA fragmentation triggers apoptotic-like cell
death in Leishmania promastigotes using fluorescein isothiocyanate (FITC)-annexin V and
propidium iodide (PI) staining (Chowdhury et al, 2012; Shadab et al, 2017). Externalization
of phosphatidyl serine (stained by annexin V) and the presence of impermeant cell membrane
(negative P1I staining) are hallmarks of apoptosis or programmed cell death (PCD) (Sen et al,
2006; Sen et al, 2004a; Sen et al, 2004b). Figure 6.3.4D confirmed that C17 treatment leads
to an increment of the late apoptotic population in a time-dependent manner compared to the
untreated control. Next, we tested whether C17 treatment promotes cell cycle arrest and cell
death in human cells. CPT treatment impairs the cell cycle progression of human MCF7 cells
with a decrease in G1-sub population leading to apoptosis-like cell death (Figure 6.3.5A and
S2B; CPT). Unlike CPT, C17 neither affects the progression of the human MCF7 cell cycle
(Figure 6.3.5A; C17) nor causes any apoptotic-like cell death in human MCF7 cells (Figure
6.3.5B).

Accordingly, in the cell viability assays, 1Cso of C17 treated cancerous MCF7 cell lines
(Figure 6.3.5C) and the non-cancerous HEK293 cell lines (Figure 6.3.5D) were significantly
high (~90 fold) as compared to CPT. These data are in agreement that C17 is not an inhibitor
of human Topl (Figure 6.3.2F-I), implying the specificity of C17- induced DNA breaks,
inhibition of cell cycle progression, and apoptosis-like cell death in the parasites is due to
trapping of LdToplcc in the promastigotes.
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Figure 6.3.4: C17 abrogates the cell cycle progression of Ag83 promastigotes and induces DNA
breaks leading to apoptosis-like cell death. (A) Histograms of the distribution of DNA content by
flow cytometric analyses of the C17-mediated cell cycle arrest in L. donovani Ag83 promastigotes.
The cell cycle arrest was monitored post-treatment with 0.2% DMSO as control, and with C17 (5 uM)
for 6, 12, and 24 hours. The parasites were then fixed and stained with propidium iodide (PI) and
RNase A and a total of 10,000 nuclei were counted from each sample. The percentages of cells within
different cell-cycle stages as shown were determined as described in Materials and Methods. The
representative histograms show that treatment with 0.2% DMSO (panel 1), or with 5 uM C17 for 6 h
(panel 1), 12 h (panel I11), and 24 h (panel IV) respectively. The experiments were repeated thrice and
histograms from one data set have been shown. (B) Ag83 promastigotes were either left untreated or
treated with 5 uM C17 for 6, 12, and 24 hours following which the TUNEL assay was performed. The
DNA breaks were analyzed by confocal microscopy and the representative images show the breaks
accumulated 12 hours post-DMSO/C17 treatment. The percentage of TUNEL +ve cells over the
indicated periods have been quantified and represented as bar diagrams which are representative of
three independent experiments as mean + SD. Variations among different sets of experiments were
<10%. *p<0.05, **p<0.01 (Student's t-test). ** Indicates a significant increase in TUNEL +ve Ag83
promastigotes between 6 and 24 hours of C17 treatment. (C) Ag83 promastigotes were left untreated
or treated with two different concentrations of C17 (2.5 uM and 10 uM) for the indicated time points
(6, 12, and 24 hours) and genomic DNA was isolated from each. Apoptotic DNA was resolved on a
2% agarose gel. Representative images of three independent experiments have been shown with
*P<0.01, and **P<0.001. Quantification of the time and dose-dependent percentage of DNA
fragmentation has been provided in the form of bar graphs. (D) Flow cytometric analysis of Ag83
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promastigote death through the externalization of phosphatidyl serine was evaluated. The parasites
were stained with FITC-annexin V and propidium iodide after treatment with 0.2% DMSO (panel 1),
5 uM C17 for 6 hours (panel 11), 12 hours (panel 111), and 24 hours (panel 1V), respectively. The
experiments were repeated thrice and representative plots from one data set have been shown.
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Figure 6.3.5: C17 is not
cytotoxic for human cell lines
unlike CPT (A) Bar graphs
showing distribution of sub
cellular populations in
different phases of cell cycle
by flow-cytometric analyses of
the CPT or C17-mediated cell
cycle arrest in MCF7 cell lines.
The cell cycle arrest was
monitored post treatment with
0.2% DMSO as control, and
with CPT or C17 (5 uM each)
for 6, 12 and 24 hours. The
parasites were then fixed and
stained with propidium iodide
(Pl) and total, 10,000 nuclei
were counted from each
sample. The percentages of
cells within different cell-cycle
stages as shown  were
determined as described in
materials and methods. The
experiments have been
repeated three times and data
from one experimental set has
been shown. (B) Flow
cytometric analysis of
apoptotic death in MCF7 cell
lines through the
externalization of phosphatidyl
serine post treatment with CPT
or C17 (5 uM each) for 12 and
24 hours. The cells were fixed
followed by staining with
FITC-annexinV and propidium
iodide. The percentage of
FITC-annexin V positive cells
were estimated and represented
in bar graphs. The experiments
have been repeated three times
and data from one
experimental set has been
shown. The graphical
representation of percentage
survival (%) of (C) MCF7
human adenocarcinoma cells
and (D) HEK293 human
embryonic kidney cells plotted
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as a function of indicated concentrations of CPT or C17. The percentage inhibition of viability for
each concentration of CPT and C17 were calculated with respect to the control, and ECsy (uM) values
were estimated. Each point corresponds to the mean + SD of at least three experiments in duplicates.
Error bars represent SD (n = 3).

6.3.4 C17 accumulates persistent and less reversible DNA breaks inside the Leishmania

parasites compared to CPT
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Figure 6.3.6: C17 generates persistent LdToplcc-induced DNA breaks as detected by the
TUNEL assays. (A) Overview of the protocol of C17/CPT treatment and reversal in L. donovani
promastigotes to study the comparative repair kinetics between CPT and C17. (B) Representative
confocal microscopic images of the 0.2% DMSO treated control Ag83 promastigotes showing the
Propidium iodide (red) stained nuclear and kinetoplast DNA with negligible TUNEL positive (green)
cells. (C) Time-dependent escalation of TUNEL +ve parasites treated with C17 or CPT for 6 and 12 h
(DNA damage) and the persistence of such TUNEL +ve cells after the removal of the respective drugs
for indicated time points (Repair). (D) Quantification of the percentage of TUNEL positive cells after
C17/CPT treatment and after the removal of indicated inhibitors (C17 or CPT) as obtained from
immunofluorescence confocal microscopy calculated for 80-100 parasites (mean + SEM).
Experiments were performed three times and representative images from one set of experiments are
shown. Variations among different sets of experiments were <10%. *p<0.05, **p<0.01 (Student's t-
test). *** Indicates a significant difference between CPT and C17 treatments following repair
(p<0.001).
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Because C17 poisons LdToplcc in the Ag83 promastigotes (Figure 6.3.3H) and generates
DNA strand breaks (Figures 3B and 3C), we investigated the accumulation and
disappearance of Toplcc-induced DNA breaks in Ag83 promastigotes treated either with C17
or CPT by measuring the number of TUNEL +ve cells using the confocal microscopy (Figure
6.3.6A). Under similar conditions, we detected a time-dependent increase in TUNEL +ve
parasites post-treatment with C17 that was comparable with CPT (see Figure 6.3.6C DNA
damage), suggesting that both C17 and CPT generate similar levels of DNA breaks at the
indicated periods in Ag83 promastigotes (Figure 6.3.6D). CPT-induced DNA breaks have a
short half-life which are reversed immediately upon the removal of the drug from the medium
(Kundu et al, 2019; Pommier, 2006). This is consistent with the reversal of TUNEL +ve cells
within a small duration of washing out CPT (Figure 6.3.6C; Repair). On the contrary, C17
engenders more persistent and less reversible DNA breaks after subsequent wash and re-
culturing of the parasites in the C17-free medium (Figure 6.3.6C; Repair). Figure 6.3.6C and
D shows a faster disappearance in the number of TUNEL +ve Ag83 parasites after washing
out CPT from media at indicated periods (see the quantification in Figure 6.3.6D). In
contrast, Ag83 promastigotes showed (~ 3—4 fold) more persistent TUNEL +ve cells (Figure
6.3.6D) even after washing out C17 at the indicated time. Together, our data suggest that C17
generates more persistent and less reversible LdToplcc-induced DNA breaks which accounts

for the increased C17-induced cytotoxicity in the parasites compared to CPT.

6.3.5 C17 poisons LdToplcc and sensitizes the antimony-resistant Leishmania donovani

clinical isolate

Next, to propound C17 as a new drug candidate against drug-resistant leishmaniasis, we
tested its efficacy towards the LdTopl from the antimony-resistant field isolate of L.
donovani, BHU575 (less susceptible to SSG, amphotericin B, [21 and miltefosine), obtained
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Figure 6.3.7: C17 sensitizes antimony resistant Leishmania strain BHU575 by targeting LdTop1l
(A) Activity profiles of BHU575 and Ag83 Topl enzymes were measured by the plasmid DNA
relaxation assay using equal concentrations of whole cell lysates from the two strains as the
endogenous source of Topl. Relaxation of supercoiled pBS (SK+) DNA by Topl activity from the
BHUS75 or Ag83 cellular extract. Lanes 1 and 9, pBS (SK+) DNA (0.3 pg); lane 2-8, same as lane 1,
but pBS (SK+) DNA (0.3 pg) was incubated with indicated concentrations of Ag83 cell lysates; lanes
9-16 pBS (SK+) DNA (0.3 pg) was incubated with indicated concentrations of BHU-575 cell lysates.
Positions of supercoiled monomer (SM) and nicked and relaxed monomer (RM) are indicated. Bar
graph showing quantifications of the percentage relaxation with respect to the protein concentrations
has been provided. (B) Flow cytometric analysis of apoptotic death in BHU-575 promastigotes
through the externalization of phosphatidyl serine post treatment with CPT or C17 (5 uM each) for 12
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and 24 hours. The cells were fixed followed by staining with FITC-annexin V and propidium iodide.
The percentage of FITC-annexin V positive cells were estimated and represented in bar graphs. The
experiments have been repeated three times and data from one experimental set has been shown. (C)
The graphical representation of percentage survival (%) of BHU-575 promastigotes plotted as a
function of indicated concentrations of CPT or C17. The percentage inhibition of viability for each
concentration of CPT and C17 were calculated with respect to the control, and ECg, (uM) values were
estimated. Each point corresponds to the mean + SD of at least three experiments in duplicates. Error
bars represent SD (n = 3). (D) The graphical representation of percentage survival (%) of Ag83 and
BHUS575 promastigotes plotted as a function of indicated concentrations of SAG and/or C17 as
indicated. The percentage inhibition of viability for each concentration of SAG and C17 were
calculated with respect to the control, and ECsy (uM) values were estimated. In mentioned cases the
promastigotes were treated with C17 (5 pM) and increasing SAG concentrations. Each point
corresponds to the mean + SD of at least three experiments in duplicates. Error bars represent SD (n =
3). (E) The graphical representation of percentage of either TUNEL positive (blue) or apoptotic (red)
Ag83 promastigotes as detected by microscopic analysis post C17 treatment at the indicated time
points. Experiments were performed three times and expressed as the mean +SD. Variations among
different sets of experiments were <10%. *p<0.05, **p<0.01 (Student's t-test). ** Indicates a
significant difference between detection of DNA breaks and induction of apoptosis following C17
treatment (p<0.01). n.s. non-significant.

from severely VL affected belt of India (Ghosh et al, 2021; Mukherjee et al, 2013). First, we
confirmed the similar levels of endogenous LdTopl activity from the two strains of L
donovani AG83 (wild type) and BHU575 (antimony-resistant) in the plasmid DNA relaxation
assays (Figure 6.3.7A). Figure 6.3.8A shows that indeed C17 inhibited the relaxation activity
of LdTopl from Leishmania BHUS575 whole cell extracts in a dose-dependent manner
(Figure 6.3.8A, lanes 4—8), with an 1Csy of 8.75 uM (Figure 6.3.8B) which was comparable

with wild type parasites (Table 6.2).

Next, to investigate the C17-mediated poisoning of endogenous LdToplcc from the BHU575
Leishmania strain, we performed plasmid DNA cleavage assays with the whole-cell extracts
from BHU575 parasites as the source of endogenous Topl. Figure 6.3.8C confirmed that C17
stabilizes LdToplcc formation in BHU575 parasites like CPT. Notably, we detected a ~5-
fold increased efficacy of C17-induced LdToplcc formation compared to CPT in BHU575
promastigotes (see the quantification in Figure 6.3.8D). Accordingly, we detected C17-
induced DNA breaks in the BHU575 parasites detected by the TUNEL assay. Like wild-type
parasites (Figure 6.3.6C), C17 efficiently generates LdToplcc-induced DNA breaks in
BHUS575 promastigotes (Figure 6.3.8F). We detected 60 % TUNEL +ve BHU575 cells after
12 hours of treatment with C17 (5 uM) which increased to 85-90% after treatment for 24 h
(Figure 6.3.8F). C17 treatment also inhibits the replication cycle leading to a wide-scale
G2/M arrest (Figure 6.3.8E) and promotes apoptosis-like cell death in BHUS75 parasites as
detected by using FITC-Annexin V- based flow cytometry analysis (Figure 6.3.7B).
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TABLE: 6.3 (ECs, for Promastigotes)

Ags3 BHU575
CPT (uM) | 3.794+0.029 | 6.582 +0.092
C17 (uM) | 2.311£056 | 4.796 % 0.269

We further substantiated
that C17-induced DNA breaks in the BHU575 parasites accumulate cell death. The BHU575
promastigotes survival was monitored over a time of 24 hours in presence of C17 which
shows that the antimony-resistant parasites are hypersensitive to the LdTopl poisons (ECso
value of C17 in Table 6.3 and Figure 6.3.7C). We also showed the ability of C17 to re-
sensitize the antimony-resistant parasites upon co-treatment with SAG (Figure 6.3.7D).
Taken together these findings suggest that C17 could be a potential new drug candidate

against drug-resistant leishmaniasis.
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Figure 6.3.8: C17 poisons the LdTopl from antimony-resistant BHU575 parasites and inhibits
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the proliferation of the promastigotes. (A) Relaxation assay of supercoiled pBS (SK+) DNA by
Top1 activity from the BHUS575 cellular lysate (each reaction volume contains 0.1 ug protein). Lane
1, pBS (SK+) DNA (0.3 ug); lane 2, same as lane 1, but pBS (SK+) DNA (0.3 pg) was incubated with
BHU-575 cell lysates; lanes 3—8, same as lane 2, but BHU575 whole cell lysates were incubated
simultaneously with 50 uM CPT or with increasing concentrations of C17 (as indicated) together with
plasmid DNA at 37 °C for 30 minutes. (B) Quantitative representation of BHU575 Topl DNA
relaxation inhibition (%) at variable concentrations of C17. All the experiments were performed in
triplicate and expressed as the mean +SD. (C) Representative gel image showing plasmid DNA
cleavage mediated by BHUS575 cellular lysate as the source of Topl enzyme in the presence of CPT
or C17. Lane 1, 0.2 ug of pBS (SK+) DNA,; lane 2, with 0.6 ug lysate; lane 3, same as lane 2, but with
SDS—proteinase K treatment; lanes 4 and 5, same as lane 3, but in the presence of 50 and 100 uM
CPT, respectively, as control; lanes 6-9, same as lane 3, but in the presence of 5, 10, 25 and 50 uM
C17 respectively. Positions of the supercoiled substrate (form I) and nicked monomers (form 1) are
indicated. (D) Quantitative measurement of cleavage complex (Toplcc) formation (%) by CPT and
compound C17 by BHU-575 Topl. All the experiments were performed three times and expressed as
the mean + SD. *p<0.05, **p<0.01 (Student's t-test). ** Indicates a significant difference between
CPT and C17 treatments. (E) Histograms of the distribution of DNA content by flow cytometric
analyses of the C17-mediated cell cycle arrest in L. donovani BHU-575 promastigotes. The cell cycle
arrest was monitored post-treatment with 0.2% DMSO as control, and with C17 (5 uM) for 6, 12 and
24 hours. The parasites were then fixed and stained with propidium iodide (PI) and RNase A and a
total of 10,000 nuclei were counted from each sample. The percentages of cells within different cell-
cycle stages are shown. The representative histograms show that treatment with 0.2% DMSO (panel
1), C17 (5 uM) for 6 h (panel 1), 12 h (panel 111), and 24 h (panel 1V) respectively. The experiments
were repeated thrice and the representative histograms from one data set are shown. (F) BHU575
promastigotes were either left untreated or treated with 5 uM PIQ derivative for 6, 12, and 24 hours
following which the TUNEL assay was performed. The DNA breaks were analyzed by confocal
microscopy and the representative images show the breaks accumulated in the promastigotes 12 hours
post C17 treatment. (G) The percentage of TUNEL positive cells over the indicated periods post 5
uM C17 treatment have been quantified and represented as bar diagrams which are representative of
three independent experiments. Variations among different sets of experiments were <10%. *p<0.05,
**p<0.01 (Student's t-test). ** Indicates a significant difference between 6 and 24 hours treatment
time points (p<0.01).

6.3.6 C17 inhibits the growth of intracellular amastigotes in murine macrophages

infected with the Leishmania antimony-resistant parasites

Subsequently, to investigate the potency of C17 as an anti-leishmanial drug, primary murine
peritoneal macrophages were infected with early passage L. donovani wild-type (Ag83) and
antimony-resistant (BHU575) strains in vitro and incubated with different concentrations of
C17 for 48--96 h (Figure 6.3.9A). Counting of the macrophage internalized amastigotes after
C17 treatment showed markedly down-regulated macrophage infection of both Ag83 and
BHU575 strains (Figures 6.3.9B and 6.3.9D and Figure 6.3.10A-B) in a time dependent
manner. The antimony-resistant BHU575 parasite burden was lowered by almost 90% after
96 h of treatment with C17 at 10 uM (Figure 6.3.9C and 6.3.9E and Figure 6.3.10A-B).
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TABLE: 6.4 (ECso for Amastigotes at 48 hours)

Ag83 BHU575 Macrophages
CPT (uM) | 7.84£0.029 12.82 £0.042 | 18.32£0.206
C17 (uM) 2.50+0.56 7.06 +£0.269 | 50.18 £ 0.009

The ECs values of infected intracellular amastigotes and the extracellular promastigote
clearance were estimated using nonlinear curve fitting (Table 6.4). C17 shows markedly high
ECso (=50 uM) towards the peritoneal macrophages with a relatively high selectivity index

(SI) of 9.25, further strengthening C17 as a potential anti-leishmanial drug candidate (Table
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Figure 6.3.9: C17 efficiently reduces both L. donovani wildtype (Ag83) and antimony- resistant
(BHU575) parasites from infected murine macrophages. (A) Schematic representation showing the
procedure followed for the estimation of parasite clearance from Ag83 and BHU575 infected murine
macrophages following treatment with CPT/C17. (B and D) Representative images showing
propidium iodide stained Ag83 and BHUS575 intracellular parasites as indicated in cultured murine
macrophages treated with 1 and 10 uM of C17 compared to uninfected control, infection control and
CPT treated control. Arrows indicate internalized parasites. All experiments have been repeated three
times and images from one experimental set are shown. (C and E) Quantification of dose-dependent
clearance of Ag83 and BHU575 amastigotes respectively by 1, 5, and 10 uM PIQ derivative from
infected macrophages to CPT. The number of internalized amastigotes within each infected
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macrophage was counted under the confocal fluorescence microscope. The quantifications are the
means of three independent experiments and are plotted as mean * SD. *p<0.05, **p<0.01,
**%<(0.001 (Student’s t-test) indicate statistical significance between infection control or CPT
treatment and the respective C17 treatment.
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Figure 6.3.10: Panel A and B: Quantification of clearance of Ag83 and BHUS575 amastigotes
infected macrophages at 72-96 hours post drug treatments with 1, 5, and 10 uM C17 derivative. The
number of internalized amastigotes within each infected macrophage was counted under the confocal
fluorescence microscope. The quantifications are the means of three independent experiments and are
plotted as mean + SD. n.s. stands for non-significant.

