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CHAPTER-1
INTRODUCTION

Malaria is one of the most dangerous diseases caused by the Plasmodium species
transmitted to people through the bites of infected female Anopheles
mosquitoes referred to as 'malaria vectors.! The five known species inflicting
human malaria are P. vivax, P. falciparum, P. ovale, P. malariae, and P. knowlesi, out
of which P. faleiparum and P. vivax are the most dangerous ones. In the 20™
century alone, malaria claimed between 150 million and 300 million lives,
accounting for 2 to 5 percent of all deaths (1). Although its chief sufferers today
are the poverty-stricken places of sub-Saharan Africa, Asia, the Amazon basin,
and other tropical regions, 40 percent of the world's population still lives in
areas where malaria is transmitted. In 2018, there were an estimated 228 million
malaria cases and 405 000 malaria deaths. Pregnant women and children below
age of five are the most affected group. In 2018 alone, they accounted for 67%
(272 000) of all malaria deaths worldwide (2).

1.1. History of Malaria

Malaria has a long history. In Indian writings malaria was called as ‘king of
diseases’ during Vedic period (1500 to 800 BC) (3). Europe's history marked a
turning point when malaria first arrived in Rome during the first century AD. A
large group of historians suspect that fall of Rome was because of the deadliest
P. faleiparum malaria species. In South Asian countries like India and China,

population growth and humid temperature favoured malaria growth (4).

1.2. Breakthroughs in malaria research
Malaria was named after Roman fever which means “bad air”. Due to three
species involvement like, P. faliparum, female Anopheles mosquitos and

humans, it took years to understand the complex physiology of malaria.
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1.2.1. Discovery of Malaria Parasite

Malaria parasite was discovered by Charles Laveran a French army doctor. He
saw a crescent-shaped bodies nearly transparent except for a tiny dot of pigment
as a parasite. He examined blood specimens from 192 malaria patients and saw
pigment-containing crescents in 148 sufferers (5). Laveran distinguished four
well-defined shapes in infected human samples. Those were the female and male
gametocyte, schizont, and trophozoite stages. Later he received the Nobel Prize

for discovering the single-celled protozoan that caused malaria.

1.1.2. Discovery of Malaria's Mosquito Stages

The first evidence of malaria parasites were the preserved mosquitos found
from the Palacogene period (30 million years ago) (6). Ronald Ross of the
British Indian Medical Services discovered Anopheles mosquitos as a vector for
malaria. Ross designed experiments using P. relictum, the malaria parasite of
sparrows and crows, where he identified sporozoites in the salivary glands of
mosquitoes. He later infected 21 of 28 fresh sparrows through these mosquitoes
(7). In 1902, Ross received the Nobel Prize for discovering the mosquito stages

of malaria.

1.2.3. Discovery of the Parasite in Human Tissue

Even after understanding the malaria parasite and its mosquito stage infection,
the major question was to understand; where sporozoites develop in human
hosts? Years later, in 1948, malaria parasites were detected in the infected liver
of rhesus monkeys (7). Later similar stages were found in liver of humans

volunteers infected with P. vivax and P. falciparum (7).
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1.3. The life cycle of the Plasmodium parasite

The life cycle of the Plasmodinm parasite is extraordinarily complex and is mainly
conserved acrossits lineage. They require many specialized proteins for
intracellular and extracellular survival in both invertebrate and vertebrate host
environments. Asexual reproduction occurs in humans, also known as an
intermediate host, and obligatory sexual reproduction occurs in a mosquito
called the definitive host.

The parasite's life cycle starts when an infected female Anopheles mosquito
takes a blood meal and thereby injects sporozoites into the skin, which is the
starting point of infection (Figure 1). After surpassing the host immune and
lymphatic  system, sporozoites enter the hepatocytes to undergo
exoerythrocytic schizogony or endoreduplication to form merozoites, which are
the invasive stage of erythrocytes (8). Endoreduplication is defined as
replication of the nuclear genome in the absence of mitosis for extreme
population growth within a brief span, which is critical for their continued
transmission and pathogenesis in the host (9). These merozoites invade other
red blood cells (RBCs) to produce three distinct developmental stages rings,
trophozoite, and schizont (Figure 1). The second round of endoreduplication
takes place at the schizont stage called erythrocytic schizogony. This asexual
replication cycle produces up to 32 nuclei cells (segmenters), which eventually
burst out to produce many merozoites. Through repeated rounds of invasion
and growth, these merozoites establish acute and chronic infections. In species
such as P. vivax and P. ovale, merozoites do not form schizonts; instead, they
enter a latency period by forming a non-replicating hypnozoite. These
hypnozoites lead to relapses which ultimately help parasite’s survival for longer

period of time (10).
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Plasmodinm completes its life cycle only when few asexual parasites undergo a
series of changes that generate a sexually competent parasite. This maturation
is termed gametocytogenesis. Gametocytogenesis produces male and female
gametocytes, the only transmission stage from the human to the mosquito.
These gametocytes travel to the mosquito's midgut and undergo maturation.
The male gamete divides rapidly (nuclear division) and differentiates into eight
motile flagellated microgametes through exflagellation (11), whereas the female
gamete matures to become enlarged and spherical macrogamete. Later both
forms fertilize and produce zygote which is diploid in nature., which further
develops into an ookinete (Figure 1). The motile ookinete crosses the midgut
epithelium and settles in basal lamina to produce immotile oocyst. The last
process of endoreduplication takes place at this stage where they undergo
meiosis to produce thousands of haploid daughter cells referred to as
sporozoites (12). These immature sporozoites moves to the salivary glands of

mosquito and settle there in order to infect other humans.
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1.4. Challenges in the malaria control strategy

Already a century has passed, knowing Plasmodium faleiparum as the causative
agent of malaria, but it still exists and threatens the global efforts for its control
and elimination. The following are the main reasons why malaria continues to

kill thousands and infects millions.

1.4.1. Drug resistance

Anti-malarial drug resistance is a massive blow to the ongoing control programs
to curb this deadly disease. During the 1950s and 1960s, chloroquine and
sulfadoxine-pyrimethamine (SP) were the first among all to get resistant against
malaria (2). Artemisinin-based combination therapies (ACTSs) introduced in the
year 1994 are still in use to treat malaria. There are five types of WHO adopted
ACTs, namely: artesunate-amodiaquine (ASAQ), artemether-lumefantrine
(AL), artesunate-sulfadoxine pyrimethamine (ASSP), dihydro-artemisinin
piperaquine (DP), and artesunate-mefloquine (ASMQ)) (13). Recent reports
suggest that resistance has emerged to all the five types of ACTs, and hence
there is an immediate need to develop a novel drug target to treat malaria (14).
Two main mechanisms through which Plasnodium derives its resistance to any
anti-malarial drugs. The first one is mutation in the transporter gene (Pforzin
case of chloroquine resistance) or increase in number of transporter gene copies
( pfmdrl copy number in mefloquine resistance). This increases the capacity of
parasite to efflux the drug away from the site of action The second one is the
mutation in the parasite target gene, examples are d/fr and dhps in sulfadoxine-
pyrimethamine resistance and mutation in ¢ytochrome b gene that occurs

in atovaquone resistance.


https://en.wikipedia.org/wiki/Chloroquine
https://en.wikipedia.org/wiki/Mefloquine
https://en.wikipedia.org/wiki/Sulfadoxine
https://en.wikipedia.org/wiki/Pyrimethamine
https://en.wikipedia.org/wiki/Cytochrome_b
https://en.wikipedia.org/wiki/Atovaquone
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1.4.2. Antigenic variations

Antigenic variation is a mechanism through which an infectious organism alters
its immunogenic epitopes to bypass the antibody response from the host
immune system. Parasites utilize antigenic variation to increase the successful
transmission of infection. This primary antigen is expressed on the surface of
infected red blood cells (RBCs) by a set of a gene family called the var gene (15).
There are 45-90 var genes in the natural isolates of P. faliparun which efficiently
changes their surface antigens by expressing a different set of var genes (16,17).
Erythrocyte membrane protein one (PfEmp1) is an example of one such highly
variable protein. These proteins have a variable number of functional domains
that adhere to the host endothelium, thereby allowing the parasites to avoid
systemic circulation and clearance by the spleen. So far, researchers have
understood that malaria parasites have evolved lots of strategies to escape the

host immune system.

1.4.3. The economic and social burden of malaria

Where malaria prospers the most, human societies have prospered the least (18).
Malaria’s economic and social burden is so huge that it shadows all the measures
taken on the right path to control it. The African region disappoints the most
by sharing a high global malaria burden. In 2018, Africa had 93% of total malaria
cases and 94% of malarial mortalities (2). Malaria has been forced to degrade
economic costs beyond the direct medical cost and the persistent income of an
individual. Nevertheless, its epidemic nature has made countries suffer a loss of
trade, tourism, migration, and foreign investments.

In India, during 1964, malaria cases have significantly declined to just 100,000.

However, the following decade experienced a comeback by 1976, where malaria
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flourished again to touch the 6.4 million mark. Since then, India is experiencing

a gradual rise in malaria cases every year(19).

1.4.4. Failure of Vector control strategies and Global warming

Vector control refers to the measures taken against mosquitoes to limit their
ability ~ of  disease  transfer. In  the  1950s and  19060s,
dichlorodiphenyltrichloroethane (DDT) was effective against malaria
eradication [10]. Although later, it was discontinued due to its serious health
hazards. Currently, malaria management programs widely rely on indoor
residual spraying (IRS) and long-lasting insecticidal nets (LLIN). But still, almost
91 countries are epidemic for malaria [6], and millions suffer from its disease
burden. Many scientists believe a direct correlation between temperature rise
and the survival of both Plasmodium parasites and mosquitoes (20). For the
optimal breeding of Anopheles mosquitoes, the temperatures should be around
20 to 30 degrees centigrade. They also require high humidity, small stagnant
pools of water, and food availability (20). Recent reports suggest an increase in
malaria incidence has occurred in East African highlands, some Asian and South
American countries due to global warming (21). Hence, it is likely that global
warming will result in malaria spread even in those areas where previously it did

not exist.

1.5. Current scenario

Malaria has continued to be a dreadful disease for ages. The main reasons are
resistance to anti-malarial drugs, uncontrolled breeding of mosquitoes, lack of
awareness in developing countries, and environmental changes. In the current

scenario, the only approved vaccine against malaria is RTS SA/AS018, which is
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against the circumsporozoite protein but has a low efficacy rate of only 39%
(22). In the mid-nineties, the world saw sulfadoxine, pyrimethamine, and
chloroquine failing at their end (23). So, Artemisinin-based combination
therapies (ACTs) became the frontline treatment against malaria. But
unfortunately, drug resistance to artemisinin and its derivatives had emerged in
many pockets of the world (23).

This alarming situation highlights the need for constant basic research related
to the essential biological pathways of P. fakiparum to identity areas of
vulnerability in the parasite. For instance, targeting asexual replication may lead
to disruption of the parasite's life cycle. Similarly, targeting proteins required for
gametogenesis  will also lead to non-compatible gamete formation
(Transmission blockage strategy) (24). Once a new target is found and validated,
the next job is to generate new therapeutics that target the parasite proteins
uniquely. Replication proteins such as DNA polymerase, ORC1 (25), and
topoisomerases (26,27) are essential for parasites' survival.

Topoisomerases are one of the essential class of protein that govern many DNA
metabolic processes. They perform multifaceted roles and are required during
replication, transcription, recombination, chromatin segregation, and
meiosis. They have proved to be a vital lead to generate anti-cancer compounds,
for example, doxorubicin, camptothecin (28,29), and anti-bacterial drugs like
quinolones and ciprofloxacin (30,31). Topoisomerase inhibitors work by two
mechanisms (Figure 2); firstly, they target the ATP binding site of the enzyme,
thereby inhibiting ATP hydrolysis; examples are Novobiocin and Radicicol.
Secondly, they form a ternary complex with the enzyme and DNA, thereby

irreversibly hampering the re-ligation reaction step in the broken part of DNA.
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Figure 2: Mechanism of Topoisomerase inhibitors: A) Targeting active catalytic site of the enzyme.
B) Forming ternary complex with enzyme and the DNA. The yellow circular structure represents the

inhibitor.
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1.6. Introduction to Topoisomerases

1.6.1. Discovery

With the discovery of DNA double-helix, many questions were asked related to
its functioning. To this, the famous Watson and Crick quoted - "Since the two
chains in our model are intertwined, they need to untwist if they are to separate”
(32). Their entire prediction stands correct, to separate the DNA double helix,
a cell requires a set of specialized proteins known as topoisomerases.

The discovery of topoisomerases was led by James C Wang in 1971 (33) while
studying negative supercoiling. He isolated E. c/i topoisomerase I protein
through chromatography and named it o (33). Wang also discovered
topoisomerase II, a DNA-dependent ATPase (34). He referred to the
topoisomerases as ""'Magicians among magicians; known to open and close gates
in DNA without leaving a trace enabling two DNA strands or duplexes to pass

cach other as if the physical laws of spatial exclusion do not exist" (35).

1.6.2. Cellular Functions

Compact DNA structure must maintain the integrity of the genetic information,
but DNA metabolism like replication, transcription require overwinding
(positive supercoiling) or underwinding (negative supercoiling) of DNA. Nature
has provided Topoisomerases as a solution for resolving the topological
problems accruing due to different DNA metabolism processes (36). These
processes need access to the information stored in the DNA. During replication
as fork progress, over winding of the dsDNA creates difficulties for the
polymerase to move forward. As DNA wraps tighter and tighter the process of

replication stops ultimately hampering the fork progression. Inside the cell,
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these problems are taken into consideration by topoisomerases. They are
specialized to relieve local topologies such as supercoiling, knotting, catenation,
and precatenane formation. They function to maintain the condensed form of
the chromosome by introducing positive supercoiling. On the other hand,
topoisomerases also tend to participate in chromosome segregation during cell
division (37,38). They play an essential role during the segregation of both the

nuclear (39) and mitochondrial genomes (40).

1.6.3. Classification of topoisomerases

Topoisomerase enzyme maintains DNA integrity by resolving complex
structures that occur during different DNA metabolic pathways such as
replication, repair, and transcription. To perform their functions, they form a
phosphor-tyrosine intermediate between the enzyme's catalytic tyrosine residue
and the scissile phosphoryl group of the DNA backbone. Primarily they are
classified based on the number of strands they cut: Type I and Type II enzymes
cut one and two DNA strands, respectively. Type I topoisomerases cleave a
single strand of duplex DNA and alter the linking number by 1. Type II
topoisomerases break both strands of duplex DNA, thereby changing the
linking number by *2. Further, they are subdivided into A and B subfamilies by

the differences in their mechanism of catalysis.

1.6.3.1. Type I Topoisomerases

Type I topoisomerases are proficient in cutting a single strand of DNA. They
do not require ATP to function; instead, they utilize the potential energy already
stored in DNA. Further, they are divided into two subfamilies based on the

polarity with which the catalytic tyrosine attaches to the DNA.
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1.6.3.1.a. Type IA Topoisomerases

This group requires an exposed single-stranded region within the substrate
DNA to form a covalent linkage between the catalytic tyrosine and the 5'
phosphoryl group. Mg (II) acts as an essential co-factor for its activity. Single-
stranded negative but not positive supercoils are the characteristic substrate for
this group of enzymes, where the linking number changes in steps of one.
Hyper-thermophilic archaea make an exception to this group where the reverse
gyrase introduces positive supercoils in an ATP-dependent manner (41). Type
IA subfamily members function by the strand passage mechanism. The enzyme
binds to a dsSDNA's denatured region, creating a transient nick on one of the
strands followed by passing the uncut strand through the nicked DNA then
resealing both the broken strands (42). However, many scientists believe there
is an alternative mechanism known as the enzyme bridging model. Here, the
enzymes bind covalently to one end of the broken strand and noncovalently to
the other, creating a bridge through which the entire DNA strand passes (43).
This enzyme-bridging mechanism explains the catenation/de-catenation of two
circular molecules (44).

These enzymes are proficient at catalyzing the knotting, unknotting, and
interlinking of single-stranded circles. They are also known to act upon
catenation and de-catenation of gapped or nicked duplex DNA circles. Type IA
topoisomerase includes Topoisomerase I, Topoisomerase III, and reverse
gyrase, they all are monomeric proteins (45). Methanopyrus kandler: reverse gyrase
makes an exception to the above group (45). X-ray crystallographic data
confirms the toroidal shape of E. co/i topoisomerase I (PDB 1ECL) (46) and
topoisomerase 111 (PDB 1D6M) (47) with four domains (I, I, III, and IV). Key

amino acids from the domain I, III, and IV together form the active site of the
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enzyme. Active site tyrosine is present in domain III cleaves the single-stranded
DNA (46,47). The gap between domains I and III allows the passage of the
other DNA strand that is subsequently captured by the enzyme clamp followed
by the ligation of the cleaved DNA strand (Figure 3B).

Although EcTopol enzymes relaxes DNA supercoils, but the complete
relaxation will only occur if the substrate is negatively supercoiled (48). They
bind to three Zn(Il) with three tetra-cysteine motifs to perform the above
function (49). In contrast to topoisomerases I, topoisomerases III require a
hyper negatively supercoiled DNA substrate for relaxation. This is because
topoisomerases III have a lower affinity for single stranded DNA and is
therefore less able to facilitate the opening of the helix on DNA binding (45,48).
However, topoisomerases 11l enzymes are more etficient in performing the
functions like the catenation and decatenation of gapped DNA circles.

Many studies in bacteria and eukaryotes suggest that topoisomerases III
proteins are functionally associated with helicases. Hence, topoisomerase 111
proteins are involved in unwinding the partially single stranded intermediates
formed by helicases during recombination, repair, and replication (43,48).
Topoisomerase III has been identified and annotated in the genome sequence
of Plasmodium falciparum as a sole member of the Type IA family of
topoisomerases (50,51). However, there are no reports available about the
biochemical and functional characters of Plasmodinm topoisomerase 111 till now.
We have studied for the first time the functional role of Plasmodium

topoisomerase III.
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1.6.3.1.a.a. Topoisomerase III

Topolll was identified in Cozzarelli's lab when they performed experiments on
Type I topoisomerases as it had a cleavage pattern entirely different from that
of Topo I (52,53). Type IA subfamily members share a common structural core
that ensures a proper DNA strand passage reaction (54). However, many
structural characteristics models Topolll as a unique enzyme. E. co/i
topoisomerases I and III show that the two proteins are very similar, but there
are few structural differences that allows them to function differently. The
domain organizations of Topol and Topolll have been represented in Figure
3A. E. coli Topolll enzyme is made up of four domains (I-1V) that forms a
toroidal-shape with a centre hole of approximately 25 A. Domain I (residues 1—
210) is the catalytic Toprim domain, which occurs commonly in type I-A, type
IT topoisomerases, RecR proteins, OLD family nucleases, and DnaG-type
primases (55). Toprim domain consists of conserved amino acid residues that
bind to the metal ion co-factor. In human counterparts, these acidic residues
are Asp148, Asp150, and Glul52 (55). Domain II (residues 218—287 and 418—
488) is intercalated within the domain I1I sequences consisting of mostly $ fold
which form a central hole (Figure 3C). Domain III (residues 288—417) is mainly
helical and contains the catalytic tyrosine residue responsible for the covalent
attachment with the 5-phosphate group (42). This domain opens and then
closes during a catalytic cycle. Domain 111 is associated with both domains I and
IV (Figure 3C).

Mechanistically, domain III has to separate from domain I to expose the active
site for cleavage and open a gate for entry/exit of the other DNA strands into
the central cavity. Once the domains separate, the acidic residues in domain I

get involved in magnesium binding. These highly conserved amino acids are
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spatially arranged in such a fashion that they adapt the geometry appropriate for
the interaction. The last domain IV (residues 489—609) is the main body of the

protein that is associated with domain I and III.
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Figure 3: Domain organisation of Type IA topoisomerases. A) Domain structure of type IA
topoisomerases. The sequences of the Type IA topoisomerases from the indicated organisms were
aligned based on homology (54,56,57). The boxes corresponding to the various domains are coded as
follows: blue, cleavage/strand passage domain; grey, Zn (II) binding domain found in E. coli Topo I,
Human topoisomerases IIla/B (58); orange, C-terminal domain. B) Structure of Topoisomerase I

PDB entry 1IECL (46). C) Structure of Topoisomerase III PDB entry 1D6M (47).
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Studies in E. co/i have shown that topoisomerase III enzymes are more efficient
at decatenating substrate than topoisomerase I, which happens to be more
efficient at relaxing supercoiled DNA (59). This is due to one difference,
Topolll consists of the so-called "decatenation loop" in between domain III
but lacks Zn (II) binding domain, which is important for relaxation (Figure 3C).
This loop contains 17 positively charged amino acids, comprising several
arginine and lysine residues facing the central hole (60). The charged character
of the loop suggests that it is a DNA-binding region, and its removal will affect
the decatenation activity but relaxation activity will be unaffected (61). The loop
enables topoisomerase III to perform multiple decatenation reactions. The
proposed model in E. co/i suggests that decatenation loop promotes the entry
and binding of a duplex DNA segment inside the cavity of the enzyme closed
form before binding the single-stranded segment (61). This complex then binds
to a single-stranded region of a gapped circle, and after cleavage, the duplex
DNA segment is passed through the break. The decatenation loop would then
promote rebinding to double-stranded DNA, leading to yet another cycle of
decatenation. Therefore it has been suggested that topoisomerase 111 is likely to
be involved in the unlinking of nascent daughter chromosomes (59). E. co/i
topoisomerase III cleaves and decatenates RNA molecules unlike, the
Topoisomerase 1 (62). However, this region is absent in yeast and higher
eukaryotic topoisomerase III (61). In our domain mapping studies, we found
that the PfTopolll enzyme also consists of positively charged amino acid
regions similar to the E. cw/ Topolll. Hence, we were interested in
understanding its functional relevance in our study.

Topolll has been extensively studied in other orthologs. In higher eukaryotes,

topoisomerase 111 is present as two different isoforms Topollla and TopolIIIf.
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Although they have similar enzymatic activities (56,63), their cellular functions
are different. Topollla functions during homologous recombination to repair
cleaved double-stranded DNA. Topollla is essential for development in
drosophila (63), whereas in mouse, deletion of Topollla leads to embryonic
lethality (64). The heterozygous #gpollla*/~ mutant mice phenotypically
resembled TOPIIIo*/* littermates; however, #gpolllo/~ homozygotes were not
viable (65). In contrast, studies have shown that TopollIf is dispensable for life
(64,66). It has a unique developmental pattern in drosophila; TopollIB only
expresses during the first few hours of embryogenesis and later once again
during adulthood but is not essential for survivability and fertility (56).

Studies have shown that yeast Topolll is dispensable for vegetative growth, but
essential for completing meiosis as mutant for the topolll topoisomerase does
not achieve the first meiotic division (67). Azpolll cells result in pleiotropic
traits such as slow growth phenotype, defective sporulation, increased mitotic
and meiotic chromosome nondisjunction and, hyper-recombination between
repeated sequences (67,68). The slow growth defect in the absence of Topolll
is due to the accumulation of cells with an undivided nucleus in the neck of an
elongated bud. An extended G2/M phase results in the delay of chromosome
segregation suggests that Topolll is involved directly in the separation of
replicated chromatids (67).

The mammalian Topollla gene codes for two different forms of protein by
using alternative translation initiation sites; first one is the shorter form with the
nuclear localization signal at the C-terminal for exclusive localization in the
nuclei, and second on is the longer form, having a mitochondrial import
sequence at the N-terminus (63). Both forms of Topo I« fully rescue 7p3o null

mutant’s viability, suggesting the Topo Illa’s functions in nuclei are essential
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for survival. Afgpollla M1L. flies only survive till adolescence; they show 4 to 15
fold reduction in the mitochondrial DNA copy number and 2 to 3 fold
reduction in ATP content of ovaries/testes. This gives strong indication that
Topo Illa of Drosophila plays a crucial role in maintaining mitochondrial
genome and male germ-line stem cells (69). Another recent study shows that
Topollla is necessary to decatenate and segregate human mitochondrial DNA
following replication (70).