6.3.7 C17 markedly reduces the antimony-resistant (BHU575) and Ag83 parasites in a
mouse model of experimental Visceral Leishmaniasis (VL) and boosts host protective

Th1 cytokine response

Finally, we evaluated the in vivo anti-leishmanial efficacy of C17 using BALB/c mice model
of L. donovani infected with wildtype (Ag83) or antimony-resistant (BHU575) strains via the
intracardiac route (Chowdhury et al, 2012). During the study, all mice remained alive and
healthy and no remarkable change in body weight was observed. C17 was administered intra-
peritoneally following the treatment regimen outlined in Figure 6.3.12A, which led to a
marked reduction in BHU575 and Ag83 parasite burden in both spleen and liver which was
estimated using the stamp smear method (Figure 6.3.12B and 7C) and Limiting Dilution
Assay (LDA) (Figure 6.3.11A-B). The reduction in the Ag83 and BHU575 parasite burdens
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in the infected Balb/c mice was further confirmed by the qPCR based kinetoplastid DNA
(KDNA)-dependent determination of parasite counts in peripheral blood, spleen, and liver of
the untreated and C17 treated mice. (Das et al, 2020; Das et al, 2021b). (Figure 6.3.11E),
suggesting C17 is a potential antileishmanial agent.

® Infection control ® 5mg/Kg C17 10 mg/Kg C17

A 2o , B 209 .
;—f 1 - = ] ) & - &
20 | T b
oo : ® : ¢
|
15— .i: : :E= <D( ° | %
I
5 ! —10 4 —_— |
= : 5 ) I e e
10 | [
1 e *% ! e
*% 1 !
I 5 = !
5 - - :
: I
| |
0 T T T 0 T ; T
Ag83 ' BHU575 Ag83 BHU575
C
I
4000 -7 @ Infection control % |
2400 ® 5 mg/Kg C17 ! 5
. @ 10 mg/Kg C17 |
3 800+ - I L
5 g 600 T | KKK
e *x% ! a‘
£< 350 e Y &
85 i
g 1004 L ! .
50 T | *%
*% |
251 &% * ! » * i
el s e Y
T T T ! T T T
Blood Spleen Liver Blood Spleen Liver
Ag83 BHU575

Figure 6.3.11: C17 clears both antimony resistant (BHU-575) and drug sensitive (Ag83)
parasites from infected female BALB/c mice. Panel A and B: In vivo anti-leishmanial property of
C17 was studied in BALB/c mice infected with Ag83 or BHU575 promastigotes via intracardiac
route. C17 was given at a dosage of 5 and 10 mg/kg/day intraperitoneally for 3 weeks (2 times per
week), starting on day 21 after infection. Animals were sacrificed 10 days post treatment to determine
the hepatic (C) and splenic parasite (D) load for all treatment groups. Untreated and infected mice
were used as controls. The parasite burden in the organs were determined by limiting dilution assay
method and expressed as Limiting Dilution Assay (LDA; log,, parasite numbers/ml for each Group)).
Data represent mean SEM (n=5 mice per group). (C) Estimation of KDNA based parasite burden from
blood, spleen and liver using gPCR as described in materials and methods. Ct values of kDNA from
Ag83 or BHU575 infected, C17 treated or untreated Balb/c mice whole blood, spleen, and liver were
obtained and plotted in the standard curve of KDNA to calculate the parasite burden of each organ,
and results were plotted in this scatter graph. Each experimental set is representative of five samples,
and error bars are mean£S.D. Statistical significance was analyzed using one-way analysis of variance
followed by Dunnett’s multiple- comparison test. *, p< 0.05, **, p <0.01; ***, p <0.001 indicates
significant difference between C17 treated and untreated samples.

The progression of VL is widely associated with a deregulated cell-mediated immune
response emulated by marked T-cell anergy (Chowdhury et al, 2012) specific to Leishmania

antigens (Chowdhury et al, 2012). The establishment of VL infection is associated with host
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immune response where T helper type 1 (Th1) and T helper type 2 (Th2) paradigms play an
important role (Olivier et al, 2005). The Thl response confers a protective role to the host
while the Th2 promotes parasite survival and disease progression (Chowdhury et al, 2012).
To test the type of immunological response evoked with C17 treatment in Ag83 infected
BALB/c, we examined the splenic cytokine expression levels by RT-PCR. We detected ~4-
fold and 5.5-fold increased interferon (IFN-y) levels after intraperitoneal C17 treatment of
infected mice with 5 mg/kg and 10 mg/kg dosages, respectively, suggesting a Thl dominance
in C17-treated mice (Figure 6.3.12D).
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Figure 6.3.12: C17 markedly reduced the parasite burden in BALB/c mice by fine-tuning the
Thl and Th2 cytokine responses. (A) Schematic representation showing the protocol for the
generation of the experimental murine model of Visceral Leishmaniasis (VL) using the
Ag83/BHUS575 promastigotes. In vivo anti-leishmanial property of C17 was studied in BALB/c mice
infected with Ag83 or BHU575 promastigotes via the intracardiac route. C17 was given at a dosage of
5 and 10 mg/kg/day intraperitoneally for 3 weeks (2 times per week), starting on day 21 post-
infection. Animals were sacrificed 10 days post drug treatment to determine the hepatic (B) and
splenic (C) parasite load for all treatment groups. Untreated and infected mice were used as controls.
The parasite burden in the organs was determined by the stamp-smear method and expressed as
Leishman-Donovan Unit (LDU). Data represent mean SEM (n=5 mice per group). *p<0.05,
**p<0.01, and ***p<0.005 (Student's t-test), indicate a significant difference in the change of parasite
burden withC17 treatment as compared with infection control. (D) Semiquantitative RT-PCR
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cytokine profiles of L. donovani infected and C17 treated infected Balb/c mice. Equivalent amounts of
RNA from splenic tissues of four groups of Balb/c (n = 5) were used as the input for RT-PCR
analysis, where the GAPDH gene was used as the housekeeping control gene. A differential pattern of
Thl cytokine expression was observed following C17 administration in infected BALB/c mice.
Splenocytes isolated from Ag83-infected mice after indicated treatments were used for RNA
extraction followed by RT-PCR. Downregulation of the Th2-cytokine expression profile following
treatment with C17 was obtained. *p<0.05, **p<0.01, and ***p<0.005 (Student's t-test), indicate a
significant change in the levels of the indicated cytokines with C17 treatment as compared with the
infection control.

Notably, the level of IFN-y was coupled with a concomitant up-regulation of TNF-a. (~5 fold)
and IL-12 (~10 fold) expression post-treatment, respectively (Figure 6.3.12D). The
immunosuppressive cytokines promote the survival of intracellular parasites inside the host
macrophages and their down-regulation propels convalescence of VL in vivo (Olivier et al,
2005). Accordingly, C17-treated parasite-infected mice exhibited a marked decline in the
expression of the immunosuppressive cytokine (~2 to 4-fold reduction for IL-10) with
increasing concentration of C17 (Figure 6.3.12D). C17 treatment markedly reduced TGF-$3
expression (2-4.7-fold after treatment) compared to the AgQ83 infected mice and a
concomitant increase in the level of IL-4 (1.7-fold and 5-fold) production in all the
experimental groups of mice (Figure 6.3.12D). Taken together, these data advocate that C17
can plausibly serve as an anti-leishmanial candidate through the switching of immune balance

to the host protective Th1l response in vivo.
6.4 Discussion

A series of twenty one pyrido[2',1":2,3]imidazo[4,5-c]quinoline derivatives (C1-C21) were
prepared and evaluated for their anti-leishmanial activity. Our work proposes the novel PIQ
derivative C17 as a potential chemotherapeutic candidate against both the Leishmania
promastigotes (sandfly gut form) and the amastigotes (human infected form). Leishmania
heterodimeric bi-subunit Topl enzyme is essential for parasite survival (Das et al, 2008; Das
et al, 2006a; Das et al, 2006b; Das et al, 2006¢) and was rationalized to serve as a validated
druggable pathway (Chowdhury et al, 2012; Chowdhury et al, 2017; Chowdhury &
Majumder, 2019; Das et al, 2006¢). We provided evidence that C17 is a potent inhibitor of
LdTopl imparting a significant level of cytotoxicity to the promastigotes and amastigotes of
both the wild type (Ag83) and the antimony-resistant field isolate (BHU575) without
inducing any lethality in host cells (human and murine). We showed that C17 stabilizes
LdTopl-DNA covalent complex, and generates C17-induced DNA break formation in
parasite culture which triggers apoptosis-like cell death in both the Ag83 and BHU575
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parasites. C17 generates persistent and less reversible DNA breaks when compared with CPT
after removal of the respective drugs from the culture medium causing enhanced parasite
killing. We also showed that C17 exhibits anti-leishmanial activity as it markedly reduces
both Ag83 and BHUS575 strains of L. donovani using in vivo VL-infected mice model. The
control of the progression of leishmaniasis is correlated with the switching of the cytokine
balance from Thl to Th2 response (Chowdhury et al, 2012). An effective leishmanicidal
response evoked against L. donovani stems from an IL-12-mediated Th1 response leading to
induction of IFN-y production (Chowdhury et al, 2012). We found that C17 therapy mounts a
polarized Th1l response with an up-regulated IFN-y secretion, with a marked increase in the
pro-inflammatory cytokine TNF-a which is thought to stimulate IL-12 driven IFN-y secretion
implicating a strong IL-12-driven IFN- y, and TNF-o which might account for conferring the
high levels of protection post-treatment. This up-regulated expression of IFN-y coupled
amplified IL-12 production bears a synergistic effect on the activation of iINOS (Chowdhury
et al, 2012) and reduces the Th2-associated cytokines IL-4, IL-10, and TGF-f responses
which could be observed in the C17 treated mice. Collectively, we provide compelling
evidence that the novel PIQ derivatives as a promising anti-leishmanial drug candidate to
overcome the emerging cases of multi-drug resistance and therapeutic failures. However,
further validation is required in clinical trials to confirm the lab results and be used and

practiced in the clinics.
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drug-resistant leishmaniasis.

B INTRODUCTION

Leishmania donovani is an obligate intracellular protozoan
parasite that contributes to an annual estimate of 50,000 to
90,000 new cases of kala-azar or Visceral leishmaniasis (VL),
worldwide in 98 countries with 350 million people at risk of
infection.”” Leishmania propels an immune-suppressive
infection in the host by colonizing within macrophages,
followed by trans-differentiation from the extracellular insect
gut form promastigotes to the intracellular amastigote stage.”*
The broad spectrum of clinical manifestations' includes
localized cutaneous leishmaniasis characterized by ulcerative
skin lesions, damaging mucosal inflammation, and dissemi-
nated systemic visceral infection.” Pentavalent antimonials or
sodium stibogluconate are no longer recommended owing to
their toxicity and high levels of resistance in the Indian
subcontinent.”"'% Alternatively, other drugs like the orally
active polyene antibiotic miltefosine (hexadecyl phosphocho-
line) shows clinical limitations that include potential
fetotoxicity, nausea, vomiting, and other adverse side effects,
while the currently used liposomal formulation of an antifungal
agent amphotericin B is restricted by severe nephrotoxicity
which raise serious concerns for their future applications.'’
The lack of effective drugs, vaccines against any form of human
leishmaniasis, and emerging cases of drug-resistant strains call
for immediate identification of new molecular targets for
antileishmanial therapy.”®>'!

© 2023 American Chemical Society

7 ACS Publications
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DNA topoisomerases are essential enzymes that regulate
DNA topology by catalyzing the nicking and resealing of DNA
strands to facilitate relaxation of supercoiling generated during
the DNA metabolic processes.'”'” Unlike the other type IB
eukaryotic topoisomerases, Leishmania topoisomerase IB
(LdTopl) is a heterodimeric enzyme (Figure 1A) with the
core DNA binding domain ‘VAILCNH’ located on the large
subunit (LdTOP1L, 635 amino acids) and catalytic domain
harboring the consensus catalytic ‘SKXXY’ motif on the small
subunit (LdTOP1S, 262 amino acids)."*™"” The two subunits
are encoded by two different genes, which associate with each
other through protein—protein interactions to form an active
heterodimeric Topl (LdTopl) within the parasite.'® There-
fore, LdTopl bisubunit could be exploited as a novel drug
target for the treatment of leishmaniasis, which is starkly
distinct from the monosubunit human counterpart.'”"’
Camptothecin (CPT), the human Top1B poison, has already
been reported to inhibit LdToplB in vitro and induce
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Figure 1. Inhibition of Leishmania donovani Topl-induced plasmid DNA relaxation activity by C17. (A) Schematic representation of the large and
small subunits of the Leishmania donovani heterodimeric bisubunit Topl (LdTop1LS) enzyme. The catalytic residue (Y222) in the small subunit is
indicated. (B) Design for the synthesis of the chimeric PIQ derivatives from the parental imidazo[1,2-a]pyridine and imidazo[4,5-c]quinoline
molecules with different substitutions in the “R” group. (C) Structure of the “R” group for the most active compound C17. (D) Relaxation assays of
supercoiled plasmid DNA using recombinant LdToplLS at 3:1 molar ratio. Lane 1, pBS (SK+) DNA (90 fmol); lane 2, same as lane 1 but
incubated with 30 fmol of recombinant LdTop1LS; lane 3, same as lane 2, additionally Top1 was incubated with 2% DMSO as the solvent control;
lane 4, same as lane 2 but incubated simultaneously with 50 uM CPT; lanes 5—10, same as lane 2 but incubated with increasing concentrations of
C17 as indicated, at 37 °C for 30 min. Positions of supercoiled monomer (SM) and nicked and relaxed monomer (RM) are indicated. (E)
Quantitative representation of inhibition (%) of recombinant LdTop!1 at variable concentrations of C17 in plasmid DNA relaxation assays. The
experiments were performed in triplicate and expressed as the mean + SD. (F) Relaxation of supercoiled pBS (SK+) DNA by endogenous Topl
from the Leishmania Ag83 cellular extract (each reaction volume contains 0.1 pg protein). Lane 1, pBS (SK+) DNA (0.3 ug); lane 2, same as lane
1, but DNA was incubated with Ag83 cell lysates; lane 3, same as lane 2 but incubated with 2% DMSO; lanes 4—10, same as lane 2, but Ag83 whole
cell lysates were incubated simultaneously with S0 uM CPT or with increasing concentrations of C17 (as indicated) together with plasmid DNA at
37 °C for 30 min. (G) Quantitative representation of endogenous Topl DNA relaxation inhibition (%) at variable concentrations of C17. The
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Figure 1. continued

experiments were performed in triplicate and expressed as the mean + SD. (H) C17—DNA interaction as investigated by agarose gel
electrophoresis in Topl relaxation assays. Lane 1, SO fmol of pBS (SK+) DNA. Lane 2, relaxed pBS (SK+) DNA generated by incubation with a
molar excess of Topl. Lanes 3—4, same as lane 2 but incubated with 25 and 50 M m-amsacrine (AMSA); Lanes S—6, same as lane 2 but
incubated with 100 and 200 uM etoposide; Lanes 7—10, same as lane 2 but incubated with 20, 50, 100, and 200 uM C17 as indicated. (I)
Fluorescence-based ethidium bromide (EtBr) displacement assay. All samples contained 1 yM EtBr and S nM calf thymus (CT) DNA in the
presence or absence of the indicated drugs. Graphical representation of the percentage of bound EtBr with increasing concentration (0—300 M)
of C17, m-AMSA, and etoposide. EtBr fluorescence was monitored with an excitation wavelength of 510 nm and an emission wavelength of 590
nm.

Scheme 1. Synthesis of 2-(2'-Bromophenyl)imidazo[1,2-a]pyridines”
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“Reagents and conditions: (i). 1 (1.0 eq.), NBS (1.0 eq.), p-TsOH (0.10 eq.), acetonitrile, 80 °C, 4 h; (ii). 2 (1.0 eq.), 3 (1.0 eq.), NaHCO; (1.5
eq.), ethanol, 80 °C, 12 h.

cytotoxicity in Leishmania donovani promastigotes and LdTopl. C17 did not inhibit the activity of human monomeric
amastigotes leading to apoptosis.”” CPT promotes the Topl which further exalts its promise as a selective
formation of protein—DNA adducts both with the nuclear as antileishmanial drug candidate. C17 poisons LdTopl—DNA
well as kinetoplast DNA of Leishmania and Trypanosoma covalent complex’s (LdToplcc) formation in the parasites
parasites.'”'””" However, there are several limitations leading to the accumulation of apoptotic DNA breaks that was
associated with CPT including the chemical instability of the evidenced by in wvitro biochemical assays coupled with
CPT alpha-hydroxy-lactone ring and loss of;ﬁiacy due to the microscopic examination and in vivo studies. Furthermore,

drug efflux-mediated resistance generation, as well as its
dose-limiting cytotoxicity.”’
Noncamptothecin compounds like pyridine derivatives have
a broad range of pharmaceutical properties that strengthen
their medicinal application as antileishmanial, antiviral,
. . . 25,26 .1 ..
antimalarial, and anticancer agents. Pyridine derivatives

have also been reported to target the Topl enzyme.”” The

administration of C17 by intraperitoneal route results in
marked reduction of the Leishmania amastigotes burden from
the wildtype and antimony-resistant BHUS7S parasite-infected
spleen and liver of BALB/c mice implicating a new drug
candidate against drug-resistant leishmaniasis.

quinoline core structure is shared by CPT and its clinically B CHEMISTRY

approved derivatives like topotecan and irinotecan which have Initially, 2-(2’-bromophenyl)imidazo[1,2-a]pyridines (4) were
anticancer activities.””****™** Moreover, imidazole groups synthesized starting from 2’-bromoacetophenone (1) accord-
represent broad non-CPT based Topl inhibitors like ing to published procedure35’36 (Scheme 1). Next, a series of
indotecan, indimitecan, and other indenoisoquinolines31733 experiments were performed to optimize the reaction
derivatives which are in clinical trials as anticancer conditions for the synthesis of pyrido[2’,1":2,3]imidazo[4,5-

agents.”””"*® Therefore, we rationalized that a pyrido-

[2/,1:2,3]imidazo[4,5-c]quinoline (PIQ) derivative harboring
the pyridine, imidazole, and quinoline scaffolds could

c]quinolines by taking 2-(2’-bromophenyl)imidazo[1,2-a]-
pyridine (4a), 4-methylbenzaldehyde (Sc), and sodium azide
/ - ohRE ek > as model substrates. The best yield of the desired product, 6-
potentially target'the unique hete'rodlmerlc bisubunit Topl (p-tolyl)pyrido[[2/,1':2,3 )imidazo[ 4,5-c]quinoline (C8) was
enzyme of the Leishmania donovarni. obtained by using Cul (20 mol%), L-proline (30 mol%), p-

alidation o movel sl of chmeric compounds based an the  TOH (05 ¢q), and NN-disopropylethylamine (DIPEA)
P (1.0 eq.) in DMSO at 150 °C after 10 h (Table S2, entry 11,

pyrido[2’,1’:2,3]imidazo[4,5-c]quinoline (PIQ) core identified , , i N L
through t}he structural feat,ures of known ligands (Figure 1B) see Supporting Information). With the optimized conditions in
hand, we synthesized a series of pyrido[[2’,1":2,3]imidazo[4,S-

and tested their potential role in the inhibition of Leishmania o - .
Topl activity. The structure—activity relationships (SAR) of c]quinolines (C1—C21) in moderate to good (45—75%) yields
from the reaction of 4a—f with aldehydes Sa—1 and sodium

the twenty compounds resulting from the parental structure of ) _ ; i
the PIQ core suggested that compound C17 is the most potent azide (Table 1). Aldehydes with electron-withdrawing groups

LdTopl inhibitor both in the in vitro and ex vivo DNA produced desired products in lower yields as compared with
relaxations assays (Table 2). C17 inhibits the growth of both the aldehydes having electron donating groups. Interestingly,
the antimony-resistant field isolate of Leishmania (BHUS7S) heteroaryl aldehydes, such as thiophene-2-carbaldehyde and 2-
which is also known to be less susceptible toward the clinically picolinaldehyde, were well tolerated under the optimized
used antileishmanials like sodium stibo-gluconate (SSG), conditions and gave corresponding products C10 and C11 in
miltefosine, paromomycin, and amphotericin B,** as well as 71% and 55% yields, respectively. All compounds are >95%

the wild-type drug-responsive strain (Ag83) by targeting pure by HPLC analysis.