Topolll enzyme requires RecQ helicases to perform its function, and the
interplay between these two proteins is conserved among all the kingdoms of
life. The proposed model indicates that RecQQ helicases unfolds the DNA into
an accessible single-stranded conformation upon which topoisomerase III acts
to resolve stalled and converging replication forks. Studies indicate that Topolll
physically interacts with RecQ-type helicases in S. cerevisiae (71,72), S. pombe (73),
and H. sapiens (74,75). Yeast Topolll acts with Sgsl to resolve the stalled
replication fork and suppresses the genetic crossover (76). In humans, TopIIla
acts with BLM, a RecQ) helicase that is mutated in the cancer predisposition
disorder Bloom’s syndrome. Topoisomerase Illa collaborates with BLM, a
RecQ-type helicase (77) and the RMI1/2 factor in mammals (78) to resolve
Double Holliday Junctions (DH]Js), to avoid the generation of crossover
products that create chromosome rearrangements and genome instability in
mitotic cells (79,80). Together, Toplllx, RecQ helicase, and Rmil(RMI1)
proteins form the minimal DH]J dissolvasome. Mutation in any component of
this complex results in genomic instability (78,81,82).

Topolll resolves the late replication intermediates and catenated dimmers at
the end of the replication. Bacterial Topolll remains physically associated with

the actively replicating fork and unlinks the catenated and pre-catenated DNA
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rings that result during DNA replication (83). Apart from its function during
mitosis, the Topolll enzyme plays an essential role during meiosis, as they aid
in the processing of molecules generated during meiotic recombination. They
are involved in the resolution of Holliday junction by decatenating single-
stranded DNA, which allows the two alleles after recombination to separate,
thereby completing the sexual cycle. In yeast, 7gpo3~/~ diploid cells are unable to

sporulate, leading to cell death (67).

1.6.3.1.b. Type I B Topoisomerases:

The members of the type IB subfamily are unique as they do not resemble
structurally and functionally with any known topoisomerases. Type 1B
topoisomerase includes eukaryotic topoisomerase I, topoisomerase V and,
poxvirus DNA topoisomerase. The active site tyrosine residue present in these
enzymes covalently attached to the 3' phosphate end of dsDNA. Unlike the
type 1A, they neither require Mg (II) ions nor a partially single-stranded
substrate for their catalysis activity. Type IB subfamily members can efficiently
relax positive as well as negative supercoils as their activity is independent of
the substrate’s supercoiling state (84). The relaxation of type IB topoisomerase
is mediated by strand rotation mechanism, where the two domains of the
enzyme encircle DNA to form a clamp [38] and generate a single-strand break
through the formation of a covalent bond between its active site tyrosine and 3'
phosphate in the DNA backbone leaving the 5'-OH end of the broken strand
free (85). The broken strand is then free to rotate around the intact strand before
being re-ligated. Type IB topoisomerase helps during replication fork
progression by relaxing supercoiled DNA ahead of it (80).
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TopIB was first purified and characterized from infected erythrocytes
in Plasmodium berghei (87). Later, the gene encoding the PfTopIB was discovered
(88). It consists of three structural domains: (i) the N-terminus domain (134
amino acids), which is poorly conserved, (i) 500-residue long conserved amino
acids with a high level of homology to the core domain of the human protein,
and (iii) the C-terminal domain, with the conserved active tyrosine at position
798, which makes the enzyme fully active. Tosh and colleagues in 1999 showed
that PfTopIB is developmentally regulated during the various stages of
the Plasmodium life cycle. But its mRNA expression levels are high during the

trophozoite stage but not in schizonts (89).

1.6.1.2. Type 1I Topoisomerases

Contrary to the type IA and type IB enzymes, the type II DNA topoisomerases
resolve compact DNA structures by moving one DNA double helix through
another in an ATP-dependent fashion (90). Type 11 enzymes resolve topological
complexities which occur during various DNA metabolic processes. For
instance, their substrates are catenated/decatenated DNA products formed
during replication. They relax both positive and negative supercoiled DNA.
Ditferent type II family members are distinguished by their relative proficiency
at DNA relaxation versus decatenation (or catenation). This property likely
reflects their specialized roles in the cell. Among all known Type II enzymes,
DNA gyrase is the only enzyme capable of using ATP hydrolysis energy to
introduce negative supercoils into the DNA (45). The type II enzymes contain
two different subunits, all prokaryotic enzymes are mostly hetero-tetrameric,
whereas eukaryotic enzymes are all homodimers. These dimers cleave the

dsDNA by forming a 5' phosphotyrosine bond. They perform their function
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when a conformational change moves apart the two ends of the cleaved duplex
DNA to create an opening called gated segment (G-segment) DNA. The
second region of duplex DNA, also known as a transported segment (T-
segment) from either the same molecule (relaxation, knotting, or unknotting) or
a different molecule (catenation or decatenation), is passed through the open
DNA gate. This leads to an explanation that why the linking number changes
in steps of two when the supercoiling of a circular DNA is changed (91,92).
Type II topoisomerases function in order to successfully remove super helical
twists from DNA and resolve knotted or tangled duplex molecules in numerous
DNA processes. The major ones include recombination, the separation of
daughter chromosomes, condensation/de-condensation, and maintaining
proper chromosome structure (48,93).

This group is again divided into type IIA and type 1IB subfamilies. Type 1IB
subfamilies share common mechanistic features with the type IIA enzymes, but

there are distinct structural differences between the two subfamilies (94).

1.6.1.2.a. Topoisomerase ITA

Type IIA topoisomerases are present in all possible domains of life and are
essential for an organism's growth and survival. They include gyrase, TopolV
of E. coli, Topoll of §. cerevisiae, and eukaryotic Topollax and TopollB. Type ITA
topoisomerases are made up of the following regions: N-terminal GHKL
ATPase domain, a central DNA-binding core, and a variable C-terminal
domain. The Toprim domain consists of the three invariant acidic residues that
coordinate with magnesium ions to allow DNA cleavage and re-ligation (55).
Type IIA enzymes are essential for maintaining the double-helical structure and

segregation of daughter chromosomes post DNA replication (92,95). They
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condense chromosomes during apoptosis in mammals (96). Many studies have
also shown . cerevisiae Topoll as a cell cycle regulator (97). Topo Ila enzymes
are present in the proliferating cell types, and their expression is highest during
the G2 and M phases of the cell cycle. Similarly, Topo 11§ enzymes are present
in almost all cell types, but their expression is constant throughout the cell cycle
98).

In Plasmodium, two type IIA family topoisomerases are present, DNA gyrase and
Topoll. DNA gyrases are involved in apicoplast replication whereas, Topoll
enzymes are essential during nuclear replication (99). Both Gyrase A (PAGYRA)
and Gyrase B (P/GYRB) enzymes have been expressed and functionally
characterized. Interestingly, the intrinsic ATPase activity of PfGyrB follows a
linear pattern of ATP hydrolysis that differs EcGyrB. PfGyrB but not PtGyrA
was able to complement the E. co// gyrase temperature sensitive strain. PfGyrB
exhibits DNA cleavage and DNA supercoiling activity when combined with
EcGyrA or PfGyrA (100).

Furthermore, PfGyrA contains a unique leucine heptad repeat that might be
responsible for dimerization. Also, a unique 45-amino acid region in the Toprim
domain of PfGyrB was identified, which is responsible for DNA binding
activity, DNA-stimulated ATPase activity, and DNA cleavage activity (101).
The C-terminal region of PfGyrA and EcGyrA share a similar DNA wrapping
activity, and Asn-region of PfGyrA is dispensable for its activity since its
deletion did not show any effect (102).

Plasmodinm Topoisomerase 11 was expressed in cell-free extracts in soluble form.
The plasmid relaxation and decatenation activity of Topoisomerase II is
conserved. Moreover, bacterial gyrase inhibitors, GSK299423, ciprofloxacin,

and etoposide exhibited 15-, 57-, and 3-fold selectivity for the malarial enzyme
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over human Topoisomerase II (103). A dsRNA targeting the coding region of
Plasmodium Topoisomerase II combined with chitosan nanoparticle was able to

inhibit the 2 vitro growth of Plasmodium faleiparum etticiently (104).

1.6.1.2.b. Type 1IB Topoisomerases

Type 1IB subfamily includes only two enzymes, topoisomerase VI and
topoisomerase VIII. Topoisomerase VI is present in archaea (94), plants (105),
and Plasmodinm (106) whereas, topoisomerase VIII is present in archaea and
bacteria (107). Although the Type IIB subfamilies share standard mechanistic
features with the type IIA enzymes, but there are definite structural differences
between them. Firstly, the double-strand breaks formed by TopoVI have a 2-
bp stagger whereas, other type IIA enzymes create 4-bp stagger that marks
structurally different cleavage sites (108). Secondly, A subunit of TopoVI lacks
a post-strand passage cavity, unlike type IIA topoisomerases (109). TopoVI
possesses the N and G-gate only, whereas, in Type IIA topoisomerases, there

are three gates, N, G, and C-gate (110).

1.6.1.2.b.a. Topoisomerase VI

For the first time, Topoisomerase VI was characterized in thermophilic
archaea Swulpholobus shibatae (111) and later in plants such as _Arabidopsis
thaliana, Oryza sativa (105,112,113). Recently, a study in mice identified
Topoisomerase VIB-like protein (TopoVIBL) with a similar conserved GHKL
domain as that of TopoVIB. It interacts with Spol1(a TopoVIA like protein)
to perform its biological functions during meiosis (114). Histological analysis of
topo6bl—/ — testis sections showed disrupted spermatogenesis, spermatocytes

were strongly depleted, and spermatids could not be detected, suggesting a
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defect during the meiotic prophase. Hence, the conserved structure and
function of TOPOVIBL proteins demonstrate that there is a notable
biochemical and evolutionary relationship between the type 1IB family of
topoisomerases and meiotic DSB activity.

TopoVI enzymes are hetero-tetrameric (A2B2) enzymes, consisting of
topoisomerase VIA and topoisomerase VIB subunits. This structural
arrangement suggests that the A subunit dimer separates during G-segment
opening. The B subunits act as bridging elements to span the broken G-segment
and prevent dsDNA break formation. They undergo a simple 'two-gate'
mechanism where transported DNA enters through a nucleotide-dependent
'entry' gate comprised of the two B subunits and leaves through an 'exit' gate on
the opposite side of the protein, formed by the two A subunits. In the proposed
mechanism for this reaction, ATP binding by the B subunit stimulates DNA
cleavage by a bipartite CAP/Toprim active site in the A subunit (55,94).
Although TopoVIA has two conserved domains, the CAP and the Toprim, it
shows no structural homology with any other topoisomerases (115). Instead,
TopoVIA is a homolog of Spoll, a protein responsible for creating dsDNA
breaks to initiate meiotic recombination (116,117). The mechanism and
generation of DNA breaks are similar in both Spoll and TopoVIA.
However, Sulfolobous shibatae TopoVIA alone cannot cleave DNA but generates
a double-strand break along with TopoVIB (113).

Knock-out experiments in Arabidopsis topoVIA or VIB subunits resulted in the
plant's extreme dwarf phenotype, reduced size of hair roots, yellowish leaves
and, reduced trichome (leaf hair) size (118). Reduction in ploidy and cell death
after 4 to 5 days was also observed (118,119). Plant cells are known to increase

their ploidy numbers through an alternative cell cycle called endoreduplication,
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a process in which genome replicates but cell division does not happen (120).
The inability of these mutants to increase its ploidy suggests that TopoVI is
essential during the endoreduplication process. P. faliparum undergoes
endoreduplication three times, once in the host mosquito and twice in the
human host (in the liver and RBC) (121,122). Schizogony paves a path for
malaria parasites to expand its pathogen biomass and infectivity.

The §. shibatae Topo VIB (PDB 2ZBK) crystal structure indicates the presence
of ATP binding domain, the H2TH (helix 2 turn helix) domain, and the
transducer domain (Figure 4) (123,124). The transducer domain helps to
communicate between the N terminal ATPase domain and the C-terminal
domain of TopoVIB (125). Studies have indicated that it also interacts with the
TopoVIA N-terminus region (Figure 4) (123). H2TH domain function is not
clearly understood and is not present in any other topoisomerases. The ATPase
domain of TopoVIB resembles the large family of proteins with GHKL domain
(Gyrase, Hsp90, Histidine Kinase, and MutL). ATPase domain has a
characteristic 3D fold, known as Bergerat fold which gets involved in ATP
binding and its hydrolysis to provide the energy required for proper functioning
of the cell. Radicicol is a competitive inhibitor of ATP; it hampers ATP
hydrolysis by binding to the Bergerat fold/ ATPase pocket of Topoisomerase
VIB (Figure 4) (120).
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Figure 4. Structure of the S. shibatae Topo VI A2B2 heterotetramer enzyme as ribbon representation
(124). The radicicol drug bound to Topo VIB is shown in yellow space filling. Topo VIB subunit is
represented as a dimer with N-terminal GHKL motif (blue) and C-terminal transducer domain (green)
(115,123). Topo VIA subunit is also present as a dimer with G-segment binding groove represented in

magenta colout, the N- terminal domain (red) interacts with C terminal domain of Topo VIB.
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Radicicol is an antifungal antibiotic originally isolated from the Monosporium
bonorden. BEatlier reports of Sulpholobus shibatae TopoVIB suggest that Radicicol
has a binding affinity towards the Bergerat fold, which in turn inhibits the ATP
hydrolysis and dimerization of the enzyme (126). Biochemical experiments on
S5TopoVIB also confirm that Radicicol inhibits its relaxation and decatenation
activities (126). Radicicol also inhibits the decatenation activity of Haloforax
volcanni archaea affecting its growth (127).

Following the above findings, our lab has also established the function of
Plasmodinm faleiparnm Topoisomerase VIB during the schizogony development
stage of the parasite [206, 27]. Sequence alignment analysis have shown a
considerable homology between PfTopoVIB and its orthologs (plant and
archaea) predominantly in the core ATPase domain, especially within the
Bergerat fold.

It was observed that Radicicol treatment manifested two different phenotypes
in the parasite. Higher concentration (8 uM) leads to a significant reduction of
the parasite counts as they were unable to multiply from schizont to ring stage.
It was also observed that the newly formed rings and trophozoites had extreme
delayed development, which causes parasite death. Whereas, with sublethal
doses of Radicicol (1.5 uM) a delay in the transition from the schizont to the
ring stage of the parasite was observed (128). Radicicol treatment causes an
increase in the expression of PfTopoVIB at the transcript and protein levels.
This induction could be due to the compensatory mechanism which cells offer
to maintain the active TopoVIB level in the cell.

Radicicol specifically reduces the mitochondrial genome content of the parasite
without affecting the nuclear genome content (26). It was further observed that

yeast Topoll function could be complemented by the presence of both
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PfTopoVIB and PfTopoVIA [27]. Using the cell-free yeast extract that harbours
PfTopoVIB-TopoVIA, it was found that the decatenation activity of the
enzyme is inhibited by Radicicol [27].

Earlier studies have shown that Hsp90 has a similar GHKL motif as that of
TopoVIB. Radicicol binding to the Hsp90’s ATPase domain leads to
proteasomal degradation (129) and loss in tumor cell growth (130). Hence, to
turther understand the function of TopoVIB in Plasmodium biology, we aimed
at designing specitic analogs of Radicicol that will have a biased binding towards

PfTopoVIB and not to PfHsp90.
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1.7. SIGNIFICANCE

Today's new wotld is facing a challenge towards malaria control strategies.
Although a lot of research is going on to find a novel drug target against malaria,
somehow, we are failing at our ends. Because every time there emerges a more
powerful resistant strain against the conventional drug system, it is essential to
keep on finding other drug targets that can potentially disrupt the functioning
of this unicellular organism Plasmodinm. Keeping that in mind, my laboratory is
motivated to understand the biological significance of P. faliparum
topoisomerase proteins. My thesis work is associated with two such
topoisomerase proteins, Topoisomerase 111 and Topoisomerase VIB.

Our study demonstrates an essential role of PfTopolll during replication of the
parasite. We find that this enzyme is expressed explicitly during the onset of
replication of the parasite and is localized in both nucleus and mitochondria,
indicating its involvement in replicating both the genomes of the parasite. Using
yeast as a surrogate system, we have shown that PfTopolll can complement the
function of yeast Topolll. We have demonstrated that PfTopolll physically
interacts with both the RecQ helicases of Plasmodinm, namely P/BL.M and
PAVRN. We find a direct involvement of PfTopolll during replication stress
given to the parasite. We observe that the parasites cannot replicate, and their
growth is arrested even in the presence of a low dose of hydroxyurea. However,
the transgenic parasites harboring PfTopolll expressing plasmid show survival
advantage during replication stress. We have identified a unique, highly charged
low complexity region in the enzyme, which is not present in its human
ortholog. To analyze the structure-function relation of PfTopolll, we have

deleted that region from the enzyme, and by employing series of genetic studies,

32



CHAPTER-1
INTRODUCTION

we have established that this region is indispensable for the proper functioning
of PfTopolll. Together, our results establish the importance of Topolll during
Plasmodinm replication and emphasize the essential requirement of the charged
domain in PfTopolll function. The presence of this unique 85 amino acid
region affirms the enzyme as an attractive target for the design of anti-malarial
agents.

Our second project revolves around Plasmodium falciparum Topoisomerase VIB.
Earlier, we have shown that Radicicol inhibits the decatenation activity of
PfTopoVI protein. But there are similar studies indicating Hsp90 is also
inhibited by Radicicol, since it possesses a similar GHKL motif as TopoVIB.
Bioinformatics data confirms that Radicicol fits comfortably in the ATP-
binding pocket of both PfTopoVIB and PfHsp90 (26). As most of the
replication proteins are essential for survivability, and generation of conditional
knock-outs in Plasmodinm is technically challenging, it is important to identify
highly specific chemical inhibitors of PfTopoVIB in order to delineate the
precise biological role of this protein in Plasmodium. Hence to reduce the off-
target activity of Radicicol, we have designed different Radicicol analogs that
showed preferential binding toward PfTopoVIB but not PfHsp90. Our in-silico
docking analysis has predicted that one such analog, namely, Analog 2, that
binds specifically to PfTopoVIB and not PfHsp90.
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SPECIFIC AIMS

Functional characterization of PfTopolll and its unique charged domain

. Domain analysis of PfTopolll and its comparison with HsTopolll

. To study the expression and localization of PfTopolll in asexual stages of the

parasite

. To study the structure-function relation of PfTopolll using yeast as a surrogate

system

. To evaluate PfTopolll function during replication

. To evaluate the role of PfTopolll when replication stress is given to the parasite

To predict a small molecule inhibitor targeting PfTopoVIB

. To identify a specific analog of Radicicol by the computational method that

predicts stronger association towards Plasmodium topoisomerase VIB but not

with PfHsp0
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2.1 MOLECULAR BIOLOGY METHODS

2.1.1. Bacterial plasmid DNA isolation by alkaline lysis method

The bacterial colony harboring the recombinant plasmid was inoculated in 5 ml
of LB medium and was incubated overnight at 37°C and 200 rpm. The culture
was centrifuged at 4000 rpm for 15 minutes to pellet the cells. The supernatant
was discarded, and the pellet was resuspended in 200 ul of solution I (Tris 25
mM pH 8, EDTA 10 mM). It was transferred to a micro-centrifuge tube and
incubated on ice for 5 minutes. Then 200 pl of solution II (NaOH, 1 % SDS)
was added to the tube and mixed by inverting 4-5 times, followed by 5 mins
incubation for less than 5 minutes at room temperature. Next, 150 ul of chilled
solution IIT (3M sodium acetate) was added to the tube and again incubated on
ice for 5 minutes with intermittent mixing. The sample was then centrifuged at
12000 rpm for 15 minutes at room temperature. The supernatant was collected
in another fresh micro-centrifuge tube, and the pellet was discarded. 2.2 volume
of absolute alcohol was then added to the tube, mixed well, and kept at -20°C
for 45 minutes. After incubation, the sample was centrifuged at 12000 rpm at
4°C to precipitate the DNA. The pellet was washed by adding 70 % alcohol
followed by air drying, and the supernatant was discarded. The dried pellet was
then re-suspended in 50 ul of 1X Tris-EDTA buffer. To remove RNA, the
sample was subjected to RNase treatment at 37°C for 30 minutes. After that, an
equal volume of phenol-chloroform isoamyl alcohol (25:24:1) mixture was
added to it, and it was vortexed for 2 minutes. This solution was then
centrifuged at 12000 rpm for 15 minutes, and the upper aqueous layer
containing DNA was precipitated by adding 1/10* volume of solution III and

2.2 volumes of 100 % ethanol. This solution was then incubated at - 80°C for 2
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hours. After incubation, the tube was then centrifuged at 12000 rpm, 4°C, for
30 minutes to precipitate the plasmid DNA, subsequently washed using 70 %
alcohol. The pellet was then air-dried and re-suspended in 30 pl 1X TE buffer.

2.1.2. Bacterial competent cell preparation

A single bacterial colony was inoculated in 10 ml of LB overnight at 37°C. The
next day, a secondary culture was inoculated with 500 pl of the overnight
culture. The culture was then incubated at 37°C till the ODgoo reached 0.5. The
culture was centrifuged at 8000 rpm, 4°C for 8 minutes to harvest the cells. The
supernatant was discarded, and the pellet was then very gently re-suspended in
12.5 ml of ice-cold CaCl: (0.1 M) solution. The suspension was centrifuged at
8000 rpm, 4°C for 8 minutes, and the supernatant was discarded. The pellet was
gently resuspended in 12.5 ml of ice-cold CaClz (0.1 M) and incubated on ice
for 4-8 hours to make cells competent. After incubation, the cells were
harvested by centrifuging the culture at 8000 rpm, 4°C for 8 minutes. The pellet
was then re-suspended in 1.070 ml of ice-cold CaCl> (0.1 M) and 170 pl of
glycerol. This cell suspension was divided into 100 ul aliquots in pre-chilled
eppendorf tubes, and liquid nitrogen treatment was given. The frozen tubes

were stored in a -80°C refrigerator.

2.1.3. Bacterial transformation

25-50 ng of DNA was layered on the Top10 competent cells and was incubated
on ice for 30 minutes. This suspension of cells was given heat shock for 30
seconds. The tubes were incubated on ice for 2 minutes immediately after heat
shock. 1 ml of Luria Broth was added to the cells and incubated at 37°C for 1

hour with shaking. The cells were given a short spin, most of the supernatant

37



CHAPTER-2
MATERIALS AND METHODOLOGY

was removed, and the pellet was re-suspended in the left-over supernatant. The
cell suspension was then spread on a Luria agar plate containing the appropriate

antibiotic. The plates were incubated at 37°C for (12-16) hours.

2.1.4. Recombinant protein expression in Escherichia coli

The clone P/TOPOIIl/pET28a was transformed into each of the bacterial
strains (BL21DE3*, pLysS, Rosetta, and Codon Plus competent cells). 10 ml
Luria broth containing respective antibiotics was added to the above mixture
and incubated at 37°C overnight. Then next day, 10 ml secondary culture was
inoculated with the appropriate amount of the primary culture. After the
absorbance of the cells reached 0.6 ODgu, the protein was induced with 1 mM
IPTG (Isopropyl B-D-1-thiogalactopyranoside) (Sigma) by 4 hours incubation.
The equal number of cells was taken from un-induced and induced cultures and
resuspended in 1x Laemmli loading buffer. Their expression was compared on
SDS-PAGE gels and empty vector induced and un-induced samples after

staining with Coomassie brilliant blue R (Sigma).