3413 https://doi.org/10.1021/acs.jmedchem.2c01932
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Table 1. Synthesis of Pyrido[[2’,1':2,3]imidazo[4,5-c]quinoline Derivatives (C1—C21)“

NaN3, Cul, L-proline

R! R2

R2
=N DIPEA, p-TsOH
p, + R*CHO
R XN DMSO, 150 °C, 10 h
Br
daf 5a-l c1-c21
D 4} 4} -
- - : O
N—7 N= Y N—”
A N
® S p
N P Ph
N
C1 (57%) C2 (60%) C3 (57%) C4 (59%) C5 (51%) C6 (65%)
Me Me Me Me Me
=)
XY /
X
»
N~ ~Ph
C7 (70%)

C12 (68%) C13 (70%)

OMe

C17 (65%) C18 (53%)

C19 (55%)

NO,

OMe

C20 (45%) C21 (61%)

“Reagents and conditions: 4 (0.366 mmol), 5 (0.439 mmol) NaN; (0.549 mmol), Cul (20 mol%), L-proline (30 mol%), p-TsOH (0.183 mmol),
DIPEA (0.366 mmol), DMSO, 150 °C, air atmosphere, 10 h. Numbers in parentheses are isolated yields.

B RESULTS AND DISCUSSION

To test the inhibitory effect of the synthetic library of
pyrido[2/,1":2,3]imidazo[4,5-c]quinoline compounds on
LdTopl1 activity, we performed the in vitro and ex vivo plasmid
DNA relaxation assays in standard assay conditions using
either recombinant LdTopl or the Ag83 lysates as the source
of endogenous LdTopl. Table 2 shows inhibitory patterns of
the LdTopl mediated relaxation of supercoiled plasmid DNA
with the different derivatives of the PIQ compounds (C1—
C21) with relative efficiencies of LdTopl inhibition as a
measure of their effective drug concentrations (ICs, value),
indicating the highest activity for the selected PIQ derivative
compound C17.

C17 Poisons the Leishmania Top1-DNA Cleavage
Complexes without Intercalating with DNA. To evaluate
the inhibitory activity of C17 toward the bisubunit LdTopl,

3414

we performed the plasmid DNA relaxation assays using both
the recombinant LdTopl enzyme (Figure 1D) and endoge-
nous LdTopl from the whole-cell extracts of Leishmania
donovani Ag83 strain (Figure 1F). When LdTopl and C17
were added simultaneously to the plasmid DNA in the
relaxation assays, C17 inhibited the plasmid DNA relaxation
activity of LdTopl in a dose-dependent manner (Figure 1D,
lanes 5—10), with 85—90% inhibition of Topl achieved at $
UM concentration of C17 (Figure 1D, lane 8, see the
quantification in 1E). Accordingly, the ex vivo plasmid DNA
relaxation assay using Ag83 cellular lysate as a source of
endogenous LdTop1 (Figure 1F) was inhibited to ~85% at 10
uM concentration of C17 (Figure 1F, lane 8 and see the
quantification in 1G). Additionally, to investigate whether C17
interacts with the free enzyme, we preincubated C17 with
recombinant or endogenous LdTopl for 5 min. at 37 °C
before the addition of substrate plasmid DNA. We observed no

https://doi.org/10.1021/acs.jmedchem.2c01932
J. Med. Chem. 2023, 66, 3411—3430
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Table 2. Half Maximal Inhibitory Concentrations (ICy,) of Screened PIQ Derivatives (C1—C21) on the Leishmania donovani

Topl Mediated Plasmid DNA Relaxation Inhibition

Compound Topl1 inhibition ICsy (uM) | Activity
In vitro Ex vivo index*
R' R2
| N R
R1 R? R3 R4

C1 H H H H >10 NT® +
C2 H CH; H H >10 NT® +
C3 H H CH; H >10 NT® +
C4 H H Br H >10 NT® +
C5 H H Cl H >10 NT® +
Co6 H H H CeHss >10 NT® +
C7 CH; H H CeHss 6.75+0211 | 12.75+0.117 ++
C8 CHj; H H 4-MeC¢H, 725+0.018 | 15.06+0.811 ++
C9 CH; H H 4-CIC¢H, 5.5+0.022 12.5+0.314 ++
C10 CHj; H H 2-thienyl 725+0.078 | 14.9+0.036 ++
C11 CH; H H 2-pyridyl >10 NT® +
C12 H CH; H CeHs >10 NT® +
C13 H CHj; H 4-MeC¢H, >10 NT® +
C14 H CH; H 4-MeOCcH, >10 NT® +
C15 H H H 4-MeCgH, >10 NT® +
C16 H H H 4-CIC¢Hy 8.52+0.014 NT® ++
C17 H H H 3,4,5-(Me0);C¢H, | 3.75£0.122 6.5+034 +++
C18 H H H 4-NO,C¢H,4 >10 NT® +
C19 H H H 3-NO,CgH4 >10 NT® +
C20 H H H 2-NO,C¢H4 >10 NT® +
C21 H H H 3,4-(Me0),C¢Hy 525+£0.261 | 11.95+0.611 ++

O 9.2+0.148 21.91+0.125 ++

Camptothecin HO/— ©

“Compound-induced in vitro inhibition of Topl with scores given according to the following system based on the activity of camptothecin: + =
ICs, > 10 uM; + + = ICy, in between S #M and 10 uM; + ++ = ICq, in between 2 uM and 5 uM; “NT = not tested.

significant increment in the inhibition pattern of LdTopl in
the preincubation as compared to simultaneous incubation of
C17 with LdTopl in the plasmid DNA relaxation inhibition
assays (Figure SIA—D), suggesting C17 might not interact
with the free enzyme.’”*® Notably, C17 was ~2.5 fold more
potent in inhibiting LdTopl-mediated DNA relaxation
activities when compared with CPT (Figure S1E; Table 2).
Further, C17 failed to inhibit the plasmid DNA relaxation
activities (Figure S1F—G, lanes 4—8) and stabilize the cleavage
complexes (Figure SIH—I) with recombinant human Topl
even at 10-fold molar excess of C17. Consequently, the relative
extent of C17-mediated LdTopl inhibition was increased by
~2.5 fold (ICg, value 3.75 M) in comparison with CPT (ICg,
value 9.2 uM) (see Table 2), implying C17 is a specific

3415

inhibitor for LdTop1 as it failed to inhibit human Top1 both in
the plasmid DNA cleavage and relaxation assays (Figure S1).

Next, to test the DNA intercalating property of C17 as a
mechanism of LdTopl inhibition, we used both gel-based
Topl unwinding assays and fluorescence-based Ethidium
Bromide (EtBr) displacement assays. Topoisomerase unwind-
ing assay exploits the ability of the intercalating compounds to
unwind the DNA duplex and thereby change the DNA twist
inducing net negative supercoiling. It was found that in the
presence of a strong DNA intercalator such as m-AMSA, net
negative supercoiling of the relaxed substrate DNA was
induced at 50 and 200 M concentration (Figure 1H, lanes
3 and 4), while nonintercalative compounds such as Etoposide
failed to show any such effect at 50 and 200 M concentrations

https://doi.org/10.1021/acs.jmedchem.2c01932
J. Med. Chem. 2023, 66, 3411—3430
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Figure 2. C17-mediated trapping of Topl—DNA cleavage complexes. (A) Representative gel showing plasmid DNA cleavage mediated by
recombinant LdTop1LS in the presence of CPT or C17. Lane 1, S0 fmol of pBS (SK+) DNA; lane 2, with 150 fmol LdTop1LS; lane 3, same as
lane 2, but with SDS—proteinase K treatment; lanes 4 and S, same as lane 3, but in the presence of 25 and 50 uM CPT, respectively, as control;
lanes 6—9, same as lane 3, but in the presence of 2.5, 5, 10, and 25 M C17, respectively. Positions of the supercoiled substrate (form I) and nicked
monomers (form II) are indicated. (B) Quantitative measurement of LdToplcc (%) formation induced by CPT and C17 by recombinant
LdToplLS. (C) Representative gel showing plasmid DNA cleavage mediated by endogenous LdTop1 from Ag83 lysate in the presence of CPT or
C17. Lane 1, 0.2 pug of pBS (SK+) DNA; lane 2, with 0.6 pg lysate; lane 3, same as lane 2, but with SDS—proteinase K treatment; lanes 4 and S,
same as lane 3, but in the presence of 50 and 100 uM CPT, respectively, as control; lanes 6—9, same as lane 3, but in the presence of S, 10, 25, and
S0 uM C17, respectively. Positions of the supercoiled substrate (form I) and nicked monomers (form II) are indicated. (D) Quantitative
measurement of LdToplcc (%) induced by CPT and C17 using endogenous LdTop1 from Ag83 lysate. All the experiments were performed three
times and expressed as the mean + SD *p < 0.05, **p < 0.01 (Student’s ¢ test). *** Indicates a significant difference between CPT and C17
treatments (p < 0.001). (E) Schematic representation of the formation of LdToplcc with §'-**P-end-labeled oligonucleotide substrates in the
presence of Top1 poison. (F) Representative gel showing Top1-mediated 25-mer duplex oligonucleotide cleavage in the presence of CPT and C17.
Lane 1, 15 nM 5'-*’P-end-labeled 25-mer duplex oligo as indicated above. Lane 2, same as lane 1 but incubated with recombinant LS (0.2 yM).
Lanes 3—4, same as lane 2 but incubated with an indicated concentration of CPT. Lanes 5—7, same as lane 2 but incubated with an indicated
concentration of C17. Positions of uncleaved oligonucleotide (25-mer) and the cleavage product (12-mer oligonucleotide complexed with residual
Topl) are indicated. (G) Quantitative measurement of cleavage complex (Toplcc) formation (%) by CPT and C17 by oligo cleavage assay. All the
experiments were performed three times and expressed as the mean = SD *p < 0.05, **p < 0.01 (Student’s ¢ test). ** Indicates a significant

3416 https://doi.org/10.1021/acs.jmedchem.2c01932
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Figure 2. continued

difference between CPT and C17 treatments (p < 0.01). (H) Exponentially growing L. donovani promastigotes (5 X 10° cells/mL) were labeled
with BrdU at 22 °C for 24 h and then treated with different concentrations of CPT, C17, and a catalytic inhibitor of Top1 as indicated. SDS-K+
precipitable complexes were measured as described in Materials and Methods. All the experiments were performed three times and representative
data from one set of experiments are expressed as mean + SD. Variations among different sets of experiments were < 10%. *p < 0.0S, **p < 0.01
(Student’s ¢ test). *** Indicates a significant difference between catalytic inhibitor control and C17 treatments (p < 0.001).

(Figure 1H, lanes S and 6). C17 also rendered no effect on the
substrate DNA topology leading to its complete relaxation at
the indicated concentrations (Figure 1H, lanes 7—10), ruling
out the possibility of C17 acting as a DNA intercalator. To
further substantiate this observation, we carried out the EtBr
displacement assays. The DNA intercalator mAMSA (50 uM)
dislodges the already bound fluorophore (EtBr) from the
plasmid DNA while (Figure 1I), C17 was unable to induce any
EtBr displacement even at a high concentration (200 xM)
confirming that C17 is not a DNA intercalator.

To further investigate the ability of C17-mediated
stabilization of LdTopl cleavage complex, we performed in
vitro DNA cleavage reactions under equilibrium conditions by
reacting LdTopl with plasmid DNA in the presence of C17 or
CPT. Covalently closed circular DNA (Form I) are converted
to nicked circular DNA (Form II) by Topl which are trapped
in the presence of Topl poisons and are referred to as
“cleavage complex; Toplcc”. C17 acts as a poison to stabilize
Toplcc in plasmid DNA cleavage assays both with
recombinant LdTopl (Figure 2A), and with endogenous
Topl from Ag83 lysate (Figure 2C) like CPT.

Next, we confirmed the C17-induced stabilization of Toplcc
in single turnover equilibrium cleavage assays by using
recombinant LdTopl and 25-mer duplex oligonucleotides
harboring Topl cleavage sites (Figures 2E and F). The
quantification of LdTop1-mediated cleavage assays (Figure 2B,
2D, and 2G) indicates that the extent of Topl—DNA cleavage
complex formation (% cleavage) with C17 was increased by
~2-3 fold when compared with CPT at indicated concen-
trations, which is in keeping with C17-mediated increased
inhibition of LdTopl in the plasmid DNA relaxation assays
(Table 2).

We further tested the ability of C17 to induce Topl-linked
DNA complexes in the L. donovani promastigotes by using
modified KCI-SDS precipitation assays.”” BrdU-labeled
promastigotes were treated with various concentrations of
C17, as well as CPT and a catalytic inhibitor of Topl
(compound 8 or HRS8) as controls.”> Treatment of
promastigotes with different concentrations of C17 markedly
increased the SDS-KCI precipitable complex compared with
the untreated control cells as detected by anti-BrdU staining
(Figure 2H), which was similar to that obtained by treatment
with different concentrations of CPT for 24 h. These results
show that the formation of SDS-KCI precipitable complexes is
due to the formation of protein-linked DNA complexes
following treatment with C17. Together, we conclude that
C17 selectively stabilizes the LdTopl cleavable complex and
acts as poison inside the Leishmania parasites. Cumulatively,
our data suggest that C17 selectively poisons LdTop1 cleavage
complexes abrogating the religation activity.

C17 Treatment Inhibits Cell Cycle Progression,
Accumulates DNA Breaks, and Triggers Apoptosis-
Like Death in Ag83 Promastigotes. Trapped LdToplcc
generates toxic DNA lesions which result in DNA double-
strand breaks (DSBs) upon collision with ongoing replication

3417

forks and/or transcription machinery leading to cell cycle
arrest and killing of the parasites.”” To test such a possibility,
we examined the cell cycle profile of the parasites after
treatment with C17 using the flow-cytometric analysis (Figure
3A). In the absence of C17 treatment Leishmania promasti-
gotes exhibited regular cell cycle distribution in G1, S, and G2/
M phases (G1: 65.1%, S: 18.1%, and G2/M: 15.1%), while,
after treatment with 5 M C17 led to a time-dependent arrest
at the S/G2-M phase and concomitantly inhibited entry into
the next cell cycle phase as evident from a declining G1 phase
promastigote population at 6 h (55.3%), 12 h (40.7%), and 24
h (31.5%) post C17 treatment compared to untreated control
parasites. Also, continuous exposure to C17 led to S/G2-M
phase arrest with 41.3% at 6 h, 57.6% at 12 h, and 65.7% after
24 h after treatment, suggesting C17-induced disruption of the
parasite replication cycle.

Next, we performed TUNEL staining that detects C17-
induced DNAs breaks inside the parasites by labeling their
DNA-free ends with dUTP. This assay utilizes a reaction
catalyzed by exogenous terminal deoxynucleotidyl transferase
for labeling DNA breaks with fluorophore tagged-dUTP in a
template-independent addition to the 3’-hydroxyl (OH)
termini of double- and single-stranded DNA.””*’ C17
significantly increased TUNEL positive (+ve) cells in a time-
dependent manner compared to the untreated control
parasites (Figure 3B; see the quantification). The representa-
tive confocal microscopic images show TUNEL +ve cells
induced by S uM of C17 treatment for 24 h compared to the
untreated control (Figure 3B). The TUNEL+ staining not only
colocalize with the nucleus but also with the kinetoplast,
suggesting C17 might trap LdToplcc’s both in the nucleus as
well as the kinetoplast as reflected in the accumulation of DNA
breaks in both the compartments. This is consistent with the
role of LdTopl both in the nucleus and mitochondria in the
Leishmania parasites.””** We confirmed that DNA breaks in
the Leishmania promastigotes was detected as early as 15 min
post treatment with C17 using TUNEL assays (blue). Under
similar condition we failed to detect, significant increase in
apoptotic Leishmania promastigotes (Annexin V-FITC +
staining cells) (Figure S3E), suggesting C17-inuced LdToplcc
generates DNA breaks in the parasites (Figure 2). In the later
time point of C17 treatment, we detected significant increase
in the apoptotic cells 1.5 h post treatment (Figures 3B—D and
S3E). Further, we also confirmed the extent of DNA
fragmentation in the Leishmania Ag83 promastigotes after
treatment with C17 using DNA laddering assays.””*’
Consistent with TUNEL staining (Figure 3B), C17-induced
apoptotic DNA breaks in the promastigotes were also
confirmed by a marked increase in genomic DNA
fragmentation when promastigotes were treated with C17
post 6h treatment (Figure 3C).

Further, we confirmed that C17-induced DNA fragmenta-
tion triggers apoptotic-like cell death in Leishmania promas-
tigotes using fluorescein isothiocyanate (FITC)-annexin V and
propidium iodide (PI) staining.‘w’40 Externalization of

https://doi.org/10.1021/acs.jmedchem.2c01932
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Figure 3. C17 abrogates the cell cycle progression of Ag83 promastigotes and induces DNA breaks leading to apoptosis-like cell death. (A)
Histograms of the distribution of DNA content by flow cytometric analyses of the C17-mediated cell cycle arrest in L. donovani Ag83
promastigotes. The cell cycle arrest was monitored post-treatment with 0.2% DMSO as control, and with C17 (S uM) for 6, 12, and 24 h. The
parasites were then fixed and stained with propidium iodide (PI) and RNase A and a total of 10,000 nuclei were counted from each sample. The
percentages of cells within different cell-cycle stages as shown were determined as described in Materials and Methods. The representative
histograms show that treatment with 0.2% DMSO (panel I), or with S uM C17 for 6 h (panel II), 12 h (panel III), and 24 h (panel IV)
respectively. The experiments were repeated thrice and histograms from one data set have been shown. (B) Ag83 promastigotes were either left
untreated or treated with S yuM C17 for 6, 12, and 24 h following which the TUNEL assay was performed. The DNA breaks were analyzed by
confocal microscopy and the representative images show the breaks accumulated 12 h post-DMSO/C17 treatment. The percentage of TUNEL +ve
cells over the indicated periods have been quantified and represented as bar diagrams which are representative of three independent experiments as
mean + SD. Variations among different sets of experiments were < 10%. *p < 0.0S, **p < 0.01 (Student’s ¢ test). ** Indicates a significant increase
in TUNEL +ve Ag83 promastigotes between 6 and 24 h of C17 treatment. (C) Ag83 promastigotes were left untreated or treated with two
different concentrations of C17 (2.5 uM and 10 uM) for the indicated time points (6, 12, and 24 h) and genomic DNA was isolated from each.
Apoptotic DNA was resolved on a 2% agarose gel. Representative images of three independent experiments have been shown with *P < 0.01 and
**P < 0.001. Quantification of the time and dose-dependent percentage of DNA fragmentation has been provided in the form of bar graphs. (D)
Flow cytometric analysis of Ag83 promastigote death through the externalization of phosphatidyl serine was evaluated. The parasites were stained
with FITC-annexin V and propidium iodide after treatment with 0.2% DMSO (panel I), S uM C17 for 6 h (panel II), 12 h (panel IIT), and 24 h
(panel IV), respectively. The experiments were repeated thrice and representative plots from one data set have been shown.

phosphatidyl serine (stained by annexin V) and the presence of (PCD)."”*"** Figure 3D confirmed that C17 treatment leads
impermeant cell membrane (negative PI staining) are to an increment of the late apoptotic population in a time-
hallmarks of apoptosis or programmed cell death dependent manner compared to the untreated control.

3418 https://doi.org/10.1021/acs.jmedchem.2c01932
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Figure 4. C17 generates persistent LdToplcc-induced DNA breaks as detected by the TUNEL assays. (A) Overview of the protocol of C17/CPT
treatment and reversal in L. donovani promastigotes to study the comparative repair kinetics between CPT and C17. (B) Representative confocal
microscopic images of the 0.2% DMSO treated control Ag83 promastigotes showing the Propidium iodide (red) stained nuclear and kinetoplast
DNA with negligible TUNEL positive (green) cells. (C) Time-dependent escalation of TUNEL +ve parasites treated with C17 or CPT for 6 and
12 h (DNA damage) and the persistence of such TUNEL + ve cells after the removal of the respective drugs for indicated time points (Repair).
(D) Quantification of the percentage of TUNEL positive cells after C17/CPT treatment and after the removal of indicated inhibitors (C17 or
CPT) as obtained from immunofluorescence confocal microscopy calculated for 80—100 parasites (mean + SEM). Experiments were performed
three times and representative images from one set of experiments are shown. Variations among different sets of experiments were < 10%. *p <
0.0S, **p < 0.01 (Student’s t test). *** Indicates a significant difference between CPT and C17 treatments following repair (p < 0.001).

Next, we tested whether C17 treatment promotes cell cycle C17 Accumulates Persistent and Less Reversible DNA
arrest and cell death in human cells. CPT treatment impairs Breaks Inside the Leishmania Parasites Compared to
the cell cycle progression of human MCF7 cells with a decrease CPT. Because C17 poisons LdToplcc in the Ag83
in Gl-sub population leading to apoptosis-like cell death promastigotes (Figure 2H) and generates DNA strand breaks
(Figure S2A and S2B; CPT). Unlike CPT, C17 neither affects (Figures 3B and 3C), we investigated the accumulation and

disappearance of Toplcc-induced DNA breaks in Ag83
promastigotes treated either with C17 or CPT by measuring
the number of TUNEL +ve cells using the confocal

K . microscopy (Figure 4A). Under similar conditions, we
ICso of the C17 treated cancerous MCE7 cell lines (Flgure detected a time-dependent increase in TUNEL +ve parasites

$2C) :.and.ﬁthe Iiorlllc.axﬁcerous fI_?jKZ% cell lindes (Figure SED) post-treatment with C17 that was comparable with CPT (see
were significantly hig (~90 fo ) as compared to CPT. These Figure 4C DNA damage), suggesting that both C17 and CPT
data are in agreement that C17 is not an inhibitor of human generate similar levels of DNA breaks at the indicated periods
Topl (Figure SIF—I), implying the specificity of C17-induced in Ag83 promastigotes (Figure 4D). CPT-induced DNA

the progression of the human MCF7 cell cycle (Figure S2A;
C17) nor causes any apoptotic-like cell death in human MCF7
cells (Figure S2B). Accordingly, in the cell viability assays, the

DNA breaks, inhibition of cell cycle progression, and breaks have a short halflife which are reversed immediately
apoptosis-like cell death in the parasites is due to trapping of upon the removal of the drug from the medium.”>** This is
LdToplcc in the promastigotes. consistent with the reversal of TUNEL +ve cells within a small

3419 https://doi.org/10.1021/acs.jmedchem.2c01932
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Figure S. C17 poisons the LdTopl from antimony-resistant BHUS7S parasites and inhibits the proliferation of the promastigotes. (A) Relaxation
assay of supercoiled pBS (SK+) DNA by Topl activity from the BHUS7S cellular lysate (each reaction volume contains 0.1 ug protein). Lane 1,
pBS (SK+) DNA (0.3 ug); lane 2, same as lane 1, but pBS (SK+) DNA (0.3 yg) was incubated with BHU-575 cell lysates; lanes 3—8, same as lane
2, but BHUS7S whole cell lysates were incubated simultaneously with SO uM CPT or with increasing concentrations of C17 (as indicated) together
with plasmid DNA at 37 °C for 30 min. (B) Quantitative representation of BHUS7S Topl DNA relaxation inhibition (%) at variable
concentrations of C17. All the experiments were performed in triplicate and expressed as the mean + SD. (C) Representative gel image showing
plasmid DNA cleavage mediated by BHUS7S cellular lysate as the source of Topl enzyme in the presence of CPT or C17. Lane 1, 0.2 ug of pBS
(SK+) DNA; lane 2, with 0.6 ug lysate; lane 3, same as lane 2, but with SDS—proteinase K treatment; lanes 4 and S, same as lane 3, but in the
presence of 50 and 100 uM CPT, respectively, as control; lanes 6—9, same as lane 3, but in the presence of S, 10, 25, and 50 uM C17 respectively.
Positions of the supercoiled substrate (form I) and nicked monomers (form II) are indicated. (D) Quantitative measurement of cleavage complex
(Toplcc) formation (%) by CPT and compound C17 by BHU-575 Topl. All the experiments were performed three times and expressed as the
mean + SD *p < 0.0, **p < 0.01 (Student’s t test). ** Indicates a significant difference between CPT and C17 treatments. (E) Histograms of the
distribution of DNA content by flow cytometric analyses of the C17-mediated cell cycle arrest in L. donovani BHU-S75 promastigotes. The cell
cycle arrest was monitored post-treatment with 0.2% DMSO as control, and with C17 (5 M) for 6, 12, and 24 h. The parasites were then fixed and
stained with propidium iodide (PI) and RNase A and a total of 10,000 nuclei were counted from each sample. The percentages of cells within
different cell-cycle stages are shown. The representative histograms show that treatment with 0.2% DMSO (panel I), C17 (S uM) for 6 h (panel
IT), 12 h (panel I1I), and 24 h (panel IV), respectively. The experiments were repeated thrice and the representative histograms from one data set
are shown. (F) BHUS7S promastigotes were either left untreated or treated with S 4M PIQ derivative for 6, 12, and 24 h following which the
TUNEL assay was performed. The DNA breaks were analyzed by confocal microscopy and the representative images show the breaks accumulated
in the promastigotes 12 h post C17 treatment. (G) The percentage of TUNEL positive cells over the indicated periods post S uM C17 treatment
have been quantified and represented as bar diagrams which are representative of three independent experiments. Variations among different sets of
experiments were <10%. *p < 0.0S, **p < 0.01 (Student’s ¢ test). ** Indicates a significant difference between 6 and 24 h treatment time points (p
< 0.01).

duration of washing out CPT (Figure 4C; Repair). On the
contrary, C17 engenders more persistent and less reversible

DNA breaks after subsequent wash and reculturing of the

parasites in the C17-free medium (Figure 4C; Repair). Figure
4C and D shows a faster disappearance in the number of
TUNEL + ve Ag83 parasites after washing out CPT from
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media at indicated periods (see the quantification in Figure
4D). In contrast, Ag83 promastigotes showed (~3—4 fold)
more persistent TUNEL +ve cells (Figure 4D) even after
washing out C17 at the indicated time. Together, our data
suggest that C17 generates more persistent and less reversible
LdToplcc-induced DNA breaks which accounts for the
increased C17-induced cytotoxicity in the parasites compared
to CPT.

C17 Poisons LdTop1cc and Sensitizes the Antimony-
Resistant Leishmania donovani Clinical Isolate. Next, to
propound C17 as a new drug candidate against drug-resistant
leishmaniasis, we tested its efficacy toward the LdTopl from
the antimony-resistant field isolate of L. donovani, BHUS75
(less susceptible to SSG, amphotericin B, and miltefosine),
obtained from severely VL affected belt of India.**** First, we
confirmed the similar levels of endogenous LdTopl activity
from the two strains of L donovani AG83 (wild type) and
BHUS7S (antimony-resistant) in the plasmid DNA relaxation
assays (Figure S3A). Figure SA shows that indeed C17
inhibited the relaxation activity of LdTopl from Leishmania
BHUS75 whole cell extracts in a dose-dependent manner
(Figure SA, lanes 4—8), with an ICs, of 8.75 uM (Figure SB)
which was comparable with wild type parasites (Table 2).

Next, to investigate the Cl17-mediated poisoning of
endogenous LdToplcc from the BHUS7S Leishmania strain,
we performed plasmid DNA cleavage assays with the whole-
cell extracts from BHUS7S parasites as the source of
endogenous Topl. Figure SC confirmed that C17 stabilizes
LdToplcc formation in BHUS7S parasites like CPT. Notably,
we detected a ~S-fold increased efficacy of C17-induced
LdToplcc formation compared to CPT in BHUS75
promastigotes (see the quantification in Figure SD).
Accordingly, we detected C17-induced DNA breaks in the
BHUS7S parasites detected by the TUNEL assay. Like wild-
type parasites (Figure 4C), C17 efficiently generates
LdToplcc-induced DNA breaks in BHUS7S promastigotes
(Figure SF). We detected 60% TUNEL +ve BHUS7S cells
after 12 h of treatment with C17 (S uM) which increased to
85—90% after treatment for 24 h (Figure 5G). C17 treatment
also inhibits the replication cycle leading to a wide-scale G2/M
arrest (Figure SE) and promotes apoptosis-like cell death in
BHUS?7S parasites as detected by using FITC-Annexin V-based
flow cytometry analysis (Figure S3B).

We further substantiated that C17-induced DNA breaks in
the BHUS75 parasites accumulate cell death. The BHUS7S
promastigotes survival was monitored over a time of 24 h in
presence of C17 which shows that the antimony-resistant
parasites are hypersensitive to the LdTop1 poisons (ECs, value
of C17 in Table 3 and Figure S3C). We also showed the ability

Table 3. ECg, for Promastigotes

Ag83 BHUS75
CPT (uM) 3.794 + 0.029 6.582 + 0.092
C17 (uM) 2311 + 0.56 4.796 + 0.269

of C17 to resensitize the antimony-resistant parasites upon
cotreatment with SAG (Figure S3D). Ag83 and BHUS7S are
variable strains of Leishmania that show differential drug
sensitivity to antimonials suggesting they have an internal
rewiring of the signaling pathways and genes to the outcome of
the drug sensitivities as reflected in the Top 1 inhibition assays.
Taken together these findings suggest that C17 could be a
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potential new drug candidate against drug-resistant leishma-
niasis.

C17 Inhibits the Growth of Intracellular Amastigotes
in Murine Macrophages Infected with the Leishmania
Antimony-Resistant Parasites. Subsequently, to investigate
the potency of C17 as an antileishmanial drug, primary murine
peritoneal macrophages were infected with early passage L.
donovani wild-type (Ag83) and antimony-resistant (BHUS7S)
strains in vitro and incubated with different concentrations of
C17 for 48—96 h (Figure 6A). Counting of the macrophage
internalized amastigotes after C17 treatment showed markedly
down-regulated macrophage infection of both Ag83 and
BHUS7S strains (Figures 6B and 6D and S4A—B) in a time
dependent manner. The antimony-resistant BHUS75 parasite
burden was lowered by almost 90% after 96 h of treatment
with C17 at 10 uM (Figures 6C and 6E and S4A—B).

The ECs, values of infected intracellular amastigotes and the
extracellular promastigote clearance were estimated using
nonlinear curve fitting (Table 4). C17 shows markedly high
ECsy (~50 uM) toward the peritoneal macrophages with a
relatively high selectivity index (SI) of 9.25, further
strengthening C17 as a potential antileishmanial drug
candidate (Table 4).

C17 Markedly Reduces the Antimony-Resistant
(BHU575) and Ag83 Parasites in a Mouse Model of
Experimental Visceral Leishmaniasis (VL) and Boosts
Host Protective Th1 Cytokine Response. Finally, we
evaluated the in vivo antileishmanial efficacy of C17 using
BALB/c mice model of L. donovani infected with wildtype
(Ag83) or antimony-resistant (BHUS75) strains via the
intracardiac route.”” During the study, all mice remained
alive and healthy and no remarkable change in body weight
was observed. C17 was administered intraperitoneally
following the treatment regimen outlined in Figure 7A,
which led to a marked reduction in BHUS7S and Ag83
parasite burden in both spleen and liver which was estimated
using the stamp smear method (Figure 7B and 7C) and
Limiting Dilution Assay (LDA) (Figure SSA—B). The
reduction in the Ag83 and BHUS7S parasite burdens in the
infected Balb/c mice was further confirmed by the qPCR based
kinetoplastid DNA (kDNA)-dependent determination of
parasite counts in peripheral blood, spleen, and liver of the
untreated and C17 treated mice™** (Figure SSE), suggesting
C17 is a potential antileishmanial agent.

The progression of VL is widely associated with a
deregulated cell-mediated immune response emulated by
marked T-cell anergy’’ specific to Leishmania antigens.’’
The establishment of VL infection is associated with host
immune response where T helper type 1 (Thl) and T helper
type 2 (Th2) paradigms play an important role.** The Thl
response confers a protective role to the host, while the Th2
promotes parasite survival and disease progression.”’ To test
the type of immunological response evoked with C17
treatment in Ag83 infected BALB/c, we examined the splenic
cytokine expression levels by RT-PCR. We detected ~4 fold
and 5.5 fold increased interferon (IFN-y) levels after
intraperitoneal C17 treatment of infected mice with 5 mg/kg
and 10 mg/kg dosages, respectively, suggesting a Thl
dominance in C17-treated mice (Figure 7D).

Notably, the level of IFN-y was coupled with a concomitant
up-regulation of TNF-a (~$ fold) and IL-12 (~10 fold)
expression post-treatment, respectively (Figure 7D). The
immunosuppressive cytokines promote the survival of intra-

https://doi.org/10.1021/acs.jmedchem.2c01932
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Figure 6. C17 efficiently reduces both L. donovani wildtype (Ag83) and antimony-resistant (BHUS7S) parasites from infected murine
macrophages. (A) Schematic representation showing the procedure followed for the estimation of parasite clearance from Ag83 and BHUS7S
infected murine macrophages following treatment with CPT/C17. (B and D) Representative images showing propidium iodide stained Ag83 and
BHUS?7S intracellular parasites as indicated in cultured murine macrophages treated with 1 and 10 uM of C17 compared to uninfected control,
infection control, and CPT treated control. Arrows indicate internalized parasites. All experiments have been repeated three times and images from
one experimental set are shown. (C and E) Quantification of dose-dependent reduction of Ag83 and BHUS7S amastigotes respectively by 1, S, and
10 uM PIQ derivative from infected macrophages to CPT. The number of internalized amastigotes within each infected macrophage was counted
under the confocal fluorescence microscope. The quantifications are the means of three independent experiments and are plotted as mean + SD *p
< 0.0S, **p < 0.01, **%<0.001 (Student’s f test) indicate statistical significance between infection control or CPT treatment and the respective C17
treatment.

Table 4. EC;, for Amastigotes at 48 h B CONCLUSION
Ag83 BHUS7S macrophages A series of twenty one pyrido[[2/,1":2,3]imidazo[4,5-c]-
CPT (M) 7.84 + 0.029 12.82 + 0.042 1832 + 0206 quinoline derivatives (C1—C21) were prepared and evaluated
C17 (uM) 250 + 0.56 7,06 + 0269 50.18 + 0.009 for their antileishmanial activity. Our work proposes the novel

PIQ derivative C17 as a potential chemotherapeutic candidate
against both the Leishmania promastigotes (sandfly gut form)
and the amastigotes (human infected form). Leishmania
cellular parasites inside the host macrophages and their heterod}rsrielgsgbisubunit Topl enzyme is essential for parasite
46 survival 7 and was rationalized to serve as a validated
druggable pathway.'”*”*** We provided evidence that C17 is
a potent inhibitor of LdTopl imparting a significant level of
cytotoxicity to the promastigotes and amastigotes of both the
cytokine (~2—4 fold reduction for IL-10) with increasing wild type (Ag83) and the antimony-resistant field isolate
concentration of C17 (Figure 7D). C17 treatment markedly (BHUS7S) without inducing any lethality in host cells (human

downregulation propels convalescence of VL in vivo.
Accordingly, C17-treated parasite-infected mice exhibited a
marked decline in the expression of the immunosuppressive

reduced TGF-f expression (2—4.7 fold after treatment) and murine). We showed that C17 stabilizes LdTopl—DNA
compared to the Ag83 infected mice and a concomitant covalent complex, and generates C17-induced DNA break
increase in the level of IL-4 (1.7-fold and 5-fold) production in formation in parasite culture which triggers apoptosis-like cell

death in both the Ag83 and BHUS7S parasites. C17 generates
persistent and less reversible DNA breaks when compared with
CPT after removal of the respective drugs from the culture
medium causing enhanced parasite killing. We also showed

all the experimental groups of mice (Figure 7D). The mRNA
transcript levels of cytokine genes were measure by RT-PCR
only. Taken together, these data advocate that C17 can

plausibly serve as an antileishmanial candidate through the that C17 exhibits antileishmanial activity as it markedly
switching of immune balance to the host protective Thl reduces both Ag83 and BHUS7S strains of L. donovani using
response in vivo. in vivo VL-infected mice model. The control of the progression

3422 https://doi.org/10.1021/acs.jmedchem.2c01932
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Figure 7. C17 markedly reduced the parasite burden in BALB/c mice by fine-tuning the Thl and Th2 cytokine responses. (A) Schematic
representation showing the protocol for the generation of the experimental murine model of Visceral Leishmaniasis (VL) using the Ag83/BHUS7S
promastigotes. In vivo antileishmanial property of C17 was studied in BALB/c mice infected with Ag83 or BHUS7S promastigotes via the
intracardiac route. C17 was given at a dosage of S and 10 mg/kg/day intraperitoneally for 3 weeks (2 times per week), starting on day 21
postinfection. Animals were sacrificed 10 days post drug treatment to determine the hepatic (B) and splenic (C) parasite load for all treatment
groups. Untreated and infected mice were used as controls. The parasite burden in the organs was determined by the stamp-smear method and
expressed as Leishman—Donovan Unit (LDU). Data represent mean SEM (n = S mice per group). *p < 0.05, **p < 0.01, and ***p < 0.00S
(Student’s ¢ test), indicate a significant difference in the change of parasite burden with C17 treatment as compared with infection control. (D)
Semiquantitative RT-PCR cytokine profiles of L. donovani infected and C17 treated infected Balb/c mice. Equivalent amounts of RNA from splenic
tissues of four groups of Balb/c (n = S) were used as the input for RT-PCR analysis, where the GAPDH gene was used as the housekeeping control
gene. A differential pattern of Th1 cytokine expression was observed following C17 administration in infected BALB/c mice. Splenocytes isolated
from Ag83-infected mice after indicated treatments were used for RNA extraction followed by RT-PCR. Downregulation of the Th2-cytokine
expression profile following treatment with C17 was obtained. *p < 0.0S, **p < 0.01, and ***p < 0.005 (Student’s ¢ test), indicate a significant
change in the levels of the indicated cytokines with C17 treatment as compared with the infection control.

of leishmaniasis is correlated with the switching of the cytokine conceivable that C17 treatment allowed the expansion of
balance from Thl to Th2 response.’’ An effective
leishmanicidal response evoked against L. donovani stems
from an IL-12-mediated Thl response leading to induction of
IFN-y production.”” We found that C17 therapy mounts a significant reduction in the systemic parasite load. Collectively,
polarized Thl response with an up-regulated IFN-y secretion, we provide compelling evidence that the novel PIQ_derivatives
with a marked increase in the pro-inflammatory cytokine TNF-
a which is thought to stimulate IL-12 driven IFN-y secretion
implicating a strong IL-12-driven IFN-y, and TNF-a which
might account for conferring the high levels of protection post- Further studies are warranted to explore whether C17 may
treatment. This up-regulated expression of IFN-y coupled drug develop resistance to antileishmanial therapy by
amplified IL-12 production bears a synergistic effect on the
activation of INOS®” and reduces the Th2-associated cytokines
IL-4, IL-10, and TGF-f responses which could be observed in

antileishmanial T-cell repertoire with a Thl tropism which is

contributing to the host protective cytokine production and a

as a promising antileishmanial drug candidate to overcome the

emerging cases of multidrug resistance and therapeutic failures.

generating point mutations in LdTop1.** Moreover, additional

steps are required for testing this drug resistance potential prior

the C17 treated mice. Considering the decrease in parasite to clinical trials and further validation will confirm the lab
burden as a function of increased C17 treatment, it is results to be used and practiced in the clinics.
3423 https://doi.org/10.1021/acs.jmedchem.2c01932
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B MATERIALS AND METHODS

Chemistry. General Information. Melting points were deter-
mined in open capillary tubes on an automated melting point
apparatus and are uncorrected. Reactions were monitored by using
thin layer chromatography (TLC) on 0.2 mm silica gel F,s, plates.
The chemical structures of final products were determined by their
NMR and mass analysis. NMR spectra were recorded on Bruker
Ascend 400. Chemical shifts are reported in parts per million (ppm)
using tetramethylsilane (TMS) as an internal standard or deuterated
solvent peak (CDCly and DMSO-d,). The HRMS data were recorded
on Agilent 6545 mass spectrometer with an electrospray ionization
and TOF mass analyzer. The HPLC data were recorded on Shimadzu
HPLC. All compounds are >95% pure by HPLC analysis. All other
chemicals and solvents were obtained from commercial suppliers and
used without further purification.