2.1.5. RNA isolation from yeast

Yeast cells grown in 10 ml of suitable media were taken at mid-log (ODgwo 1)
for RNA isolation. Cells were harvested by spinning them for 5 minutes at 3500
rpm. The obtained pellet was re-suspended in 500 ul of DEPC treated water.
After re-suspension, cells were given a short spin, and the supernatant was
discarded. To the pellet, 400 pl of TES (10 mM Tris-Cl pH 7.5, 10 mM EDTA,
and 0.5% SDS) solution, 400 ul of phenol (H2O buffered) was added, and
vortexed for 10 seconds. Then samples were incubated for 60 minutes on a dry

bath with a temperature of 65°C and vortexed in between every 15 minutes.
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Further, samples were immediately transferred to the ice for 5 minutes and spun
for 10 minutes at 14000 rpm, 4°C. The obtained aqueous layer was aliquoted to
a new tube, and to this, 400 ul of chloroform was added. After chloroform
addition, samples were vortexed for 10 seconds and spun for 10 minutes at
14000 rpm, 4°C. The aqueous layer obtained was transferred to a new microfuge
tube. Precipitation of RNA was done by adding 2.2 volumes of pre-chilled
100% ethanol and 1/10th volume of 3 M NaOAc pH 5.2. The samples were
kept at -80°C for 1 hour. After incubation, samples were spun for 10 minutes
at 14000 rpm, 4°C, and the pellet was washed with 500 ul of 70% alcohol
(prepared with DEPC water). After washing, cells were spun for 10 minutes at
14000 rpm, 4°C. The pellet was air-dried and re-suspended in 50 ul of DEPC
water. The RNA sample's integrity was checked by formaldehyde agarose gel
electrophoresis, and the concentration by measuring OD2s0 (OD2go of 1 is equal

to a concentration of 40 pug/ml).

2.1.6. Semi-Quantitative PCR

About 10 pg of total RNA was reverse transcribed using oligo dT primer (Sigma
Aldrich) and reverse transcriptase (Omniscript kit, Qiagen). RNase inhibitor
(Qiagen) was used in this process. The resulting cDNA was first quantified,
diluted appropriately to normalize, and then subjected to PCR amplification (27
cycles) using gene-specific primers. The PCR products were run on 1.4%

ethidium bromide (Hi-media) containing agarose gel.

2.1.7. Real-time RT-PCR
Equal amounts of RNA (10 mg) from rings, trophozoite, and schizont stage

parasites were first subjected to DNase I (Fermentas) digestion for 15 min at
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room temperature. Then, DNase I was inactivated by incubation with 25 mM
EDTA at 65°C for 10 min. The absence of genomic DNA was verified by
amplification with gene-specific primers before the reverse-transcriptase step.
Next, each RNA sample was reverse-transcribed with oligo dT primer (Sigma—
Aldrich) using reverse transcriptase (Omni Script; Qiagen, Hilden, Germany)
(131).The resulting cDNA was subjected to semi-quantitative reverse
transcription RT-PCR to detect the transcript level of P. falciparum Topolll in all
of the asexual stages.

Similarly, the expression of P/BLM was measured by amplifying 149 bp gene-
specific regions using the primer pairs OMKB 332 and OMKB 333. P/IWRN
expression was measured by amplifying 225 bp gene-specific regions using the
primer pairs OMKB 334 and OMKB335. For real-time PCR, cDNA from each
stage was diluted (1:50) and used for PCR using an RT-PCR kit (Roche). Real-
time analyses were conducted using the Applied Biosystems 7500 Fast Real-
Time PCR system. The threshold cycle (Ct) value of each sample's ARP
transcript was used to normalize the corresponding Ct values of the PfTOPOIII
transcripts. The normalized Ct values of PfTOPOIII from different samples
were compared with obtain ACt values. The relative levels of mRNA were
deduced from the formula: change in mRNA level = 2ACt. The primers OSB
337 and OSB 335 were designed to amplify a 254 bp gene-specific region of
PfTOPOII, and OSB 94 and OSB 95 were used to amplify a 300 bp gene-
specific region of P. falciparum aspartate-rich protein (PLARP) (131). To further
investigate the mRNA levels of P/TOPOIII under HU conditions, RNA was
isolated under treated and untreated conditions from late schizonts stage

parasites. The same procedure was followed to check the expression of
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PfTOPOIIL. PRAD5T was used as a positive control. The primers OMKB 198
and OMKB 17 were used to amplify 314 bp gene specific regions of PARADS5T.

2.2. YEAST GENETIC METHODS

2.2.1. Protein isolation from Yeast by TCA method

Yeast cells were inoculated in 5 ml of appropriate medium and grown overnight
at 30°C at 200 rpm. The secondary inoculum was given in 20 ml of the
appropriate medium. The culture was grown till the ODgoo reaches 0.5. The cells
were then centrifuged and re-suspended in autoclaved milli-QQ water. The cell
suspension was transferred to a 2 ml eppendorf tube to centrifuge again, and
the residual medium was discarded. This obtained pellet was first washed with
0.5 ml of 20 % TCA and centrifuged. The pellet was again re-suspended in 200
ul of 20 % TCA, and glass beads were added and vortex thoroughly. The
supernatant was transferred into a new 1.5 ml tube, washed twice with 200 pl
of 5 % TCA followed by mixing (132). This suspension was centrifuged again,
and the TCA precipitated proteins were dissolved in 60 ul 1X sample buffer
[Tris-HCI, pH 6.8, 2 % SDS (Fisher Scientific) and bromophenol blue (Qiagen).
The sample was then boiled for 8 minutes, centrifuged at top speed for 5

minutes, and used for further analysis.

2.2.2. Yeast competent cell preparation

A single colony of desired yeast strain was inoculated in 5 ml of yeast growth
medium and incubated overnight. The next day secondary culture was grown in
40 ml medium, and culture was incubated at 30°C till the final absorbance

reached OD 0.6 (for knockout experiments, O.D taken is 0.8). The cells were
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harvested and then washed by suspending them in 10 ml sterilized water. The
cells were finally re-suspended in 300 pl Lithium solution (1X Tris-EDTA, 1X

Lithium Acetate), and thus competent yeast cells were prepared.

2.2.3. Yeast transformation

About 0.5-1 pg of the sample DNA and 10 pg of carrier DNA were added to
the eppendorf tube. 200 ul of competent yeast cells was added gently over the
DNA mixture in each transformation tube. To each tube, 1.2 ml of PEG
solution [10X LiOAc (Sigma), 10X TE, 50% PEG 2000 (Sigma)] was added,
and the solution was incubated for 30 minutes with shaking. Heat shock was
given at 42°C followed by ice incubation. The cells were then collected by
centrifugation at 10000 rpm for 10 seconds. The pellet was re-suspended in 200
ul 1X Tris-EDTA buffer and then spread on appropriate plates. The plates were

incubated at 30°C till transformed colonies were seen.

2.2.4. Yeast Two-Hybrid Assay

For yeast two-hybrid analysis, we monitored ADEZ2 and HIS3 reporter gene
expression as the readout of protein-protein interaction. pPGBDUCI1 plasmid
with gene of interest was fused to the binding domain, and the second gene was
fused to the activation domain in pGADCI plasmid. The presence of both the
plasmid was confirmed by transforming them into the PJ69-4A strain. The cells
were grown up to 0.5 ODeoo and then serially diluted, as shown in the figure
(Figure **). 3 pl of each diluted sample was spotted simultaneously on two
plates; one lacking uracil and leucine and the other lacking uracil, leucine, and
his (132). The weak interaction was scored on SC-Ura-Leu—His plate. Self-

activation of the gene was checked by transforming either empty bait or prey
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vectors and respective plasmids containing the gene of interest. Growth on
these plates was scored after 5 days of incubation at 30°C

A list of yeast strains used in this study is mentioned in Table 3. PMY3 strain
that harbors empty pGADC1 and pGBDUCI vectors was used as a negative
control [31]. To study the interaction between PfTopolll and PfBlm and/or
PtWrn, the HCY1 and HCY?2 strains were created by transforming Prey-P/BLM
+ Bait-PfTOPOIII, and Prey-PAWRIN + Bait PFIOPOIII constructs into the PJ69-
4A  strain, respectively. Similarly, to study the interaction between
Potopolll(A259—337) and P{Blm as well as PfWrn, strains HCY3 and HCY4 were
generated by transforming the Prey-PfBILM + Bait-PAA259—337)topolll and Prey-
PAWRN + Bait-PAA259-337)topolll constructs, respectively into the PJ69-4A
strain. The strains HCY7, HCYS8, HCY9, and HCY10 were used as controls.
These strains were generated by transforming empty Prey + Bait-PfTOPOILI,
Prey-PBIM + empty Bait, Prey-PWRIN + empty Bait, and empty Prey + Bait-
PAA259-337 )topolll vectors respectively into the PJ69-4A strain.

2.2.5. Yeast genomic DNA isolation

10 ml culture was grown overnight at 30°C in a shaker incubator. The following
day, the cells were harvested at 3000 rpm (RT). The cell pellet was suspended
in 0.5 ml autoclaved double distilled water and centrifuged for 10 seconds. The
supernatant was removed, and the pellet was suspended through vortexing for
5 minutes. 200 pl breaking buffer [Triton X-100 (2%) (Qiagen), SDS (1%), NaCl
(0.1M)], glass beads (Sigma), and 200 pl of Phenol/Chloroform mixture were
added to the suspension. 200 pl 1X Tris-EDTA buffer (10 mM Tris-HCI, 1 mM
EDTA pH 8.0) was then added, and the mixture was centrifuged at maximum

speed for 5 minutes at room temperature. The supernatant was transferred into
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a new tube. To this 1 ml 100 % absolute ethanol was added and incubated at -
20°C for 30 minutes. The DNA was precipitated by centrifugation at 12000 rpm
for 5 minutes, and the pellet was dissolved in 400 ul of 1X Tris-EDTA buffer.
RNA was removed by RNase (10 mg/ml) (SRL) treatment. Then 10 pl of 4 M
NH;OAc (Fisher Scientific) and 2.2 volume of 100 % absolute ethanol were
added to precipitate the DNA, and the mixture was incubated at -20°C for 1
hour. Genomic DNA was collected by centrifuging at maximum speed for 10
minutes at room temperature (132). The supernatant was discarded, and the
pellet was washed with 70 % ethanol. Finally, the genomic DNA pellet was
dissolved in 1X Tris-EDTA buffer and used for further processes.

2.2.6. Yeast gene knockout

The strains used in this study are listed in Table 3. The ASetopolll strain was
generated by homologous recombination-mediated gene knockout. To that end,
a deletion cassette (133) with a HIS3 gene flanked by 40 bp upstream and 40 bp
of the 30 terminal ends of S¢TOPOIII ORF was amplified using the primer set
OSB 348/0SB 385. Then the cassette was transformed in the wild-type strain,
and the transformed colonies were selected using histidine drop-out plates.
Individual colonies were screened for Setgpolll knockout clone by PCR-
mediated confirmation using primer pairs OSB 350(-150bp upstream of the
gene) and OSB 385. The confirmed colonies should give an expected size of
1.45 kb (HIS3 gene size is 1.3 kb and 150 bp extra upstream region).
Unconfirmed colonies will give size of 2.05 kb (§¢TOPOIII gene size is 1.9kb

and 150 bp extra upstream region).
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2.2.7. Yeast complementation assay

For a functional complementation study in yeast, we transformed the empty
vector (pTA), pI'A-ScTOPOIL, pTA-PTOPOIIL pTA-PfY421Ftopolll, and p'T'A-
PAA259-337) topolll individually into the Afgpolll strain to generate SBY2,
SBY3, SBY4, SBY5, and SBYO, respectively. Later, these strains were tested for
slow growth phenotype in liquid as well as solid phase.

For liquid state, all strains were grown overnight in tryptophan dropout
synthetic medium at 30°C. The next day, secondary culture was grown at 30°C
for 15 hours, and after every 3 hours, the survivability was measured. For the
solid phase, a similar procedure was followed until secondary ODgoo reached
0.6. At this stage, all three strains were serially diluted and spotted on TRP-

plates.