General Procedure for Synthesis of Pyrido[2’,1':2,3]imidazo[4,5-
cJquinolines. A mixture of 2-(2’-bromophenyl)imidazo[1,2-a]-
pyridine (0.366 mmol), aldehyde (0.439 or 1.09 mmol for
paraformaldehyde), sodium azide (0.549 mmol), Cul (20 mol%), L-
proline (30 mol%), DIPEA (1 eq.), and p-TsOH (0.5 eq.) were
stirred in DMSO (2.0 mL) at room temperature and then slowly
heated at 150 °C for 10 h. After cooling to ambient temperature, the
reaction mass was quenched with ice-cold aqueous solution of NH,Cl
(30 mL), filtered through celite bed, and washed with ethyl acetate
(20 mL). Filtrate was extracted with ethyl acetate (2 X 20 mL).
Organic layers were combined and again washed with ice-cold water
(2 X 30 mL). The organic layer was dried over anhydrous Na,SO,
and concentrated under reduced pressure. The desired product (C1—
C20) was isolated by column chromatography on silica gel (100—200
mesh) using ethyl acetate/hexane (20%, v/v) as eluent.

Pyrido[2’,1':2,3]imidazo[4,5-c]quinoline (C1). The general proce-
dure was used with 2-(2’-bromophenyl)imidazo[1,2-a]pyridine (4a)
(0.366 mmol) and paraformaldehyde (Sa) (1.04 mmol) as starting
material. Purified the crude compound by column chromatography on
silica gel (100—200 mesh) using ethyl acetate/hexane (80%, v/v) as
eluent and obtained C1 as off white solid; 46 mg (57%); mp 253 —
255 °C; 'H NMR (400 MHz, DMSO-ds + CDCL,) 6 9.77 (s, 1H),
9.31 (d, J = 6.7 Hz, 1H), 8.60 (d, ] = 7.7 Hz, 1H), 8.16 (d, ] = 8.2 Hz,
1H), 7.86 (d, ] = 9.1 Hz, 1H), 7.74 (t, ] = 7.1 Hz, 1H), 7.71 — 7.62
(m, 2H), 7.17 (t, ] = 6.7 Hz, 1H); 3C NMR (100 MHz, DMSO-d +
CDCL,) & 149.1, 145.9, 145.7, 137.9, 131.2, 129.8, 128.4, 127.6, 126.6,
122.7, 122.1, 117.5, 112.9; HRMS calculated for C,,H,,N; [M + H]*
220.0869, found 220.0868; HPLC purity 98.45%.

10-Methylpyrido[2’,1':2,3]imidazo[4,5-c]quinoline (C2). The gen-
eral procedure was used with 2-(2’-bromophenyl)-7-methylimidazo-
[1,2-a]pyridine (4b) (0.349 mmol) and paraformaldehyde (Sa) (1.04
mmol) as starting material. Purified the crude compound by column
chromatography on silica gel (100—200 mesh) using ethyl acetate/
hexane (80%, v/v) as eluent and obtained C2 as off white solid; 49 mg
(60%); mp 243—245 °C; '"H NMR (400 MHz, CDCl,) § 9.41 (s,
1H), 8.70 (d, ] = 7.6 Hz, 1H), 8.53 (d, ] = 6.9 Hz, 1H), 825 (d,] =
8.2 Hz, 1H), 7.79-7.74 (m, 1H), 7.71 (t, ] = 7.3 Hz, 1H), 7.61 (s,
1H), 6.85 (dd, J = 6.8, 0.8 Hz, 1H), 2.51 (s, 3H); *C NMR (100
MHz, CDCLy) 5 149.7, 146.7, 145.7, 142.1, 135.4, 129.7, 128.4, 126.6,
124.3,122.7, 116.4, 115.3, 22.0; HRMS calculated for C,;H,,N; [M +
H]* 234.1026, found 234.1028; HPLC purity 99.83%.

9-Methylpyrido[2’,1':2,3]imidazo[4,5-c]quinoline (C3). The gen-
eral procedure was used with 2-(2’-bromophenyl)-6-methylimidazo-
[1,2-a]pyridine (4c) (0.349 mmol) and paraformaldehyde (Sa) (1.04
mmol) as starting material. Purified the crude compound by column
chromatography on silica gel (100—200 mesh) using ethyl acetate/
hexane (80%, v/v) as eluent and obtained C3 as off white solid; 46 mg
(57%); mp 228—230 °C; 'H NMR (400 MHz, CDCl,) § 9.28 (s,
1H), 8.62 (d, ] = 7.7 Hz, 1H), 8.26 (s, 1H), 8.19 (d, ] = 8.2 Hz, 1H),
7.72 (t, ] = 7.0 Hz, 1H), 7.67—7.64 (m, 2H), 7.29-7.25 (m, 1H),
2.30 (s, 3H); *C NMR (100 MHz, CDCl;) 6 148.0, 146.1, 145.5,
135.6, 1334, 129.6, 1283, 126.6, 122.7, 122.6, 122.5, 122.0, 121.7,
117.1, 18.1; HRMS calculated for C;H,N; [M + H]" 234.1026,
found 234.1028; HPLC purity 99.28%.
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9-Bromopyrido[2’,1':2,3]imidazo[4,5-c]quinoline (C4). The gen-
eral procedure was used with 2-(2'-bromophenyl)-6-bromoimidazo-
[1,2-a]pyridine (4d) (0.349 mmol) and paraformaldehyde (Sa) (1.04
mmol) as starting material. Purified the crude compound by column
chromatography on silica gel (100—200 mesh) using ethyl acetate/
hexane (80%, v/v) as eluent and obtained C4 as off white solid; 42 mg
(51%); Light brown oil; 39 mg (46%); '"H NMR (400 MHz, CDCl,)
5947 (s, 1H), 8.78—8.76 (m, 1H), 8.71 (dd, ] = 8.0, 1.7 Hz, 1H),
8.28 (d, ] = 7.5 Hz, 1H), 7.88 (dd, ] = 9.7, 0.9 Hz, 1H), 7.83—7.79
(m, 1H), 7.75 (td, ] = 7.6, 7.0, 1.4 Hz, 1H), 7.57 (dd, ] = 9.7, 2.1 Hz,
1H; BC NMR (100 MHz, CDCl;) 5149.26, 146.61, 145.88, 135.84,
130.50, 129.86, 128.78, 127.01, 125.40, 122.85, 12220, 118.32,
112.82; HRMS for C,HsBrN; [M + H*] caled 297.9974 found
297.9982.

9-Chloropyrido[2',1':2,3]imidazo[4,5-c]quinoline (C5). The gen-
eral procedure was used with 2-(2’-bromophenyl)-6-chloroimidazo-
[1,2-a]pyridine (4e) (0.349 mmol) and paraformaldehyde (Sa) (1.04
mmol) as starting material. Purified the crude compound by column
chromatography on silica gel (100—200 mesh) using ethyl acetate/
hexane (80%, v/v) as eluent and obtained CS as off white solid; 42 mg
(51%); mp 260—262 °C; 'H NMR (400 MHz, CDCL,) § 9.49 (s,
1H), 8.79 (d, ] = 1.1 Hz, 1H), 8.74 (dd, ] = 8.0, 1.2 Hz, 1H), 8.30 (d,
J = 7.9 Hz, 1H), 7.90 (dd, ] = 9.7, 0.6 Hz, 1H), 7.86—7.81 (m, 1H),
7.80—7.75 (m, 1H), 7.59 (dd, J = 9.7, 2.0 Hz, 1H); *C NMR (100
MHz, CDCL,) § 147.3, 146.8, 145.8, 135.7, 131.6, 129.9, 129.0, 127.2,
123.3, 122.7, 122.0, 120.9, 118.6; HRMS calculated for C,,H,CIN,
[M + HJ* 254.0480, found 254.0479; HPLC purity 96.92%.

6-Phenylpyrido[2’,1':2,3]imidazo[4,5-c]quinoline (C6). The gen-
eral procedure was used with 2-(2’-bromophenyl)imidazo[1,2-a]-
pyridine (4a) (0.366 mmol) and benzaldehyde (5b) (0.439 mmol) as
starting material. Purified the crude compound by column
chromatography on silica gel (100—200 mesh) using ethyl acetate/
hexane (20%, v/v) as eluent and obtained C6 as off white solid; 70 mg
(65%); mp 207209 °C (Lit.*’ 207—208 °C); 'H NMR (400 MHz,
CDCL,) 6 8.82 (dd, J = 8.0, 1.1 Hz, 1H), 8.33 (dd, J = 8.3, 0.4 Hz,
1H), 8.07 (dt, ] = 7.0, 1.1 Hz, 1H), 7.95 (dt, J = 9.2, 1.1 Hz, 1H),
7.86—7.80 (m, 1H), 7.78—7.73 (m, 3H), 7.70—7.63 (m, 3H), 7.58—
7.52 (m, 1H), 6.81 (td, ] = 6.9, 1.2 Hz, 1H); 3C NMR (100 MHz,
CDCL,) § 149.7, 1482, 147.5, 145.0, 138.3, 130.0, 129.64, 129.62,
129.3, 1289, 128.7, 127.2, 126.6, 122.6, 121.5, 120.5, 118.1, 112.0;
HRMS calculated for C,oH;,N; [M + H]* 296.1182, found 296.1185;
HPLC purity 99.16%.

11-Methyl-6-phenylpyrido[2’,1':2,3]imidazo[4,5-c]quinoline
(C7). The general procedure was used with 2-(2'-bromophenyl)-8-
methylimidazo[1,2-a]pyridine (4f) (0.349 mmol) and benzaldehyde
(5b) (0.418 mmol) as starting material. Purified the crude compound
by column chromatography on silica gel (100—200 mesh) using ethyl
acetate/hexane (20%, v/v) as eluent and obtained C7 as off white
solid; 75 mg (70%); mp 234—236 °C (Lit.* 234—235 °C); 'H NMR
(400 MHz, CDCl,) & 8.88 (dd, J = 8.0, 1.2 Hz, 1H), 8.33 (d, ] = 8.2
Hz, 1H), 7.92 (d, ] = 6.9 Hz, 1H), 7.83—7.79 (m, 1H), 7.78—7.69 (m,
3H), 7.70—7.58 (m, 3H), 7.34 (dt, ] = 6.9, 1.3 Hz, 1H), 6.71 (t, ] =
6.9 Hz, 1H), 2.85 (s, 3H); *C NMR (100 MHz, CDCl;) § 150.3,
148.3, 147.2, 144.7, 138.1, 129.6, 129.3, 129.3, 128.82, 128.79, 128.5,
128.1, 126.4, 124.9, 122.9, 121.6, 120.9, 112.0, 17.7; HRMS calculated
for C,;H (N3 [M + H]* 310.1339, found 310.1340; HPLC purity
99.31%.

11-Methyl-6-(p-tolyl)pyrido[2’,1':2,3]imidazo[4,5-c]-quinoline
(C8). The general procedure was used with 2-(2'-bromophenyl)-8-
methylimidazo[1,2-a]pyridine (4f) (0.349 mmol) and 4-methylben-
zaldehyde (Sc) (0.418 mmol) as starting material. Purified the crude
compound by column chromatography on silica gel (100—200 mesh)
using ethyl acetate/hexane (20%, v/v) as eluent and obtained C8 as
off white solid; 84 mg (75%); mp 229—230 °C; 'H NMR (400 MHz,
CDCl,) 6 8.86 (dd, J = 8.0, 1.2 Hz, 1H), 8.31 (d, ] = 8.2 Hz, 1H),
7.99 (d, J = 6.9 Hz, 1H), 7.83—7.77 (m, 1H), 7.76—7.69 (m, 1H),
7.63 (d, ] = 8.0 Hz, 2H), 7.45 (d, ] = 7.8 Hz, 2H), 7.36—7.30 (m,
1H), 6.71 (t, ] = 6.9 Hz, 1H), 2.85 (s, 3H), 2.54 (s, 3H); 3C NMR
(100 MHz, CDCl,) § 150.2, 148.5, 147.1, 144.9, 139.5, 135.4, 129.9,
129.4, 1287, 1283, 128.0, 126.2, 125.0, 122.8, 121.6, 121.0, 111.8,
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21.5, 17.7; HRMS calculated for Cp,H (N3 [M + H]* 324.1495, found
324.1505; HPLC purity 99.18%.
6-(4-Chlorophenyl)-11-methylpyrido[2’,1':2,3]-imidazo[4,5-c]-
quinoline (C9). The general procedure was used with 2-(2-
bromophenyl)-8-methylimidazo[1,2-a]pyridine (4f) (0.349 mmol)
and 4-chlorobenzaldehyde (Sd) (0.418 mmol) as starting material.
Purified the crude compound by column chromatography on silica gel
(100—200 mesh) using ethyl acetate/hexane (20%, v/v) as eluent and
obtained C9 as off white solid; 73 mg (61%); mp 269—270 °C; 'H
NMR (400 MHz, CDCl,) § 8.85 (dd, J = 8.0, 1.1 Hz, 1H), 8.28 (d, J
= 7.8 Hz, 1H), 7.94 (d, ] = 6.9 Hz, 1H), 7.84—7.77 (m, 1H), 7.76—
7.69 (m, 3H), 7.68—7.61 (m, 2H), 7.38—7.30 (m, 1H), 6.74 (t, ] =
6.9 Hz, 1H), 2.84 (s, 3H); *C NMR (100 MHz, CDCl;) § 150.3,
147.2, 1469, 144.8, 136.8, 135.7, 130.3, 129.5, 129.4, 128.8, 128.5,
128.2, 126.5, 124.7, 122.8, 121.7, 120.7, 112.1, 17.7; HRMS calculated
for CyyH,5CIN, [M + H]* 344.0949, found 344.0951; HPLC purity
99.80%.
11-Methyl-6-(thiophen-2-yl)pyrido[2',1':2,3]-imidazo[4,5-c]-
quinoline (C10). The general procedure was used with 2-(2'-
bromophenyl)-8-methylimidazo[1,2-a]pyridine (4f) (0.349 mmol)
and thiophene-2-carbaldehyde (Se) (0.418 mmol) as starting
material. Purified the crude compound by column chromatography
on silica gel (100—200 mesh) using ethyl acetate/hexane (25%, v/v)
as eluent and obtained C10 as off white solid; 78 mg (71%); mp
215-217 °C; '"H NMR (400 MHz, CDCl;) 6 8.86 (dd, ] = 8.0, 1.2
Hz, 1H), 8.30 (d, J = 8.1 Hz, 1H), 8.25 (d, ] = 7.0 Hz, 1H), 7.82—
7.78 (m, 1H), 7.76—=7.72 (m, 1H), 7.66 (dd, J = 5.2, 1.2 Hz, 1H),
7.51=7.47 (m, 1H), 7.36 (dt, ] = 6.9, 1.2 Hz, 1H), 7.33—7.31 (m,
1H), 6.79 (t, ] = 6.9 Hz, 1H), 2.85 (s, 3H); *C NMR (100 MHz,
CDCLy) & 150.3, 147.2, 144.8, 141.6, 139.6, 129.52, 128.8, 128.5,
1283, 1282, 128.1, 127.6, 126.7, 125.0, 122.8, 121.8, 121.3, 112.0,
17.7; HRMS calculated for C,,H ,N,S [M + H]* 316.0903, found
316.0905; HPLC purity 98.46%.
11-Methyl-6-(pyridin-2-yl)pyrido[2’,1':2,3]imidazo[4,5-c]-
quinoline (C11). The general procedure was used with 2-(2'-
bromophenyl)-8-methylimidazo[1,2-a]pyridine (4f) (0.349 mmol)
and picolinaldehyde (Sf) (0.418 mmol) as starting material. Purified
the crude compound by column chromatography on silica gel (100—
200 mesh) using ethyl acetate/hexane (25%, v/v) as eluent and
obtained C11 as light brown solid; 60 mg (55%); mp 231-233 °C;
'H NMR (400 MHz, CDCl,) 5 8.90 (dd, J = 8.0, 1.2 Hz, 1H), 8.88—
8.85 (m, 1H), 8.82 (d, J = 7.0 Hz, 1H), 8.31 (d, J = 8.0 Hz, 2H), 8.06
(td, ] = 7.7, 1.8 Hz, 1H), 7.84—7.79 (m, 1H), 7.78—7.73 (m, 1H),
7.57—7.53 (m, 1H), 7.38 (dt, ] = 6.8, 1.3 Hz, 1H), 6.82 (t, ] = 6.9 Hz,
1H), 2.86 (s, 3H); *C NMR (100 MHz, CDCL,) § 157.3, 150.5,
148.6, 148.0, 146.7, 144.6, 137.8, 129.5, 128.7, 128.6, 127.6, 127.4,
126.8, 125.4, 124.4, 123.0, 122.1, 121.3, 111.5, 17.7; HRMS calculated
for C,0H;sN, [M + H]* 311.1291, found 311.1295; HPLC purity
99.32%.
10-Methyl-6-phenylpyrido[2’,1':2,3]imidazo[4,5-c]quinoline
(C12). The general procedure was used with 2-(2’-bromophenyl)-7-
methylimidazo[1,2-a]pyridine (4b) (0.349 mmol) and benzaldehyde
(5b) (0.418 mmol) as starting material. Purified the crude compound
by column chromatography on silica gel (100—200 mesh) using ethyl
acetate/hexane (20%, v/v) as eluent and obtained C12 as off white
solid; 73 mg (68%); mp 223—225 °C; 'H NMR (400 MHz, CDCL,) &
8.79 (dd, ] = 8.0, 1.0 Hz, 1H), 8.31 (d, ] = 8.2 Hz, 1H), 7.92 (d, ] =
7.1 Hz, 1H), 7.83—7.78 (m, 1H), 7.77—7.71 (m, 3H), 7.68 (s, 1H),
7.67—7.62 (m, 3H), 6.62 (dd, ] = 7.1, 1.5 Hz, 1H), 2.50 (s, 3H); *C
NMR (100 MHz, CDCL,) & 150.3, 147.9, 147.8, 145.1, 141.6, 138.4,
129.6, 129.5, 129.3, 128.7, 1264, 1262, 122.6, 121.5, 1204, 116.3,
114.7, 21.8; HRMS calculated for C, H;(N; [M + H]* 310.1339,
found 310.1341; HPLC purity 97.72%.
10-Methyl-6-(p-tolyl)pyrido[2',1':2,3]imidazo[4,5-c]-quinoline
(C13). The general procedure was used with 2-(2’-bromophenyl)-7-
methylimidazo[1,2-a]pyridine (4b) (0.349 mmol) and 4-methylben-
zaldehyde (5c) (0.418 mmol) as starting material. Purified the crude
compound by column chromatography on silica gel (100—200 mesh)
using ethyl acetate/hexane (20%, v/v) as eluent and obtained C13 as
off white solid; 78 mg (70%); mp 240—241 °C; 'H NMR (400 MHz,

3425

CDCl,) 68.77 (d,] = 7.6 Hz, 1H), 8.29 (d, J = 8.3 Hz, 1H), 7.98 (d, ]
=7.1 Hz, 1H), 7.78 (t, ] = 7.0 Hz, 1H), 7.71 (t, ] = 7.3 Hz, 1H), 7.66
(s, 1H), 7.63 (d, ] = 7.9 Hz, 2H), 7.44 (d, ] = 7.7 Hz, 2H), 6.61 (d, ] =
6.1 Hz, 1H), 2.53 (s, 3H), 2.47 (s, 3H); *C NMR (100 MHz,
CDCL,) 8 150.2, 148.1, 147.5, 145.0, 141.6, 139.5, 135.4, 129.9, 129.5,
1287, 128.6, 126.3, 1262, 122.6, 1214, 1204, 1162, 114.6, 21.8,
21.5; HRMS calculated for C,,H;gN; [M + H]* 324.1495, found
324.1498; HPLC purity 95.23%.
6-(4-Methoxyphenyl)-10-methylpyrido[2’,1':2,3]-imidazo[4,5-c]-
quinoline (C14). The general procedure was used with 2-(2'-
bromophenyl)-7-methylimidazo[ 1,2-a]pyridine (4b) (0.349 mmol)
and 4-methoxybenzaldehyde (5g) (0.418 mmol) as starting material.
Purified the crude compound by column chromatography on silica gel
(100—200 mesh) using ethyl acetate/hexane (20%, v/v) as eluent and
obtained C14 as off white solid; 76 mg (64%); mp 248—250 °C; 'H
NMR (400 MHz, CDCL,) 5 8.76 (d, ] = 7.9 Hz, 1H), 8.28 (d, ] = 8.3
Hz, 1H), 8.03 (d, ] = 7.1 Hz, 1H), 7.81—7.75 (m, 1H), 7.74—7.63 (m,
4H), 7.16 (d, ] = 8.6 Hz, 2H), 6.62 (dd, ] = 7.1, 1.3 Hz, 1H), 3.96 (s,
3H), 2.48 (s, 3H); *C NMR (100 MHz, CDCl;) § 160.6, 150.2,
147.8, 147.6, 145.1, 141.5, 130.7, 130.2, 129.4, 128.7, 126.3, 1262,
122.6, 121.4, 1205, 1162, 114.64, 114.61, 55.5, 21.8; HRMS
calculated for C,,H;{N3;O [M + H]* 340.1444, found 340.1447;
HPLC purity 97.61%.
6-(p-Tolyl)pyrido[2',1':2,3]imidazo[4,5-c]quinoline (C15). The
general procedure was used with 2-(2’-bromophenyl)imidazo[1,2-
alpyridine (4a) (0.366 mmol) and 4-methylbenzaldehyde (5c)
(0.439 mmol) as starting material. Purified the crude compound by
column chromatography on silica gel (100—200 mesh) using ethyl
acetate/hexane (20%, v/v) as eluent and obtained C15 as off white
solid; 79 mg (70%); mp 237—239 °C (Lit.*° 239240 °C); 'H NMR
(400 MHz, CDCl,) 5 8.81 (dd, J = 8.0, 1.1 Hz, 1H), 8.32 (d, ] = 8.3
Hz, 1H), 8.14 (d, J = 7.0 Hz, 1H), 7.93 (d, ] = 9.1 Hz, 1H), 7.85—
7.78 (m, 1H), 7.78=7.71 (m, 1H), 7.64 (d, ] = 8.0 Hz, 2H), 7.57—
7.51 (m, 1H), 7.46 (d, ] = 7.8 Hz, 2H), 6.81 (t, ] = 6.9 Hz, 1H), 2.54
(s, 3H); *C NMR (100 MHz, CDCl;) 6 149.7, 148.4, 147.4, 145.1,
139.6, 135.5, 130.0, 129.9, 129.6, 128.8, 128.6, 127.3, 126.5, 122.6,
121.5,120.5, 118.0, 111.9, 21.5; HRMS calculated for C,,H N3 [M +
H]* 310.1339, found 310.1322; HPLC purity 97.67%.
6-(4-Chlorophenyl)pyrido[2’,1':2,3]imidazo[4,5-c]quinoline
(C16). The general procedure was used with 2-(2’-bromophenyl)-
imidazo[1,2-a]pyridine (4a) (0.366 mmol) and 4-chlorobenzaldehyde
(5d) (0.439 mmol) as starting material. Purified the crude compound
by column chromatography on silica gel (100—200 mesh) using ethyl
acetate/hexane (20%, v/v) as eluent and obtained C16 as off white
solid; 70 mg (58%); mp 255—257 °C; 'H NMR (400 MHz, CDCl;) §
8.81 (dd, J = 8.0, 1.1 Hz, 1H), 8.30 (d, J = 8.0 Hz, 1H), 8.12 (d, ] =
7.0 Hz, 1H), 7.96 (d, ] = 9.1 Hz, 1H), 7.86—7.80 (m, 1H), 7.79-7.74
(m, 1H), 7.74—7.63 (m, 4H), 7.60—7.55 (m, 1H), 6.87 (td, ] = 6.9,
1.0 Hz, 1H); *C NMR (100 MHz, CDCl,) § 149.7, 147.6, 146.9,
145.0, 136.8, 135.8, 130.3, 130.1, 129.6, 129.1, 127.0, 126.8, 122.7,
121.5, 120.3, 1182, 112.2; HRMS calculated for C,H,;CIN; [M +
H]* 330.0793, found 330.0794; HPLC purity 99.80%.
6-(3,4,5-Trimethoxyphenyl)pyrido[2',1':2,3]-imidazo[4,5-c]-
quinoline (C17). The general procedure was used with 2-(2'-
bromophenyl)imidazo[1,2-a]pyridine (4a) (0.366 mmol) and 3,4,5-
trimethoxybenzaldehyde (Sh) (0.439 mmol) as starting material.
Purified the crude compound by column chromatography on silica gel
(100—200 mesh) using ethyl acetate/hexane (30%, v/v) as eluent and
obtained C17 as off white solid; 92 mg (65%); mp 244—245 °C; 'H
NMR (400 MHz, CDCl;) § 8.82 (dd, J = 8.0, 1.2 Hz, 1H), 8.33 (d, J
= 8.3 Hz, 1H), 8.15 (d, ] = 7.0 Hz, 1H), 7.96 (d, J = 9.1 Hz, 1H),
7.84—7.82 (m, 1H), 7.79—7.75 (m, 1H), 7.61—7.56 (m, 1H), 6.94 (s,
2H), 6.88 (td, ] = 6.9, 1.1 Hz, 1H). 3C NMR (100 MHz, CDCL,) §
154.1, 149.7, 147.9, 147.4, 144.9, 138.9, 133.6, 130.1, 129.5, 129.02,
127.4, 126.7, 122.7, 121.5, 120.3, 118.0, 112.2, 10S.5, 61.1, 56.3;
HRMS calculated for Cy;H,)N;O0; [M + HJ]* 386.1499, found
386.1504; HPLC purity 98.52%.
6-(4-Nitrophenyl)pyrido[2’,1':2,3]imidazo[4,5-c]quinoline (C18).
The general procedure was used with 2-(2’-bromophenyl)imidazo-
[1,2-a]pyridine (4a) (0.366 mmol) and 4-nitrobenzaldehyde (5i)
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(0.439 mmol) as starting material. Purified the crude compound by
column chromatography on silica gel (100—200 mesh) using ethyl
acetate/hexane (25%, v/v) as eluent and obtained C18 as yellow
solid; 66 mg (53%); mp 271-273 °C (Lit.*’ 285—286 °C); '"H NMR
(400 MHz, CDCl,) 6 8.83 (dd, ] = 8.0, 1.2 Hz, 1H), 8.55 (dt, J = 8.7,
1.9 Hz, 2H), 8.31 (dd, ] = 8.2, 0.7 Hz, 1H), 8.05 (dt, ] = 7.0, 1.0 Hz,
1H), 8.02—7.96 (m, 3H), 7.88—7.84 (m, 1H), 7.82—7.8 (m, 1H),
7.62—7.58 (m, 1H), 6.89 (td, ] = 6.9, 1.2 Hz, 1H); 3C NMR (100
MHz, CDCl,) 5 149.9, 148.6, 147.8, 145.4, 144.9, 144.6, 130.3, 130.2,
129.7, 1294, 127.3, 126.7, 124.5, 122.8, 121.6, 120.0, 118.5, 112.6;
HRMS calculated for C,yH3N,O, [M + HJ* 341.1033, found
341.1032; HPLC purity 99.88%.

6-(3-Nitrophenyl)pyrido[2’,1':2,3]imidazo[4,5-c]quinoline (C19).
The general procedure was used with 2-(2’-bromophenyl)imidazo-
[1,2-a]pyridine (4a) (0.366 mmol) and 3-nitrobenzaldehyde (5j)
(0.439 mmol) as starting material. Purified the crude compound by
column chromatography on silica gel (100—200 mesh) using ethyl
acetate/hexane (25%, v/v) as eluent and obtained C19 as yellow
solid; 68 mg (55%); mp 219—221 °C; 'H NMR (400 MHz, CDCl,) §
8.84 (dd, J = 8.0, 1.2 Hz, 1H), 8.71 (t, J = 1.8 Hz, 1H), 8.54—8.51 (m,
1H), 8.31 (dd, J = 8.4, 0.8 Hz, 1H), 8.16—8.13 (m, 1H), 8.06 (d, ] =
7.0 Hz, 1H), 8.00 (d, ] = 9.2 Hz, 1H), 7.91—7.84 (m, 2H), 7.82—7. 80
(m, 1H), 7.63—7.58 (m, 1H), 6.89 (td, ] = 6.9, 1.1 Hz, 1H); C
NMR (100 MHz, CDCl;) 5 149.9, 148.7, 147.9, 145.1, 144.9, 140.1,
134.9, 1304, 130.3, 129.6, 129.4, 127.3, 126.6, 124.4, 1242, 122.8,
121.6, 120.1, 118.5, 112.6; HRMS calculated for C,,H;3N,O, [M +
H]* 341.1033, found 341.1033; HPLC purity 99.56%.

6-(2-Nitrophenyl)pyrido[2’,1':2,3]imidazo[4,5-c]quinoline (C20).
The general procedure was used with 2-(2’-bromophenyl)imidazo-
[1,2-a]pyridine (4a) (0.366 mmol), and 2-nitrobenzaldehyde (5k)
(0.439 mmol) as starting material. Purified the crude compound by
column chromatography on silica gel (100—200 mesh) using ethyl
acetate/hexane (25%, v/v) as eluent and obtained C20 as yellow
solid; 56 mg (45%); mp 219221 °C; 'H NMR (400 MHz, CDCL,) &
8.84 (dd, J = 7.8, 1.4 Hz, 1H), 8.38 (dd, J = 8.2, 1.1 Hz, 1H), 8.23—
8.22 (m, 1H), 7.98 (dt, ] = 9.2, 1.2 Hz, 1H), 7.92 (td, ] = 7.5, 1.3 Hz,
1H), 7.86—7.84 (m, 1H), 7.82 (dt, ] = 9.1, 1.8 Hz, 1H), 7.72-7.76
(m, 1H), 7.71 (dd, J = 7.5, 1.4 Hz, 1H), 7.68 (dt, ] = 7.0, 1.0 Hz, 1H),
7.58—7.53 (m, 1H), 6.81 (td, J = 6.9, 1.1 Hz 1H); *C NMR (100
MHz, CDCl,) 5 149.6, 148.1, 147.0, 144.8, 144.2, 134.4, 133.5, 131.7,
130.7, 130.1, 129.5, 129.1, 127.1, 125.9, 125.3, 122.8, 121.8, 120.8,
118.3, 112.7; HRMS calculated for C,yH,;N,O, [M + H]* 341.1033,
found 341.1026; HPLC purity 98.90%.

6-(3,4-Dimethoxyphenyl)pyrido[2’,1':2,3]imidazo[4,5-c]-
quinoline (C21). The general procedure was used with 2-(2'-
bromophenyl)imidazo[1,2-a]pyridine (4a) (0.366 mmol) and 3,4-
dimethoxybenzaldehyde (SI) (0.439 mmol) as starting material.
Purified the crude compound by column chromatography on silica gel
(100—200 mesh) using ethyl acetate/hexane (50%, v/v) as eluent and
obtained C21 as off white solid; 79 mg (61%); mp 235 — 237 °C; 'H
NMR (400 MHz, CDCl,) 6 8.77 (dd, ] = 8.0, 1.6 Hz, 1H), 8.29 (d,
= 8.2 Hz, 1H), 8.16—8.12 (m, 1H), 7.93—7.89 (m, 1H), 7.81-7.76
(m, 1H), 7.73—7.68 (m, 1H), 7.55=7.49 (m, 1H), 7.28—7.26 (m,
2H), 7.13—7.09 (m, 1H), 6.80 (td, ] = 6.9, 1.2 Hz, 1H), 4.02 (s, 3H),
3.95 (s, 3H); *C NMR (100 MHz, CDCl;) 6 150.2, 149.7, 149.7,
148.0, 144.9, 130.7, 130.0, 129.4, 128.9, 127.3, 126.5, 122.6, 121.4,
121.3, 120.5, 119.9, 118.0, 112.0, 111.7, 111.6, 77.4, 56.1; HRMS
calculated for C,,H;gN;O, [M + H]" 356.1394, found 386.1504;
HPLC purity 98.45%.

Animal Ethics Statement. The study was approved by and
carried out under the guidelines of the Ethical Committee of the
Indian Association for the Cultivation of Science, Kolkata. All subjects
who participated in this study provided informed consent in writing
according to the Indian Association for the Cultivation of Science
guidelines and approval. The animal experiments were approved by
the Animal Ethical Committee of the institute, according to the
National Regulatory Guidelines issued by the Committee for the
Purpose of Control and Supervision on Experimental Animals
(CPCSEA), under the Division of Animal Welfare, Ministry of
Environment and Forest, Government of India.
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Chemicals. 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazo-
lium-bromide (MTT), dimethyl sulfoxide (DMSO), isopropyl-f-p-
thiogalactoside (IPTG), camptothecin (CPT), amphotericin B,
penicillin, and streptomycin were purchased from Sigma-Aldrich
(St. Louis, MO, USA). CPT and C17 were dissolved in 100% DMSO
(Sigma) at a concentration of 10 mM and stored at —20 °C.

Parasite Maintenance and Culture. The Leishmania donovani
cells were cultured in M199 containing 10% (v/v) heat-inactivated
fetal bovine serum (FBS) supplemented with 100 IU/mL of penicillin
and 100 mg/mL of streptomycin at 22 °C. Promastigotes were
obtained from amastigotes of the spleens of infected hamsters and
were cultured in 10% (v/v) heat-inactivated FBS for 3—S days at 22
°C. The antimony-resistant field isolates MHOM/IN/2009/
BHUS575/0 (BHU-575) strains of Leishmania donovani cells were
cultured as discussed previously and utilized for the experiments.*”**

Cell Extracts. Cellular extracts from Ag83 or BHUS7S cells were
prepared as described previously.””*® Briefly, cells were lysed in buffer
(10 mM Tris-HC], pH 7.5, 0.1 mM EGTA, 1 mM EDTA, 1 mM
PMSF, S mM DTT, and 1 mM Benzamidine hydrochloride),
homogenized and was centrifuged at 10,000 rpm for 10 min at 4
°C. The lysate was utilized as the source of the endogenous LdTopl
enzyme for plasmid DNA relaxation assays.

Purification of Recombinant Leishmania Bisubunit Top1
(LdTop1). The large (LATOPI1L, 73 kDa) and the small (LdTOP1S,
29 kDa) subunits of LdTopl were cloned in pET16b sepa-
rately."**7*%  Escherichia coli BL21(DE3)/pLysS cells harboring
pET16b-LdATOPIL and pET16b-LdTOP1S were separately induced
at an optical density of 0.6 at 600 nm with 0.5 mM IPTG (isopropyl-
p-p-thiogalactoside) at 22 °C for 12 h. Cells were separately lysed by
lysozyme and then sonicated. The proteins were purified through Ni-
NTA column (Qiagen, Hilden, Germany) followed by a phospho-
cellulose column (P11 cellulose; Whatman, Maidstone, Kent, United
Kingdom). Both the subunits were mixed at a molar ratio of 1:1 at a
total protein concentration of 0.5 mg/mL in reconstitution buffer and
dialyzed overnight at 4 °C as described.'**”**

Recombinant Human Top1 Purification. The recombinant
human Topl was purified from Sf-9 insect cells which were infected
with the recombinant baculovirus (a kind gift from Prof. James J.
Champoux) as described previously.”>>**!

Plasmid DNA Relaxation Assay. DNA topoisomerases were
assayed by decreased mobility of the relaxed isomers of supercoiled
pBluescript SK(+) [pBS SK(+)] DNA at 37 °C for 30 min in 1%
agarose gel. > >**! LdTop1 was diluted in the relaxation buffer (25
mM Tris-HCI [pH 7.5], 5% glycerol, 0.5 mM DTT, 10 mM MgCl,,
50 mM KCl, 25 mM EDTA, and 150 pug/mL bovine serum albumin
[BSA]) and supercoiled plasmid pBS SK(+) DNA (85 to 95% were
negatively supercoiled, with the remaining being nicked circles). For
recombinant human Topl, the relaxation assay was carried out as
described elsewhere.”> >

Ex vivo relaxation assays were carried out with whole-cell extracts
obtained from indicated cells as described.””** Briefly, the equivalent
amount of whole-cell extracts from indicated cells was incubated with
supercoiled pBS SK(+) DNA (200 ng) in the relaxation buffer (25
mM Tris-HCI [pH 7.5], 10 mM MgCl2, 5% glycerol, SO mMKC], 0.5
mM DTT, 25 mM EDTA, and 150 mg/mL bovine serum albumin
[BSA]) at 37 °C for 30 min and products from relaxation assay were
analyzed by agarose gel electrophoresis as discussed before.

Plasmid DNA Cleavage Assay. For cleavage assay, 50 fmol of
pBS SK(+) supercoiled DNA and 100 fmol of reconstituted

LSco or recombinant human Topl were incubated in a standard
reaction mixture (S0 yL) containing S0 mM Tris-HCI (pH 7.5), 100
mM KC], 10 mM MgCI2, 0.5 mM DTT, 0.5 mM EDTA, and 30 ug/
mL BSA*”*® at 37 °C for 30 min. The reactions were terminated by
adding 1% SDS and 150 pg/mL proteinase K, and the mixtures were
further incubated for 1 h at 370C. DNA samples were electrophoresed
in 1% agarose gel containing 0.5 yig/mL EtBr to resolve more slowly
migrating nicked product (form II) from the supercoiled molecules
(form I).

Oligonucleotide Cleavage Assay. Equilibrium cleavage assays
with a 25-mer duplex of an oligonucleotide containing a Top1 binding

https://doi.org/10.1021/acs.jmedchem.2c01932
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motif were labeled and annealed as described previously.”® Samples
were analyzed by 12% sequencing gel electrophoresis, dried, exposed
on PhosphorImager screens, and imaged with Typhoon FLA 7000
(GE Healthcare, UK).

Analysis of Compound 17—-DNA Intercalation. The ability of
the drug to intercalate into plasmid DNA was determined by the
Topl unwinding assay.”*® Assays were performed with 50 fmol of
pBluscript (SK+) DNA in the presence or absence of C17, m-AMSA,
and etoposide. Relaxed DNA was prepared by treatment of the
supercoiled plasmid DNA with an excess of LdTopl, followed by
proteinase K digestion at 37 °C, phenol/chloroform extraction, and
ethanol precipitation. After incubation at 37 °C for 15 min, reactions
were terminated and electrophoresed onto 1% agarose gel as
described above.””** The DNA band was stained with 0.5 pg/mL
of EtBr and visualized by UV light as described above.

Second, an ethidium displacement fluorescence assay’>>® was
employed to determine whether compound 17 binds in the minor
groove of DNA. Fluorescence emission spectra (A, = S90 nm,
excitation wavelength 510 nm) were obtained at 25 °C. The assays
contained 1 #M EtBr, 0—300 mM compound 28, and S nM CT DNA
in 2 mL of fluorescence buffer.