2.2.8. MMS Sensitivity Assay

MMS sensitivity assay SBY2, SBY3, SBY4, SBY5, and SBY6 were tested for
DNA damage sensitivity. All strains were grown overnight in tryptophan
dropout synthetic medium at 30°C. The next day, secondary culture was grown
until 0.5 ODgo at 30°C. After ODG600 reached 0.5, the culture was divided into
three sets. One set of cells was treated with 0.01% (vol/vol) methyl
methanesulfonate (MMS) (Sigma—Aldrich), and the second set of cells was
treated with 0.04% MMS and grown at 30°C for 2 h. The third set was
continuously grown at 30°C for 2 h without MMS. After this process,
approximately 1000 untreated and 1000 treated cells were spread on selective
media and incubated at 30°C for 2—-3 days. We calculated the percent survival
by dividing the number of colonies in the treated plate with untreated ones for

each strain.
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2.3. BIOCHEMICAL METHODS

2.3.1. Western Blot method:

The protein samples of interest were separated on SDS-PAGE and transferred
onto the Poly Vinylidene di Fluoride (PVDF) membrane (132). Before the
transfer, the membrane was treated with methanol for 20 seconds, water for 2
minutes, with 1x transfer buffer (5.86 gm glycine, 11.64 gm Tris base, and 0.75
gm SDS) for 5 minutes. A semi-dry transfer method was used, and the transfer
conditions were 240mA of current for 80 minutes. After the transfer, blocking
of the membrane was done by 5% blocking buffer (5 gm skimmed milk powder,
100ml 1x TBS) for 2 hours at RT. The blot was added with the primary antibody
and kept at 4°C overnight in a rocking position. The next day, washing of the
blot was done with 1xTBST (0.2 M Tris base, 9% sodium chloride pH 7.6, and
0.1% Tween 20) three times. HRP conjugated antibodies were used for
secondary antibody treatment for 2 hours, washed as previously described. The
blot was developed by the chemiluminescence system (Pierce) substrate and
visualized in a Bio-Rad chemidoc system. The primary antibodies used were
mouse anti-hActl antibody (Abcam) and rabbit anti-PfTopolll antibody (KR
Instruments and Chemicals) at 1: 5000 dilutions. Anti-PfTopolll is a peptide
antibody against DSNNYSDETDDYYGDEKK of PfTopolll protein. For
subcellular fractionation, we used rabbit anti-histone H3 antibody (Imperial Life
Sciences) and mouse anti-Cytochrome C antibody (Allied Scientific) at 1: 5000
and 1: 3000 dilutions, respectively. For secondary antibodies, horseradish
peroxide conjugated antirabbit antibody (Promega), and anti-mouse antibody

(Santa Cruz Biotechnology Inc. CA, U.S.A) were used at 1: 10 000 dilutions.
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To check the expression of the PfTopolll in the yeast surrogate system,
proteins were isolated from the SBY3, SBY4, and SBY5 strains. The primary
antibody against anti-ScActin (Abcam) was used at a concentration of 1: 10 000
dilutions. The western blots were developed using a chemiluminescent
detection system (Pierce). Every experiment was repeated at least three times,
and band intensities were quantified using Image | software. Mean relative
densities were plotted using GraphPad prism. We used rabbit anti-GFP
antibody (Allied Scientific Products) at 1: 5000 dilutions to detect the expression
of GFP fused PfTopolll and the charged linker deletion mutant in the
transgenic parasite. To further study HU's effects on protein levels of
PfTopolll, western blotting analysis was performed on 20 ml Plasmodinm
cultures. The culture was divided equally into two groups: samples treated with
10 mM HU and kept for 20 h at 37°C and an untreated group. After 20 h,
parasitized erythrocytes specific to the late-schizont stage were harvested,
treated with 0.15% saponin, and washed three times with 1X PBS. Later, the

protein was isolated by using standard procedures.

2.3.2. Hydroxy Urea treatment

In survivability assays, HU (Sigma) was added to the highly synchronized late-
trophozoite stage of P. falciparum culture (~1% parasitemia) at a concentration
of 2.5 mM for 30 h at 37°C. Parasitemia was determined via Giemsa staining
(Sigma) every 10 h by counting at least 2000 RBCs. For each strain, 3—4
independent assays were conducted. In return-to-growth assays, 1%
synchronized parasites were treated with 2.5 mM HU for 6 h. After 6 h
treatment with HU, cells were washed twice incomplete RPMI media and

allowed to grow for 26 h in complete media. Then 6 h and 26 h slides were
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prepared for both HU-treated and untreated samples, and parasitemia were

measured. This experiment was repeated three times in 3D7 and strains over-

expressing Pfigpolll(A259-337)-GFP and PfTOPOIII-GFP.

2.3.3. Site-directed mutagenesis

Point mutations and deletion mutations were introduced in PfTopolll using the
splice overlap extension (SOE) PCR technique. Primer sets with the required
mutations were designed to incorporate mutations in P/TOPOIII at the desired
locations. Plasmodium 3D7 genomic DNA was used as a template, and a full-
length gene was amplified in two segments to insert a point mutation. To
amplify the first and second segments to generate the PY427Fropolll mutation,
the OSB 334/0OSB 452 and OSB 453/OSB 335 primer sets were used,
respectively. Then full-length PfTopolll containing the Y421F mutation was
amplified using the first two segments along with primer set OSB 334 and OSB
335. Finally, P/Y421Fpolll mutant was cloned into pTA yeast expression
vector between the BamH1 and Sall sites. After successful cloning, the
PfY421Ftopolll construct was sequenced to confirm the desired mutation. To
generate a Y-to-F mutation at the 421st aa residue, we changed the codons TAC
to TTT.

Similarly, to generate the PAA259-337)topolll mutation, the OSB 334/OSB 450
and OSB 451/0OS8B 335 primer sets were used, respectively, for amplification,
as mentioned earlier. Then full-length PfTopolll with the deletion of the
abovementioned segment was amplified using the first two segments along with
the primer set OSB 334/OSB 335. Finally, a PfA4259-337)tgpolll deletion

mutant was cloned into pTA yeast expression vector between the BamH1 and
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Sall sites. After successful cloning, the PAA259-337) topolll construct was

sequenced to confirm the desired deletion.

2.3.4. Immunofluorescence assay

Plasmodium culture (6% parasitemia in the late-schizont stage) harboring
PfTopolll-GFP expression vector and that harboring Pftopolll(A259—337)-GFP
expression vector was stained with DAPI and separately with Mitotracker for
30 min at 37°C before imaging. Subsequently, fluorescence levels assessed via
DAPI, Mitotracker, and GFP were observed and captured from live cells using

a fluorescence microscope (Axio Observer Z1 with Apotome, Catl Zeiss).

2.4 Plasmodium falciparum BIOLOGY METHODS

2.4.1 Washing of RBCs:

10 ml of blood was collected from a volunteer in a tube containing 1.4 ml of
CPDA (2.63% Trisodium citrate, 0.32% citric acid, 3.19% dextrose, 0.22%
NaH>PO4.H>O and 0.02% adenine), and kept at 4°C. Preferably the blood was
washed within 6 hours of collection. The collected blood was centrifuged at
1,500 rpm for 15 minutes at 4°C. The upper yellow part (serum) and the white
buffy layer at the junction were removed carefully with a Pasteur pipette. The
RBC layer volume was checked, and an equal volume of incomplete medium
was gently mixed with it. The tube was centrifuged at 2,500 rpm for 10 minutes
at 4°C. The supernatant was removed with the help of a Pasteur pipette. The
same procedure was repeated twice. Finally, the washed RBC cells were mixed
with an equal volume of incomplete medium to make 50% hematocrit (hct) and

stored at 4°C. The tube was marked with the blood group and date of wash.
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2.4.2. Preparation of complete medium:

RPMI 1640 with L-Glutamine and 25mM Hepes (Lonza) is an incomplete
medium. Albumax II (5 mg/ml) (Invitrogen) and hypoxanthine (0.5 mg/ml)
(Sigma) are added to the incomplete medium to make it compatible with
Plasmodinm culture. Before using it as a complete medium, it was filter-sterilized

using a 0.2-micron filter bottle (Millipore).

2.4.3. Maintenance of P. falciparum in-vitro culture:

In vitro, P. falciparum culture was maintained by changing the culture's medium
every day followed by subculturing every other day. The blood cells settle to the
bottom of the culture plate, forming a thin layer. For maintaining the culture,
we need to add a fresh medium for that the old culture medium is aspirated out
under aseptic condition by not disturbing the cellular layer. Then required
amount of pre-warmed (37°C) complete medium was added to the well and
mixed gently with the culture. The culture was maintained by the "Candle-jatr"
method (134). For sub-culture, once the medium was changed, 0.5 ml of the
culture was dispensed to the next well; then 0.5 ml of washed RBCs (50 %
hematocrit) and 4 ml of complete medium was added to it. Giemsa staining

(Sigma) was done to observe the parasites under a microscope.

2.4.4. Thawing of Plasmodium parasites from liquid nitrogen:

The frozen parasite vial was taken out from the liquid nitrogen tank and kept
for warming in a water bath at 37°C for 3 minutes. Proper care was taken to
avoid contamination of the vial. The vial content was transferred into a new 50
ml falcon tube, and 0.2 ml of solution 1 (12% NaCl) was added dropwise
(approximately one drop/second) by shaking gently. After adding solution 1,
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the sample was left undisturbed for 3-4 minutes. To this, 10ml of solution 2
(1.6% NaCl) was added dropwise with intermittent gentle shaking. The sample
was spun for 10 minutes at 2000 rpm at room temperature. The supernatant
was aspirated, and to the pellet, 10ml of solution 3 (0.9%NaCl, 0.2% Glucose)
was added dropwise by gentle shaking. The sample was spun for 10 minutes at
2000 rpm. The supernatant was discarded, and to the pellet, 0.2ml of fresh RBCs
(50% hct), 3 ml of complete medium was added. Finally, the contents in the
tube were transferred into a sterile 6 well culture plate and kept in a candle jar
which was kept in a 37°C incubator. The volume of solutions added was

calculated according to 1 ml of the sample.

2.4.5. Freezing of Plasmodium parasites:

The early ring-stage parasites with a parasitemia of about 2-4% were transferred
into a 15 ml falcon tube, centrifuged at 2500 rpm for 10 minutes. The
supernatant was aspirated to the estimated PCV (packed cell volume), an equal
volume of freezing solution (5% Glycerol, 1.6% sodium lactate, 0.03% KCl, 25
mM Sodium phosphate) was added dropwise (1 drop/second). The contents
were mixed gently and left undisturbed for 5 minutes. To the tube, 1.3 volumes
of the freezing solution were added dropwise. Finally, 1ml of the sample was
transferred into each cryo-vial. These cryo-vials were transferred to a frozen
container having iso-propanol for gradual freezing. The freezing container was
stored at -20°C overnight. The next day, for long-term storage, the vials were

shifted into a liquid nitrogen tank.
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2.4.6. Maintenance of Plasmodium in vitro culture:

The candle jar method was followed to maintain strains of P. falciparum in vitro.
The culture was maintained in RPMI-1640 complete media containing
Albumax-IT (5mg/ml), Hypoxanthine (0.5mg/ml). The hematoctit of RBC was
maintained at 5%, and subculture was done once the parasitemia reaches 2.5%.
During subculture, parasitemia was diluted to 0.5% by adding fresh media and
blood. The volume of the culture was adjusted to 5 ml accordingly. Parasitemia

was estimated by counting the Giemsa-stained blood smears.

2.4.7. Synchronization of parasites by sorbitol method:

10 ml ring-stage parasites were centrifuged at 2500 rpm for 10 min at room
temperature. The supernatant was removed using a Pasteur pipette, and the
pellet was carefully re-suspended in two bed volumes of pre-warmed 5%
sorbitol (Sigma) solution at 37°C. The sample was incubated at 37°C for 10 min
with intermittent tapping. After that, a pre-warmed incomplete medium was
added to a volume of 10 ml, and the sample was centrifuged at 3000 rpm for 10
min. The supernatant was removed, and the pellet was washed thrice with the
pre-warmed incomplete medium. Then the parasites were allowed to grow
normally until the early ring stage, and sorbitol synchronization was performed
again to obtain close to 100% synchronized ring-stage parasites (135). These
synchronized parasites were grown further to obtain synchronized trophozoite-

stage and synchronized schizont-stage parasites.