Cell Cycle Analysis. DNA synthesis or replication was measured
by flow cytometry analysis (FACS). L. donovani promastigote (2.5 X
10° cells) were treated with camptothecin or C17 (5 uM) for the
indicated time, harvested, and washed several times with PBS (1x).
Fixation and staining of cells were performed and were analyzed via
flow cytometry as discussed previously.”” Detection of cells in
individual G1, S, and G2/M phases of the cell cycle was carried out
using a Becton Dickson flow cytometer and further data were
processed by BD FACS Scan Software (San Diego, CA).

DNA Laddering Experiment. Fragmentation of DNA into
oligonucleosomal bands, as a function of apoptotic cell death, was
studied by DNA laddering assay as described before.*" Briefly, the
treated and untreated cells were suspended in 500 uL of extraction
buffer followed by incubation on ice for 30 min and centrifuged at
15000g for S min. Isolated DNA aliquots were electrophoresed on
1.5% agarose gel containing ethidium bromide (0.5 pg/mL), using
Tris- acetate-EDTA (pH 8.0) running buffer, and then observed and
photographed under UV illumination in a BioRad gel documentation
system (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

SDS-KCI Precipitation Assay. For C17-induced protein—DNA
complex determination, L. donovani promastigotes were labeled with
1X BrdU for 24 h and exposed to different concentrations of CPT,
C17, and Topl catalytic inhibitor (HR8) for 30 min. Cells were
pelleted and permeabilized by incubation at 60 °C for 10 min in the
presence of 2.5% (wt/vol) SDS, 0.8 mg/mL salmon sperm DNA, and
10 mM EDTA. After the addition of 65 mM KClI, the reaction mixture
was incubated on ice for 60 min. The pellet was resuspended in 100
mM KCI (10 min at 65 degrees) followed by the repetition of the
washing step. The resulting pellet was resuspended in anti-BrdU
(Alexa-488 conjugated) antibody for 2 h, followed by a 1X PBS wash
and spectrophotometric reading at 488 nm.

Measurement of Cell Viability. The viability of the Leishmania
donovani promastigotes was measured by MTT assay.””>¥*>>* All
ECy, values were calculated by using the nonlinear variable slope
model for finding ECy, in Prism (ver. 5.0; GraphPad Software, USA).

Terminal Deoxyribonucleotide Transferase (TdT)-Mediated
dUTP Nick-End Labeling (TUNEL) Assay. TUNEL assay was
performed according to the manufacturer’s instructions (ApoDirect
Kit, BD Biosciences, Cat. 556381). Briefly, CPT/C17 treated and
untreated promastigotes were harvested by centrifugation and fixed by
adding S mL of fresh, prechilled 1% paraformaldehyde/PBS. The cell
suspension was centrifuged for 5 min at 300g, and the pellets
resuspended in 0.5 mL of PBS were then permeabilized by adding S
mL of 70% ice-cold ethanol and incubated at —20 °C for at least 24 h
before staining. The cells were then resuspended in 80 uL of
equilibration buffer and incubated at room temperature for S min.
The cells were washed with PBS and resuspended in 50 yL of TdT
incubation buffer and incubated at 37 °C in a water bath for 60 min,
followed by the addition of 20 mM EDTA to terminate the reaction,
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and mixed by gentle vortexing. The cells were pelleted down by
centrifugation and resuspended in 1 mL of 0.1% Triton X-100/BSA/
PBS. The cells were then resuspended gently in 0.5 mL of PI/RNase/
PBS to stain with PI following incubation at room temperature in the
dark for 1S + 30 min and spread on polylysine-coated glass slides.
They were analyzed by confocal microscopy.

Double Staining with Annexin V and PI. The externalization of
phosphatidyl-serine of indicated promastigotes with or without
treatment of C17 or CPT was measured by attachment of FITC-
annexin V and PI by an annexin V-FITC staining kit (Invitrogen
Incorporation, Ltd.). Flow cytometry was also performed for treated
and untreated parasites. The gating was fixed in such a way that the
mean intensity of FITC-annexin V and the mean intensity of PI were
depicted by FL-1 and FL-2 channels, respectively. The data presented
are the mean of three independent experiments.>”

In vitro Macrophage Infection. Macrophages were isolated from
Balb/c mice 36—48 h postinjection (intraperitoneal) with 2% (w/v)
hydrolyzed starch by peritoneal lavage with ice-cold phosphate-
buffered saline. In vitro infection with promastigotes was carried out as
described previously.”” C17 was added to infected macrophages and
left for another 48—96 h period. Cells were then fixed in methanol
and stained with Propidium Iodide (PI). Percentages of infected cells
and the total number of intracellular parasites were determined by
manual counting in at least 200 cells using a fluorescent microscope.

In vivo Studies. For experimental visceral infections, female
BALB/c mice (4 weeks old and 20—25 g each) were divided into the
following groups: (i) uninfected control group (ii) infection control
group infected with Ag83 and BHUS7S separately and (ii) two
treatment groups for each infection group viz. Five and 10 mg C17/kg
body weight, respectively. Each group consisted of S animals. The
animals were injected via the intracardiac route with 2 X 107 hamster
spleen-transformed L. donovani promastigotes (suspended in 200 mL
of 0.02 M PBS per mouse).”” Three weeks postinfection, C17 was
administered to infected animals via intraperitoneal routes separately
twice a week for 3 weeks. Visceral infection was determined by
Giemsa-stained impression smears of spleen and liver from 6-week
infected mice and reported as Leishman—Donovan Units (LDU),
calculated as the number of parasites per 1000 nucleated cells X organ
weight in mg,**** as well as by the Limiting Dilution Assay.**** For
LDA calculation, a 1 mg/mL (w/v) organ suspension (spleen or liver)
prepared in Schneider drosophila media was serially diluted and
cultured at 22 °C for 2 weeks. Parasite burden was expressed as a 10
fold logarithm scale of the highest dilution containing viable parasites,
and the mean values of five mice per group were represented. All the
animals were euthanized by carbon dioxide exposure.

RT-PCR for mRNA Expression of Cytokines. Total RNA was
isolated from 1 mg organ (in presence of liquid nitrogen) of different
control and treatment groups of Balb/c mice used for the study, using
TriZOL method (15596018, Invitrogen), which includes deoxyribo-
nuclease (AMPDI; Sigma-Aldrich) treatment for each sample. The
RNA pellet obtained was dissolved in diethyl pyrocarbonate (DEPC)
treated water and the concentration was measured using a UV—visible
spectrophotometer. An aliquot of 2 ug of RNA was reverse-
transcribed using a reverse transcription kit (4368814, Applied
Biosystems). For RT-PCR, 2 uL of cDNA, 0.5 L of 25 nM primer
pairs of the respective gene as well as internal control, S yL of SYBR
green master mix (A25742, Applied Biosystems), and nuclease free
water were added in 10 uL of reaction mixture, and PCR was
performed in ABI 7500 thermocycler (Applied Biosystems) software
and fold change was calculated using the following formula:

fold change = 27AACt;
AADCt = (ACtexperiment - Athontrol);
(ACt = ACtgene - ACtActin)

All the experiments were performed in triplicate, and mouse S-actin
was used as a reference gene. Details of primers are provided in Table
S1. A negative control containing all reaction components except the
reverse transcriptase enzyme was included and subjected to RT-PCR
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to confirm the absence of DNA contamination in RNA. The primers
used for the experiment have been enlisted Table SI.

DNA Isolation from Blood and Parasites. Blood samples were
collected in heparinized tubes. DNA extraction was performed using
QIAamp DNA Blood mini kits (Qiagen, Germany) from whole blood
or organs according to the manufacturer’s instructions. DNA was
isolated from 400 yL of sample and eluted in 25 yL elution buffer. A
stock solution of L. donovani DNA was also obtained by extraction
(QlAamp DNA mini kit, Qiagen, Germany) from 2.5 X 10°
promastigotes. After eluting in 25 uL of elution buffer, assuming
the extraction was nearly 100% efficient, the DNA concentration
corresponded to 10° parasites/uL. All the DNAs were stored at —20
°C until use.

qPCR Assay for the Estimation of Parasite Burden in Mice.
SYBR Green-based real-time PCR was applied for quantification of
the Leishmania parasites in mice blood. For accurate sensitivity, L.
donovani-specific kinetoplast DNA was chosen as the target region.
The PCR was performed in a final volume of 20 yL containing 10 uL
of SYBR Green master mixture, 3 yL of MiliQ water, 5 yL of DNA
template, and 1 uL (S0 pmol/uL) of forward and reverse primers, 5'-
CTTTTCTGGTCCTCCGGGTAGG-3" and 5'-CCACCCGGCCC-
TATTTTACACCAA-3', respectively. To construct the standard
curve 10-fold serially diluted L. donovani DNA stocks corresponding
to 10%, 10, 10% 107 10, and 1 parasite/uL were included in the assay.
The thermal cycling conditions included an initial incubation at 50 °C
for 2 min, followed by a 10 min denaturation at 95 °C and 40 cycles at
95 °C for 15 s and 60 °C for 1 min each. Each sample was tested in
triplicate. Negative controls with no template were included in each
plate to deal with contamination issues. For all the real-time PCR
reactions we used specific primers for the constitutively expressed
GAPDH gene as a quality control to verify the integrity of the DNA
samples. Threshold cycle values (Ct) were calculated by determining
the point at which the fluorescence exceeded the threshold limit
plotted against known concentrations of parasite DNA, and the
parasite load of Balb/c mice was then determined using the standard
curve.

Statistical Calculations. Results are reported as mean SEM and
statistical significance was determined with the unpaired t test with
Welch’s or Mann—Whitney correction test by GraphPad Software,
LLC.
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Abstract

Leishmania donovani, a unicellular protozoan parasite, causes a wide range
of human diseases including fatal visceral leishmaniasis. Tyrosyl DNA-
phosphodiesterase 1 (TDP1) hydrolyzes the phosphodiester bond between DNA
3’-end and a tyrosyl moiety of trapped topoisomerase I-DNA covalent complexes
(Toplcc). We have previously shown Leishmania harbors a TDP1 gene (LdTDP1),
however, the biological role of TDP1 remains largely unknown. In the present
study, we have generated TDP1 knockout L. donovani (LdTDP1 /") promastigotes
and have shown that LATDP1~/~ parasites are deficient in 3’-phosphodiesterase
activities and were hypersensitive to Top1-poison like camptothecin (CPT), DNA
alkylation agent like methyl methanesulfonate, and oxidative DNA lesions gener-
ated by hydrogen peroxide but were not sensitive to etoposide. We also detected
elevated levels of CPT-induced reactive oxygen species triggering cell cycle arrest
and cell death in LATDP1~/~ promastigotes. LATDP1~/~ promastigotes accumu-
late a significant change in the membrane morphology with the accumulation
of membrane pores, which is associated with oxidative stress and lipid peroxida-
tion. To our surprise, we detected that LATDP1~/~ parasites were hypersensitive
to antileishmanial drugs like amphotericin B and miltefosine, which could be
rescued by complementation of wild-type TDP1 gene in the LdTDP1 ™/~ parasites.
Notably, multidrug-resistant L. donovani clinical isolates showed a marked re-
duction in TDP1 expression and were sensitive to Top1 poisons. Taken together,
our study provides a new role of LdATDP1 in protecting L. donovani parasites from
oxidative stress-induced DNA damage and resistance to amphotericin B and
miltefosine.

Abbreviations: CPT, camptothecin; Ld, Leishmania donovani; LdTopl, Leishmania donovani topoisomerase 1; LATDP1, Leishmania donovani
tyrosyl-DNA phosphodiesterase 1; MDR, multi-drug resistance; MMS, methyl methanesulfonate; PCR, polymerase chain reaction; PDA, protein-
linked DNA adduct; PI, propidium iodide; ROS, reactive oxygen species; SAG, sodium antimony(stibo) gluconate.
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1 | INTRODUCTION
Topoisomerases maintain dynamic homeostasis between
different topological states of DNA both in the prokaryotes
and eukaryotes through a molecular coalition of three reac-
tions: (i) transient single or double-strand cleavage of DNA,
(ii) passage of another intact strand through the gap thus
created, and (iii) religation of the gap.'”® Topoisomerase
targeting inhibitors are in clinical use as anti-cancer drugs,
anti-bacterial and anti-parasitic agents.’ ® Leishmania don-
ovani topoisomerase 1B (LdTopl) has emerged as a poten-
tial drug target due to its unique bi-subunit structure that
is distinct from the human host counterpart. Accordingly,
several Leishmania Topl-targeted compounds, including
camptothecin (CPT) and its clinical derivatives are in the
development as antileishmanial agents.**”*! Topl poi-
sons like CPT stabilize the Topl-DNA covalent complex
(Toplcc) and result in the formation of protein-linked DNA
adducts (PDAs) associated with DNA damage. Unrepaired
Toplcc generates DNA double-strand breaks during its col-
lision with replication and transcription machinery which
triggers cell cycle arrest and cell death.>**%!* Accordingly,
in the Leishmania parasites, Topl poisons like CPT accu-
mulate LdTopl covalent complexes (LdToplcc) and acti-
vate DNA damage and cell death.>”'*'* Therefore, repair
of the trapped Toplcc is an important part of the DNA me-
tabolism and DNA damage response in the parasite.
Tyrosyl-DNA phosphodiesterase (TDP1) can repair the
Toplcc by hydrolyzing the phosphodiester bond formed
between tyrosine of Topl and the 3'-phosphate of DNA
both in the nucleus and mitochondria.”*** Accordingly,
TDP1 knockout mice, flies, yeast, and human cultured cell
lines are hypersensitive to Topl poisons. Consequently,
TDP1 over-expressed in a specific group of cancers results
in resistance toward Top1 poisons.'>*"*%2%-2*"2 The role of
TDP1 in the excision of trapped Toplcc is phylogenetically
conserved across different species, which led to the discov-
ery of the parasitic TDP1 counterpart in the Leishmania.
Sequence analysis and point mutational studies confirmed
L. donovani TDP1 gene has conserved amino acid residues
that are considered to be the signature active site motifs
for TDP1 proteins and established it to be a member of
the PLD superfamily. LdATDP1 shows 18% sequence iden-
tity with the human TDP1 with the homology is mainly
restricted around the active site region.”” Consequently,
LdTDP1 knockdown sensitizes the Leishmania parasites

camptothecin, DNA repair, Leishmania donovani, oxidative stress, phosphodiesterase, TDP1,

to CPT, while Leishmania promastigotes selected for CPT-
resistance shows increased expression of LATDP1, which
is consistent with its role in LdToplcc repair.”

Beyond TDP1's role in cleaving 3'-phosphotyrosyl bond
associated with Toplcc, TDP1 has been found to process
wide varieties of 3'-DNA blocking lesions that include ox-
idative damage: 3’-phosphoglycolate ends, 3’-deoxyribose
phosphate ends, 3’-abasic sites, and an artificial 3’-biotin
adduct from the DNA.'7'®*?" TDP1 can also process
DNA damage induced by chain-terminating anticancer
agents, and antiviral nucleosides.**** Accordingly, over-
expression of LATDP1 in L. donovani protects the parasites
against oxidative DNA damage-mediated cell death.”

Despite extensive studies on higher eukary-
otes,'”2%** pathways associated with Toplcc repair in
trypanosomatid protozoa including Leishmania are
substantially under-explored. Though a functional
TDP1 from Leishmania donovani (LATDP1) was previ-
ously reported, nevertheless its biological function in
Leishmania is unknown. Here, we report for the first-
time generation of Leishmania donovani TDP1 knock-
out parasites (LATDP1~/") and evaluate its critical role in
the Leishmania genome maintenance. LATDP1~'~ para-
sites are deficient in 3’-phosphodiesterase activities and
show hypersensitivity to a broad range of DNA damag-
ing agents including Topl poisons but were insensitive
toward Top2 poison, etoposide. Intriguingly, LATDP1~/~
parasites were hypersensitive to clinically used antile-
ishmanial drugs like amphotericin B and miltefosine.
Subsequently, multidrug-resistant clinical isolates of
Leishmania show a marked reduction in TDP1 protein
expression. Notably, both LdTDP1~'~ or multidrug-
resistant Leishmania promastigotes were proficient in
Top1 expression as well as activity. Finally, we show that
multidrug-resistant Leishmania promastigotes could be
sensitized to Topl poisons implicating LdTopl1 is a plau-
sible therapeutic target for drug-resistant leishmaniasis.

2 | MATERIALS AND METHODS

2.1 | Generation of TDP1 knockout
Leishmania donovani (LdTDPl_l )

To generate TDP1 knockout Leishmania donovani
(LATDP1™/7), the Leishmania transfection vectors
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pXG-Neo and pXG-Hyg*! were modified by site-directed
mutagenesis at positions 1981 and 1952, respectively, to
generate unique HindIII site using the following primers:

Primer-SDM1: 5'-CACACACAAAGCTGCCTTGCACA
CAACG-3' and Primer-SDM2: 5'-CGTTGTGTGCAAGG
CAGCTTTGTGTGTG-3'. The underlined portions denote
the site of mutation. Next, a 0.976 kb flanking sequence
upstream to LATDP1 (5'F) and 1.051 kb flanking sequence
downstream (3'F) to LATDP1 were separately PCR am-
plified from L. donovani genomic DNA using the fol-
lowing primers: Primer 3: 5- CCCAAGCTTCACCGC
ATGTCGTCGCTGCGC-3’, Primer 4: 5'-ACGCGTCGACG
AG TGCACGGCGAGGGATGTGGTG-3', Primer 5: 5'-TC
CCCCGGGAGCGCGAGGGA  GACAGGCACGCGC-3,
and Primer 6: 5-GGGATCCTTCGGTGGTGTACGCCT
CTTG-3'. The purified 5'F fragments were then cloned
at the HindIII/Sall site of the modified pXG-Neo and
pXG-Hygro vectors and 3'F fragments were subsequently
cloned at Smal/BamHI sites of the vectors bearing the 5'F.
Both the vectors bearing 5'F and 3'F were then digested
with HindIIl and BamHI to generate the gene deletion
constructs LATDP1:NEO and LdTDP1:HYG. Both the
linear fragments bearing neomycin and hygromycin resis-
tance cassettes were purified. Next, LATDP1 ™~ cells were
generated by replacing the entire ORF of TDP1 by insert-
ing these two purified deletion constructs LATDP1::NEO
and LdTDP1::HYG by two successive rounds of trans-
fection.*"** Recombinants were selected in presence
of 500 pg/ml of hygromycin B and 300 pg/ml of G418
(Neomycin). After 4-5 passages, cells resistant to the drug
selection were spread on blood-agar plates (1%) in the
presence of antibiotics at the same concentrations. The
LdTDP1-/- clones were further confirmed by PCR and
western blotting.

2.2 | Complementation of LATDP1
in knockout Leishmania donovani
(LATDP17/")

To restore LdTDP1 in the TDP1 knockout parasites,
LATDP1 ORF was PCR amplified from a LdTDP1 con-
taining plasmid as a template using the primers pairs FP
5'-TCCCCCGGGATGATAGAGCTGATGGTGTGC-3’
and RP 5-CGGGATCCCGCCTCACGCGTGCGCTTACG-3'.
The amplified ORF was then cloned in Smal
and BamH1 site of pXG-Phleo vector to generate
LATDP1::PHLEO construct.” The construct was trans-
fected into the TDP1 knockout promastigotes and se-
lected with 500 pg/ml of hygromycin B, 300 pg/ml of G418
(Neomycin), and 200 pg/ml of phleomycin. After 4-5 pas-
sages, cells resistant to the drug selection were spread on

FASEB cuc

blood-agar plates (1%) in the presence of antibiotics at the
same concentrations. Stable complementation of LdATDP1
in the TDP1 knockout parasites was confirmed by western
blotting with LdATDP1 specific antibody.

2.3 | Generation of LATDP1 antibody
Leishmania donovani TDP1 (LdTDP1) antibody was raised
in rabbit against the following LATDP1 conserved immu-
nogenic peptide vgksmg(ps)qeddsgn using the standard
protocol.’” The LdTDP1 antibodies were affinity purified
and were confirmed by ELISA and western blotting.