2.4.8. Genomic DNA isolation from Plasmodium parasites:
The parasite culture of 10 ml having 6-8 % parasitemia was harvested and spun

for 10 minutes at 3000 rpm, RT. Two PCV volumes of 0.15% saponin were
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added to the obtained pellet and incubated for 30 minutes in a 37°C water bath
with intermittent vortexing. Then five pre-warmed incomplete medium
volumes were added and centrifuged for 10 minutes at 6000 rpm at 4°C. The
obtained pellet was washed with a 1x PBS (phosphate buffer saline) solution to
remove saponin remnants. To this pellet, 75 ul of Milli-QQ water and 25 ul of
lysis buffer (10 mM Tris-HCl pH-8, 20 mM EDTA pH-8, 0.5% SDS, and 0.1mg
proteinase K) was added and incubated at 37°C for 3 hrs. with intermittent
mixing at every 30 minutes. After incubation, Milli-Q) water was added to make
the volume 400 ul, and to this, an equal volume of PCIA (phenol, chloroform,
isoamyl alcohol) solution was added. The sample was centrifuged at 12000 rpm
for 15 minutes at room temperature. The aqueous layer was collected into a new
microfuge tube and treated with RNase for 30 minutes at 37°C. After RNase
treatment, the PCIA step was repeated. To the aqueous layer obtained, 2.2
volumes of 100% ethanol and 1/10 volume of Solution 3 was added. The
sample was kept at -80°C for overnight precipitation. The next day, the sample
was spun for 30 minutes at 12000 rpm, 4°C. Finally, the pellet was in the 1xTE
buffer, and the integrity of genomic DNA was checked by running agarose gel

electrophoresis.

2.4.9. RNA isolation from Plasmodium parasites:

The parasite culture of about 10ml was harvested and centrifuged for 10
minutes at 3000 rpm. The supernatant was discarded, and the cell pellet was
loosened by tapping. To the pellet, pre-warmed TRIzol (10 pellet volumes for
the ring and 20 pellet volumes for trophozoite and schizont) was added. The
pellet was shaken thoroughly to avoid clumping. The sample was incubated at

37°C for 5 minutes. After incubation, 0.2 TRIzol volumes of chloroform were
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added, and the sample was shaken vigorously. The sample was allowed to settle
for 2-3 minutes and centrifuged for 30 minutes at high speed, 4°C. The aqueous
layer obtained was shifted to a new microfuge tube, and 1ml of 2-proponal was
added. The sample was kept for incubation at 4°C overnight. The next day, the
samples were centrifuged at 14000 rpm, 4°C for 30 minutes. The pellet was
washed with 75% ethanol (prepared with DEPC treated water) and centrifuged
for 30 minutes at 14000 rpm, 4°C. Finally, the pellet was air-dried and re-
suspended in 50ul of DEPC water. The integrity of RNA was checked by
running formaldehyde agarose gel electrophoresis, and the concentration was

determined by measuring ODag.

2.4.10. Cellular fractionation from Plasmodium falciparumnn:

40 ml of Plasmodium culture having 8% parasitemia was taken, and the packed
volume was estimated. The pellet was re-suspended in two volumes of 0.15 %
saponin (Sigma) and was incubated at 37°C for 15 minutes with intermittent
mixing. 5 volumes of incomplete medium were then added to it, and it was
centrifuged at 4000 rpm for 10 minutes at 4°C. The precipitated parasites were
washed with 10 ml of 1x PBS thrice. It was then washed with 5 ml of buffer I
(0.34 M sucrose, 15 mM NaCl, 0.2 mM EDTA, 0.2 mM EGTA, 15 mM Tri-Cl
pH 7.4 and 0.2 mM PMSF). The parasite pellet was finally re-suspended in 5 ml
of buffer II (buffer I containing 1 % TritonX-100) and was incubated at 4°C for
30 minutes. This suspension was homogenized using a Dounce homogenizer
using 25 complete strokes. The nuclei were separated by centrifugation at 600 x
g for 5 minutes, and the supernatant (carrying organelle and cytosolic fractions)
was transferred to a new tube. The obtained nuclei pellet was washed with

buffer I and finally was re-suspended in 50 ul of low salt buffer [1.5 mM MgCly,
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0.2 mM EDTA, 20 mM HEPES pH 7.9, 25% glycerol, and 1x protease inhibitor
cocktail (Roche)| equal to half the packed nuclear volume and was used for
nuclei sample.

The supernatant obtained initially (after nuclei pellet by spun at 600 x g) was
subjected to centrifugation at 12000 rpm for 30 minutes at 4°C to separate
organelle fraction and cytosol. The obtained pellet was used an organelle
traction. The above two nuclear and organelle fraction was resuspended in 1X
Laemmli buffer (Tris-HCl, 63 mM (pH 6.8), 10% Glycerol, 0.0005%
Bromophenol blue, 0.1% 2-Mercaptoethanol). With these fractions, we

performed a western blot to locate the localization of PfTopolll.

2.4.11. Isolation of proteins from Plasmodium parasites:

Parasite cultures of about (5-10) ml were collected and centrifuged for 10
minutes at 3000 rpm, at room temperature. 2 PCV (packed cell volume) of
0.15% saponin was added and incubated at 37°C water bath for 20 minutes with
intermittent mixing to the pellet. The sample was added with 5 volumes of pre-
warmed incomplete medium and centrifuged at 4000 rpm for 10 minutes at 4°C.
The obtained parasite pellet was washed with 1x PBS 3-4 times to remove
saponin's remnants. Finally, the parasite pellet was resuspended in 1X Laemmli
buffer (Tris-HCI, 63 mM (pH 6.8), 10% Glycerol, 0.0005% Bromophenol blue,
0.1% 2-Mercaptoethanol). The quality and integrity of protein preparation were
checked by running SDS-PAGE.

2.4.12. Transfection of Plasmodium falciparun:
Synchronized early ring-stage parasites having parasitemia around 6-8% were

taken for transfection. The desired plasmid (80-100 ug) was resuspended in 50ul
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of cytomix solution (10mM K:HPO. pH-7.6, 120mM KCI, 0.15mM CaCly,
25mM HEPES pH-7.6, 2mM EGTA pH-7.6, and 5mM MgClz) and kept in 4°C
for overnight before the day of transfection. On the day of transfection, 10 ml
of the parasite culture was centrifuged at 3000 rpm for 5 minutes at room
temperature and, the supernatant was aspirated. The pellet was added with 5ml
of pre-warmed cytomix solution and spun for 5 minutes at 3000 rpm. Washing
with cytomix was repeated once again. To the pellet, 1250 pl of pre-warmed
cytomix was added and pipetted gently. From the re-suspension, 350 pl was
taken and added to a microfuge tube containing 50 ul of cytomix re-suspended
DNA. The contents from the microfuge tube were transferred to the
electroporator cuvette without generating any air bubbles. The cuvette was then
placed in the Bio-Rad Gene Pulsar, and pulse was given by selecting the
program with 0.31kV and 950 uF. After the pulse, the cuvette sample was mixed
with cold complete media and transferred to 6 well culture plate. Pre-warmed
complete media of about 3 ml and 100 ul of fresh RBC was added to the 6 well
plate. The plate was kept in an incubator containing a candle jar at 37°C. The
complete medium was changed daily until the parasitemia reaches up to 4-8 %.
After the parasitemia was reached, pyrimethamine containing complete media

was added to eliminate non-transfectants and allow only transfectants to grow.

2.5. IN SILICO METHODS

2.5.1. PfTopolll structure modeling and molecular dynamics.
We used I-TASSER server to model the PfTopolll structure [33], 4CGY (PDB

ID) was used as a template [34]. For residues with no matching template, I-

TASSER performs ab initio modeling. To check the stability of the modeled
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structure, explicit solvent MD simulation was performed using Gromacs 4.5.5
[35] and CHARMM36 force field [36]. The apo-structure was solvated in an
octahedron box with a TIP3P water model [37]. The charges on the protein
were neutralized by adding chloride ions. NVT- and NPT-position restrained
equilibrations were done for 200 ps and 1 ns, respectively. The modeled apo
structure was used for 50 ns molecular dynamics (MD) simulations. A clustering
calculation was performed on the last 10 ns of the trajectory from the 50 ns
simulation of the PfTopolll apo-structure. The centre of the largest cluster was
chosen as the starting structure for the subsequent simulations. To study the
binding of single-stranded DNA in the PfTopolll structure, the E. co/i structure
was used. The 117D (PDB ID) [38] structure was aligned to the PfTopolll to
generate a holo-structure with a single-stranded DNA octamer. The holo
structure of PfTopolll was simulated for 100 ns using a similar procedure as
mentioned above. VMD 1.9.2 [39] and Gromacs 4.5.5 [35] were used to analyze
the trajectories. The root-mean-square fluctuations (RMSFs) of the Co atoms

of the entire protein were calculated using the grmsf module of Gromacs.

2.5.2. Comparative structure modeling and validation of PfTopoVIB and
PfHsp90

The crystal or solution structure for PfTopoVIB is not solved yet. In the case
of PtHsp90, although two crystal structures are solved, they are not of the full-
length protein. Hence, homology-based structure modeling was carried out for
both of the proteins. The sequences of PfTopoVIB and PfHsp90 were retrieved
from the UniProtKB/Swiss-Prot database (130), and suitable templates were
selected from the SMTL, a large structural database of experimentally

determined protein structures, derived from the PDB (137). Target-template
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sequence alignment was carried out wusing BLAST P  suite
(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins). Near-native
structures of PfTopoVIB and PfHsp90 were modeled using the automated
mode (ProMod3 Version 1.2) integrated into the Swiss-Model server (138).
Necessary energy minimization steps were also carried out for the predicted
models using the GROMOS 43B1 force field (139) implemented in the Swiss-

PDB viewer |http://www.expasy.org/spdbv]. The validation of both the

modeled structures was carried out using the PROCHECK server (140) and the
Ramachandran plot [http://services.mbi.ucla.edu/SAVES/Ramachandran/].
PROCHECK server checks the stereochemical quality of the modeled
structures. The Ramachandran plot shows the residue-by-residue quality and
stability of the favored and the disallowed regions in the protein model. ERRAT
scores (141) were also predicted for the homology models through the
Structural ~ Analysis and  the  Verification  Server (SAVES)
[https://servicesn.mbi.ucla.edu/SAVES] of UCLA-DOE Lab.

2.5.3. Design and preparation of Radicicol analogs

The 3D structure of Radicicol, downloaded from the PubChem compound
database (142), was used as the reference molecular scaffold for the in-silico
design of different derivatives (structural analogs). MarvinSketch tool
(https://chemaxon.com/products/matvin), version 16.8.8.0 was used to draw
the analogs by modifying different atoms, functional groups, and side chains
Radicicol. Our strategy was to modify the structure of Radicicol and design
novel analogs by substituting the functional groups, which potentially enhance
its inhibition against PfTopoVIB and reduce its inhibition of PfHsp90. The
reported Structure-Activity Relationship (SAR) of Radicicol (143) was
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considered for selecting the attachment point for the modification, and various
functional groups were identified from relevant literature (144-149). We
substituted different functional groups at specific attachment points of
Radicicol without disturbing the macrocyclic ring required for the bioactivity of
Radicicol. The designed analogs were saved along with their 10 conformers each
for further preparation. 'Prepare ligand' protocol in Biovia Discovery Studio
(DS) 4.0 (150) was used to prepare the analog dataset, which optimizes the
charges of common groups, adds hydrogen atoms, generates tautomers/
isomers, and removes duplicate/bad conformers. 'Generate Conformations'
protocol, using a quasi-exhaustive systematic search method (FAST
conformation generation method) (151) employed in DS 4.0 was used to create
all the possible diverse 3D conformers of each analog, and all the resulting

diverse conformers were stored as a single file for further docking step.