2.4 | Parasite maintenance and culture
The Leishmania donovani cells (AG83) with the genotype
TDP1**, TDP1™/~, or TDP1~/~ cells complemented with
LdTDP1 were cultured in M199 containing 20% (v/v) heat-
inactivated fetal bovine serum (FBS) supplemented with
100 IU/ml of penicillin and 100 mg/ml of streptomycin
at 22°C. Promastigotes were obtained from amastigotes
from the spleens of infected hamsters and were further
cultured in 10% (v/v) heat-inactivated FBS for 3-5 days
at 22°C. The multidrug-resistant field isolates MHOM/
IN/2009/BHUS575/0 (BHU-575), sodium antimony glu-
conate (SAG)-sensitive MHOM/IN/1983/AG83 (AG83),
or (SAG)-resistant MHOM/IN/2005/BHU138 (BHU-138)
strains of Leishmania donovani cells were cultured as dis-
cussed previously and utilized for the experiments.'****

2.5 | Cell extracts and immunoblotting
Leishmania donovani cells (2 x 107) were grown at 22°C
in the presence and absence of indicated drug treat-
ment. Nuclear extracts were prepared as described pre-
viously.*>* Briefly, cells were lysed in buffer (10 mM
Tris-HCI, pH 7.5, 0.1 mM EGTA, 1 mM EDTA, 1 mM
PMSF, 5 mM DTT, and 1 mM Benzamidine hydrochlo-
ride), homogenized and was centrifuged at 10 000 g for
10 min at 4°C. The pellet was utilized as the source of the
nuclear fraction. Pellet was lysed with 1% SDS and boiled
at 95°C for 5 min were subjected to electrophoresis on 10%
Tris-glycine gels and the proteins were transferred into ni-
trocellulose membranes. Immunoblotting of immobilized
proteins was carried out using a rabbit antibody raised
against LATDP1 (90 kDa), LdATOP1S (29 kDa) of L. dono-
vani,” and immunoreactivity was detected by ECL chemi-
luminescence reaction (Amersham) under ChemiDoc™
MP System (Bio-Rad, USA).
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2.6 | Oligonucleotides and preparation of
DNA substrates

The oligonucleotide N14Y (5’-GATCTAAAAGACTTY-3")
contains a 3’-phosphotyrosine (Y) was produced by
Midland Certified Reagents Company (Midland, TX, USA).
The 5'-end labeling of N14Y oligonucleotide was carried out
by T4 polynucleotide kinase and [y-*?P] ATP. Inactivation
of the kinase was performed by heating for 5 min at 95°C
and unlabeled radioactive nucleotides were removed by
mini-Quick Spin Oligo column (Roche Diagnostics).'**>*

2.7 | Assessment of 3’-phosphodiesterase
activities

TDP1 activity assays were performed as described pre-
viously.">*** Briefly, cellular lysates obtained from
LdTDP1*/*, LdTDP1™/~ cells, or LdTDP1™~ cells com-
plemented with LdTDP1 were utilized for gel-based TDP1
assay. The 5’-end radiolabeled N14Y substrate (1 nM) was
incubated with the indicated cell lysates for 30 min at 25°C
in assay buffer (1xPBS, 80 mM KCl, and 0.01% Tween-20)
and stopped by the addition of two volumes of gel load-
ing buffer (96% (v/v) formamide, 1% (w/v) xylene cyanol,
10 mM EDTA and 1% (w/v) bromophenol blue). Next, sam-
ples were subsequently boiled for 5 min at 95°C and sub-
jected to sequencing gel electrophoresis (20%). Then, gels
were dried and exposed on PhosphorImager screens (GE.
Healthcare, UK). Imaging and quantification were per-
formed using Typhoon FLA 7000 and ImageQuant software
(GE Healthcare, UK), respectively. 3’-phosphodiesterase
activities were analyzed by measuring the conversion per-
centage of 14Y to 14P by densitometry analysis.

2.8 | Plasmid DNA relaxation assay
Ex-vivo plasmid DNA relaxation assays were carried out
with whole-cell extracts obtained from indicated cells as
described.*>*® Briefly, the equivalent amount of whole-
cell extracts (also confirmed by western blot of specific
protein) from indicated cells were incubated with super-
coiled DNA (200 ng) in Top1 buffer (25 mM Tris-HCI [pH
7.5], 10 mM MgCl,, 5% glycerol, 50 mM KCl, 0.5 mM DTT,
25 mM EDTA, and 150 mg/ml bovine serum albumin
[BSA]) at 37°C for 15 min and products from relaxation
assay were analyzed by agarose gel electrophoresis.*’¢

2.9 | Measurement of cell viability

L. donovani (AG83) promastigotes or primary macrophages
(3.0x10° cells/ml) from indicated cells were incubated with

different concentrations of camptothecin and the viability
of cells or promastigotes were measured using 3-(4,5-dim
ethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide dye
(Sigma), a non-toxic water-soluble cell-permeable tetrazo-
lium (yellow) which is converted to the insoluble formazan
(purple) by the nicotinamide adenine dinucleotide phos-
phate (NADPH)-dependent cellular oxidoreductase en-
zymes of viable cells. So, the transformation of tetrazolium
to formazan by metabolically active cells produced a quan-
titative measurement of cytotoxicity and viability.'®*!

2.10 | Double staining with annexin
V and PI

The outer membrane externalization of phosphatidylser-
ine of indicated cells or promastigotes with or without
treatment of camptothecin was measured by attachment
of FITC-annexin V and PI by an annexin V staining kit
(Invitrogen Incorporation Ltd). Flow cytometry was also
performed for treated and untreated parasites. The gating
was fixed in such a way that the mean intensity of FITC-
annexin V and the mean intensity of PI were depicted by
FL-1 and FL-2 channels, respectively. The data presented
are the mean of three independent experiments.*

2.11 | Cell cycle analysis

DNA synthesis or replication was measured by flow cytom-
etry analysis (FACS). L. donovani promastigote cells from
LdTDP1*"*, LATDP1™/~, or LdTDP1™”/~ complemented
with LATDP1 cells (2.5 x 10° cells) were treated with camp-
tothecin (5 uM) for the indicated time, harvested, washed
several times with PBS (1X). Fixation and staining of cells
were performed and were analyzed via flow cytometry as
discussed previously.!*!13 Detection of cells in individual
sub Gy, G1, S, and G2/M phases of the cell cycle was carried
out using a Becton Dickson flow cytometer and further data
were processed by BD FACS Scan Software (San Diego, CA).

2.12 | Estimation of reactive oxygen
species (ROS)

Intracellular ROS levels were measured in indicated para-
sites in the presence and absence of indicated drug doses.
Parasites treated with 0.5% DMSO served as controls.
After treatment, promastigotes (~2 x 10’ cells/ml) were
washed, resuspended in 1X PBS buffer (500 pl), and incu-
bated with a cell-permeable dye, H,DCFDA for 30 min at
room temperature and were depicted as the mean fluores-
cence intensity (per 10° cells) was calculated from fluoro-
metric results,'*
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2.13 | Scanning electron microscopy
Promastigotes of various indicated Leishmania Donovani
were fixed in glutaraldehyde (2.5%) in 0.1 M cacodylate
buffer (pH 7.2) and postfixed in a solution (1% 0sO,, 0.1 M
cacodylate buffer, pH 7.2, and 1.25% potassium ferrocya-
nide) as discussed previously."' For scanning electron
microscopy, promastigotes were dehydrated, mounted
as discussed before, and observed under an FEI Quanta
250 scanning electron microscope.

2.14 | Reverse transcriptase PCR analysis
Reverse transcriptase PCR was employed to study
LATDP1 mRNA expression. Total RNA was isolated
using the Total RNA isolation kit (Roche Biochemicals).
Two micrograms of total RNA were used to synthesize
the first-strand cDNA with the Superscript reverse tran-
scriptase (Invitrogen) and oligo (dT) primers (Invitrogen)
according to the manufacturer's protocol. cDNAs were
PCR amplified with gene-specific primers as follows:
LdTDP1; 5-CGACTCCCATTCTGCTATTTACC-3’ (for-
ward), 5-ACGGCCTGCTCACCCTTAT-3' (reverse). The
amplification reaction was carried out with the follow-
ing profile: initial denaturation at 95°C for 5 min; 25 cy-
cles with denaturation at 95°C for 1 min, annealing at
55°C for 50 s and extension at 68°C for 30 s and a final
extension of 7 min.”

2.15 | Quantitative PCR analysis

To identify the expression of LdTDP1 mRNA level,
quantitative PCR analysis was done using the following
primer combination: Forward: 5-GAGATCCTTCGTCT
CCATACAC-3’, Reverse 5-GAAATCCGTTTCGAAGAT
TCGAG-3'. GAPDH was employed as a loading control
to normalize the fold expression [GAPDH; 5'-AGAAG
ACGGTCCATAGTCACTCCC-3’ (forward), 5'-GCCACA
CCGTTGAAGTCTGAAGG-3’ (reverse)].”’

3 | RESULTS

3.1 | TDP1 knockout abrogates
3’-phosphodiesterase activities in
Leishmania parasites

The emerging role of TDP1 in the excision activity of a
broad spectrum of 3’-blocking DNA lesions including
TOPlcc prompted us to test its role in the protozoan
parasites Leishmania donovani.®® To investigate TDP1
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function in the parasites, we have generated TDP1 knock-
out Leishmania promastigotes (LATDP1™) by targeted
gene deletion (Figure 1A-C). We first generated a hete-
rozygous TDP1 mutant parasite (LATDP1*/") by replac-
ing one allele of the TDP1 gene using a targeted construct
carrying a neomycin resistance gene (NEO) (Figure 1A).
To disrupt the second allele of TDP1 in the LdTDP1"~
parasites, we used a second targeted construct carrying
a hygromycin resistance gene (HYG) (Figure 1A). We
confirmed LATDP1 gene disruption by performing PCR
amplification of drug-resistance cassettes within the
Leishmania genome (Figure 1B). We further confirmed
the TDP1 homozygous knockout (LdTDP1~/") and het-
erozygous mutant (LATDP1") by PCR amplification
using gene-specific primers. Figure 1C shows the ampli-
fication of LATDP1 gene (2.49 kb) was partly reduced in
the TDP1 heterozygous mutant (LATDP1*/") (Figure 1C;
lane 3), while it was completely abrogated in LATDP1™"~
promastigotes (Figure 1C; lane 4). We further stably
complemented the Leishmania TDP1 gene (LdTDP1) in
the LdTDP1~/~ promastigotes (LdTDP1~/~"TPF1) that
were confirmed by PCR amplification using gene-specific
primers (Figure 1C; lane 5) and western blotting with
LdTDP1 specific antibody (Figure 1D), to explore the role
of TDP1 specific function in the parasites.

Next to examine the 3’-phosphodiesterase enzy-
matic activity in LdTDP1™/~ parasites; we performed
gel-based TDP1 activity assays.'>** TDP1 catalyzes
the hydrolysis of a 3’-tyrosyl-DNA nucleo-peptide sub-
strate (14-Y) to a product with a 3’-phosphate (14-P)
with increased electrophoretic mobility (Figure 2A).
We employed an ex vivo approach with the parasite
lysate to test TDP1 catalytic activity. The assays were
performed with cellular extracts from TDP1 knockout
(LdTDP17'7) or LATDP1~~"™"! and TDP1 wild-type
(LATDP1*'*) promastigotes. Figure 2B shows that cel-
lular extracts from LdTDP1~/~ promastigotes were de-
ficient in the conversion of the 14-Y substrate to the
14-P product compared to cellular extracts from wild-
type TDP1 promastigotes, confirming nuclear-encoded
LdTDP1 gene is the source of 3’-phosphodiesterase ac-
tivity in the parasites. We further confirmed that stable
complementation of the LATDP1 gene leads to the com-
plete restoration of the 3’-phosphodiesterase activity in
the TDP1 knockout Leishmania promastigotes. Sodium
orthovanadate (Na,;VO,), a known inhibitor of TDP1,Y
inhibited the conversion of the 14-Y to the 14-P both
in the LATDP1*/* or LATDP1~/~ “'TP*! parasite extracts
(Figure 2C), indicating that parasite TDP1 was sensitive
to Na,;VO,.

We further investigated the expression and plas-
mid DNA relaxation activity of Leishmania topoisom-
erase 1B (LdTopl) in the LdTDP1~/~ promastigotes.



CHOWDHURY ET AL.

20° | EASEB oorn

(A)

Hind Il P1 Sal | p2 Smal BamH |
> 179 kb—— 4=
NEO-DHFR 3F
\ \ F———231 kb—t——> ’
5 v P4 g PS5 ¢
¥ 3

Ay ¥
Allele1® N ’
— s I o T =7 —
Allele 2
— s W weree TE >F B—
s \ %
/ A N

’ s N \

7 ’ P6 \ P5 \
, , >e——221kb——€ .
> 1.89 kb—— > 4=
P1 P3

(C) 1 2 3 4 5

LdTDP1

Loy
(D) PRI
& & 8
-124 kDa
WB: anti LATDP1 | (il P |-70
=51
Actin | e e a—|_42

TDP1 knockout promastigotes (LdTDP1~/~) showed
unaltered expression of Leishmania Topl catalytic sub-
unit (Figure 2D), which is consistent with the similar
LdTopl mediated plasmid DNA relaxation activity of
LdTDP1*"*, LATDP17/~, or LdTDP1~/~"P*! para-
site extracts (Figure 2E). Therefore, we concluded that
TDP1 knockout abrogated 3’-phosphodiesterase activi-
ties in the Leishmania parasites without interfering with
LdTopl catalytic activity.

FIGURE 1 Generation of TDP1 knockout Leishmania
donovani promastigotes by targeted gene replacement. (A)
Schematic representation of the LATDP1 locus and the plasmid
constructs used to generate TDP1 knockout in Leishmania
donovani by homologous recombination (LATDP17/7).

Positions of the primers (P1, P2, P3, P4, P5, P6) were used

to check the integration of the two inactivation cassettes
(neomycin phosphotransferase [NEO-DHFR] and hygromycin
phosphotransferase [HYG-DHFR]) in the L. donovani genome are
indicated. (B) Representative agarose gel electrophoresis of PCR
amplified products using the genomic DNA of LATDP1~/~ parasites
as a template. Lane 1: DNA marker; Lane 2-5: Amplicons with
primer combinations P1-P2, P1-P3, P4-P5, P6-P5, respectively. P1,
P4, P6 are forward primers, and P2, P3, P5 are reverse primers
confirming the integration of the two inactivation cassettes as
indicated in panel A. (C) Representative agarose gel electrophoresis
of PCR amplified products of LdTdp1 gene using gene-specific
primers. Lane 1: DNA marker; Lane 2-5: Amplicons using genomic
DNAs of wild type (LdTDP1*/*), TDP1 heterozygous (LATDP1*/7),
TDP1 knockout (LdTDPl”' 7), and TDP1 knockout Leishmania
cells stably complemented with wild type TDP1 (LATDP1~/~VTPFY)
respectively. GAPDH was used as the loading control (lower

panel C). (D) Representative western blot showing the protein
expression of TDP1 from cellular lysates of Leishmania donovani
promastigotes of variable genotypes (LdTDP1*/*, LATDP1 ™", and
LATDP1~/~"TPPy are indicated. Actin served as the loading control

3.2 | LATDP1 protect the parasites
against Toplcc-induced cell death

TDP1 is one of the key repair enzymes for
Toplcc.!182124262% e hence examined the impact
of LdTDP1 knockout in the parasite survival and cell
cycle progression in the presence and absence of camp-
tothecin (CPT). Figure 3A shows that the knockout of
TDP1 Leishmania promastigotes (LATDP17™") was hy-
persensitive to Top1 poison; CPT compared to wild-type
cells. Intriguingly, LdTDP1~/~ promastigotes comple-
mented with LdTDP1 (LdTDPI*’ ~WHIDFL could rescue
the CPT hypersensitivity of the LATDP1~/~ parasites.
The EC;, values for parasites with variable genotypes
against CPT are shown in Table 1. We further confirmed
the marked elevation of CPT-mediated programmed cell
death in the TDP1 null mutants. At 5 pM CPT, ~80%
of the total population of LdTDP1~/~ promastigotes be-
came annexin-V positive compared to ~20% of wild-type
cells (Figure 3B). Cell cycle analysis further confirmed
CPT induced elevated levels of cell death in LATDP1 ™/~
as revealed by a significant increase in Sub G, cell pop-
ulation after CPT treatment (Figure 3C). CPT-induced
Sub G, apoptotic cellular population could be protected
by complementation of LdTDP1 in the LATDP1~/~ par-
asites (Figure 3C), consistent with the survival assays
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(Figure 3A). Together, we conclude that LdATDP1 pro-
tected the parasites against Toplcc-induced DNA dam-
age and cytotoxicity.

3.3 | TDP1 protects membrane
morphology and induction of oxidative
stress in L. donovani

To test the mechanistic link between TDP1 and parasite
morphology, we investigated the morphology of the para-
site using scanning electron microscopy in TDP1 vari-
ant cells (Figure 4A). Figure 4A shows that deletion of
LdTDP1 induces significant alterations in the membrane
morphology of the Leishmania parasites compared to the
wild-type control parasites which is independent of exoge-
nous DNA damage. LATDP1~/~ promastigotes accumulate
(~3-fold) increase in membrane pores (Figure 4B), which

FASEB ou.c

FIGURE 2 Leishmania donovani TDP1 knockout (LATDP1~/7)
promastigotes are defective in 3’-phosphodiesterase activities.

(A) Schematic representation of the 3’-phosphodiesterase

activity of TDP1 in biochemical assays. 5’-**P labeled 14-nt
3’-phosphotyrosyl substrate (14Y) is converted to 3’-phosphate
(14P) by the action of TDP1. (B) Representative gel images showing
the 3'-phosphotyrosyl cleavage activities by L. donovani lysate of
variable genotypes (LATDP1*/*, LATDP1~~, and LdATDP1 ™/~
as indicated. The substrate (14Y) was incubated with increasing
concentrations of Leishmania whole cell lysates (0.5; 1.5; 4.5 pg
protein as a source of TDP1) at 25°C for 30 min as indicated. The
reactions were quenched and analyzed in denaturing PAGE. The
3’-phosphate oligonucleotide product (14P) runs more quickly than
the corresponding tyrosyl oligonucleotide substrate (14Y) in PAGE.
(C) Same as panel B, but in presence of increasing concentrations
of sodium orthovanadate (2.5 and 10 mM), an inhibitor of
3’-phosphodiesterase activity of TDP1. (D) LdTopl expression was
determined by western blotting using anti-LdTop1S (LdTop1 small
subunit) antibody with variable cell lysates as indicated. Lanes 1-3
contain cell Leishmania lysates from variable genotypes LdTdp1*'*,
Ldepl"’ ~and LdTDP1~/~PFL respectively. (Representative
western blot using anti-LdTop1S antibody) (E) Time-dependent
relaxation of supercoiled pBS (SK+) DNA (0.3 pg) with Leishmania
whole cell lysates (0.1 pg) of variable genotypes as indicated.
Leishmania whole-cell lysates were used for the source of LdTop1.
The reactions were carried out at 37°C for 30 min. Positions of
relaxed/nicked monomer (RM/NM) and supercoiled monomer
(SM) have been denoted. All results depicted were performed three
times and representative data are from one set of these experiments

was further elevated (~4-fold) after CPT treatment. The
membrane porosity could be rescued by complementation
of LATDP1 in the LATDP1 ™'~ parasites (LdATDP1~/~ ™%
both in the presence and absence of CPT (Figure 4A,B),
suggesting a protective role of TDP1 in limiting mem-
brane damage.

One interpretation of this result is that TDP1 de-
ficiency may accumulate increased Reactive Oxygen
species (ROS) in the parasites that could result in lipid per-
oxidation and membrane porosity."**” To test this possi-
bility, we used 2’,7’-dichlorodihydrofluorescein diacetate
(H2DCFDA) which is converted to the highly fluorescent
2’,7'-dichlorofluorescein (DCF) in the presence of reactive
oxygen species (ROS) that include singlet oxygen, superox-
ide, hydroxyl radical, and various peroxide and hydroper-
oxides in the cells. Figure 4C shows that LATDP1 ™/~ cells
accumulate a threefold increase in the basal level of reac-
tive oxygen species (ROS) compared to wild-type parasites.
CPT markedly enhanced a