2.5.4. Structure-based virtual screening of Radicicol analogs against
PfTopoVIB and PfHsp90

Along with Radicicol and its analogs, the Adenosine triphosphate (ATP)
molecule (downloaded from PubChem compound database) was also used as
the positive control for docking studies. Since ATP binds to the monomeric
form of TopoVIB, we have used the monomers of PfTopoVIB and PfHsp90
as our template for our docking studies. Two sets of docking were carried out
in a site-specific manner. The 3D structures of PfTopoVIB and PfHsp90 served
as the receptors, and the Radicicol derivatives with their conformers served as
the analog dataset. The docking program LibDock (152,153) implemented in
DS 4.0 performs a high-throughput docking by aligning analog conformations

to polar and apolar receptor interaction sites (hotspots). The binding site cavities
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were analyzed for both the target protein structures using the 'Eraser algorithm'
(154) implemented in DS 4.0. A grid with coordinates of -9.153 A, -79.659 A,
and 25.38 A for X, Y, and Z, respectively with the spacing of 0.5 A was used
for positioning the binding site. In PfHsp90, the grid coordinates of 21.963,
32.991 and 14.764 for X, Y and Z respectively with spacing of 0.5 A were used.
The grid covered the Bergerat fold residues, which were specified as the target
protein site features (termed as HotSpots) by the LibDock program for
calculating the binding affinity of analogs with the receptors. Receptor-analog
docking study was performed using LibDock protocol against PfTopoVIB as
well as PtHsp90. An empirical scoring function, LigScore (155), was employed
to score the docked ligand poses, and the complexes were ranked and sorted
according to the descending order of the LibDock score. The best-docked pose
for each analog towards each protein was identified based on the highest
LibDock score and compared with the LibDock score of ATP and Radicicol.
The lead molecules were selected based on higher LibDock scores and specific
docking with PfTopoVIB and little or no docking with PfHsp90. The
interacting amino acids of the complexes were analyzed, and the types of
molecular interactions, including conventional hydrogen bonds, carbon-
hydrogen bonds, electrostatic interactions, and hydrophobic interactions, were

noted.
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Table 1: Plasmids used in this study

Name of plasmid Description about plasmid Source

pTZ57R/T TA cloning vector having ampicillin Thermo
resistance gene. Fisher

Scientific

pET28a Bacterial expression vector having
T7 promoter and Kanamycin
resistance gene. It expresses the | Novagen

protein with N-terminal HIS tag.

pGBDUCI Yeast two-hybrid bait vector having (156)
URA3 marker and ampicillin
resistance gene. It is a 2p plasmid
that expresses the binding domain

tor the Gal4 transcription factor.

pGADC1 Yeast two-hybrid prey vector with (150)
LLEU2 marker and ampicillin
resistance gene. It is a 2u plasmid
that expresses the activation domain

for the Gal4 transcription factor.

Pta Yeast expression vector having (132)
GPD/ADHI1 promoter. It has a
TRP marker and ampicillin

resistance gene.

Parasite expression vector having

pPfCENV3 PfCAM promoter. It is a
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centromeric plasmid with Blasticidin | (a gitt from
S deaminase marker. It expresses the Dr. Puran
protein with C- terminal GFP tag. | Singh Sijwali,
CCMB,
Hyderabad)
(157)

pFAG6a-HIS3 The plasmid was used for gene (133)

knockout using HIS insertion. It has

an ampicillin resistance gene.
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Table 2: List of primers used in this study

S. | Name of the Sequence Purpose
No. primer
1. OSB 334 5TGCGGATCCATGGCACG | Forward primer to
ACTGAAAGTGTTG 3 amplify full-length
PfTOPOIII
2. OSB 335 5TGCGTCGACTTATGTAT | Reverse primer to
ATGAGAGCTGATCG 3' amplify full-length
PfTOPOIII
3. OSB 337 5' forward primer to
TAGGTATAGCCTTAGTAC | amplify 254 bp of
AATC3 the 3' end of
PfTOPOIII
+ OSB 346 5' Forward primer to
TGCGGATCCATGAAAGTG | amplify full length
CTATGTGTCGC 3 ScTOPOII
5 OSB 455 5' Reverse primer to
TGCGTCGACTTACATGGA | amplify full-length
TGCCTTGACAC 3' ScIoronI
0. OSB 348 5'GCGCTCGCTTCAGCTAC | Forward primer to
GTAAAGGTGTATTA amplify the
TAGACAATACGGATCCCC | deletion cassette to
GGGTTAATTAA 3' create  S¢TOPOII

knockout
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7. OSB 385 5' Reverse primer to
TTACATGGATGCCTTGAC | amplify the
ACGGTCATAAAC deletion cassette to
TTGCAAGAGAGAATTCGA | create  S¢TOPOIII
GCTCGTTTAAACS knockout
8. OSB 350 5' Forward  primer
ACATTGGATAATGGCGTG | complementary to
AAC 3 150 bp upstream
of S¢TOPOIII
9. OSB 497 5' Reverse primer to
TGCAGATCTCCTGTATAT | clone P/TOPOIII
GAGAGCTGATCGGG 3 as C-terminal GFP
fusion
10. OSB 452 5' Reverse primer to
ATAATTGGTTTCTIGTTCT | create
AGGAAAACTAATAT PfY421Ftopolll
AAC 3 mutant
11. OSB 453 5' Forward primer to
AACAAGGGTTATATTAGT | create
TTTCCTAGAACAGAAAC 3' | PfY421Ftopolll
mutant
12. OSB 450 5' Reverse primer to
GTAAAATCTACAACATTA | create  PfA259-
TCATAATTATTTTCATCAT | 337)topolll mutant

CCATAG 3
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13. OSB 451 5' Forward primer to
TGAAAATAATTATGATAA |create  PHA259-
TGTTGTAGATTTTACATG | 337)topolll mutant
GTC3

14. OMKB 198 | 5' Forward primer to
AGCTAGCTAATAGGCAAT | amplify 314 bp at
Cc3 the 3' end of

PRAD51

15. OMKB 17 5' Reverse primer to
ATCGTCGACTTTATTTTTC | amplify P/RADS5T
CTCATAATCTGC 3

16. OMKB 332 | 5' Forward primer to
ATTCGAGATAAAGGAATT | amplify 149 bp at
ATTGAAG 3' the 3' end of

PBILM

17. OMKB 333 |5 Reverse primer to
ATGCTTCCTCTTTACATTC | amplity P/BLM
ATAG 3

18. OMKB 334 | 5' Forward primer to
ATGAACATAGTGTTAATA | amplify 225 bp at
ATATGC 3' the 3' end of

PAWRN

19. OMKB 335 |5 Reverse primer to

TATAAACGAACTGATCTA | amplify PAWRN

ATATATC 3'
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20. OMKB 540 | 5' Forward  primer
GAGTGGATTAAATGCCCA | for amplification
GCC 3 of fragment A
21. OSB 251 5' Reverse primer for
GCATCTCTACAAACTACA | amplification  of
GAG 3 fragment A
22. OSB 493 5' Forward  primer
TACTCTGTAGTTTGTAGA | for the
GATGC 3 amplification  of
fragment B
23. OSB 495 5' Reverse primer for
CCTCACAGCTTTATTCGG | the amplification
TCC 3' of fragment B
24, OMKB 615 | 5' Forward  primer
CTGGCCTACACTATAAGA | for amplification
ACG 3 of fragment C
25. OSB 176 5' Reverse primer for
CATCCCATAGCAAGTATC | amplification  of
ATAG 3' fragment C
20. OMKB 616 | 5' Forward  primer
CTACTGGTTTAGAAGTTG | for the
ATAC 3 amplification  of

fragment D
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27. OMKB 617 | 5' Reverse primer for
TACTGGAATAGAGGATAA | amplification  of
CAAG 3 fragment D
28. OMKB 618 | 5' Forward  primer
GTTATCCTCTATTCCAGTA | for the
GC3' amplification  of
fragment E
29. OMKB 619 | 5' Reverse primer for
CATACATCCTAACATTAAT | amplification  of
AACG 3 fragment B
30. OMKB 620 | 5' Forward  primer
CGCTGACTTCCTGGCTAA | for amplification
AC 3 of fragment F
31. OMKB 541 | 5' Reverse primer for
ATTGTTCTACATTACGAG | the amplification
ATACC 3 of fragment F
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Table 3: List of the strains used in this study

Strain Genotype Source

SBY1 | MATa leu2-3,112 trp1-1 canl-100 ura3-1 ade2-1 his3- | This study
11,15 [phi+] TOPOINI::HIS 3

SBY2 | MATa leu2-3,112 trp1-1 canl-100 ura3-1 ade2-1 his3- | This study
11,15 [phi+] TOPOLI::HIS3 pT A

SBY3 | MATa len2-3,112 trp1-1 can-100 ura3-1 ade2-1 his3- | This study
11,15 [phi+] TOPOLI::HIS3 pTAScTOPOII

SBY4 | MATa len2-3,112 trp1-1 can-100 ura3-1 ade2-1 his3- | This study
11,15 [phi+] Topolll::HIS 3 pTAPfTOPOIII

SBY5 | MATa len2-3,112 trp1-1 can-100 ura3-1 ade2-1 his3- | This study
11,15 [phi+] Topolll::HIS 3 pTAPfY421Fropolll

SBYO6 | MATa len2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3- | This study
11,15 [phi+] TOPOII:HIS3  pTAPfA259-
337 )topolll

PJ69 | MATa trpl-901 leu2-3,112 wura3-52 his3-200 gal4A | (158)
4a gal80A 1.YS2 ' GALIHIS3 GAL2-ADE2,
met2::GAIL7-lac/,

PMY | MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal4A | (158)
3 gal80A 1.YS2 : GALFHIS3 GAIL2-ADE?2,
met2::GALT-lacZ pGADCT,pGBDUCT

HCY | MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal4A | This study
1 gal80A 1.YS2 = GALIHIS3 GAL2-ADE2,
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met2::GALT -lacZ pGADCT/PBLM,
pGBDUCT/PfTOPOII

HCY | MATa #pl-901 len2-3,112 ura3-52 his3-200 gal4A | This study
2 180N LYS2 = GALLHIS3 GAIL2-ADE2,
met2::GALT-lacZ pGADCT/PAVRN,
pGBDUCT/ PFTOPOIIL

HCY | MATa #pl-901 leu2-3,112 ura3-52 his3-200 gal4A | This study
3 2al80A LYS2 = GALLHIS3 GAL2-ADE2,
met2:GAL7-lacZ PGADCT/PBLM,
PGBDUCT | PAA259-337 )topolll

HCY | MATa #pl-901 leu2-3,112 ura3-52 his3-200 gal4A | This study
4 180N 1YS2 = GALFHIS3 GAL2-ADE2,
met2::GALT -lacZ PGADC1/PAVRN,
PGBDUCT | PfA259-337 )tapolll

HCY | MATa trp/-901 len2-3,112 ura3-52 his3-200 gal4A | This study
7 180N 1.YS2 = GALLFHIS3 GAI.2-ADE2,
met2:GAL7-JacZ. PGADCI,
pGBDUCT/PfTOPOIII

HCY | MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal4A | This study
8 gal80A 1.YS2 ' GALIHIS3 GAL2-ADE2,
met2::GAL7 -lacZ pGADCT [ PBLM, pGBDUCT

HCY | MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal4A | This study
9 gal80A 1.YS2 : GALFHIS3 GAIL2-ADE?2,
met2:GAL7 -lacZ pGADCT/PWRN, pGBDUCT
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HCY | MATa t1pl-901 len2-3,112 nra3-52 his3-200 gal4A | This study.

10 | gal80A LYS2 : GAL-HIS3 GAL2-ADE2,
met2::GAL7-lacZ pGADCT, pGBDUCT/PHA259-
337 )topolll.

70



CHAPTER-3
RESULTS

CHAPTER-3

FUNCTIONAL
CHARACTERIZATION OF PfTopolll
AND ITS UNIQUE CHARGED
DOMAIN

71



CHAPTER-3
RESULTS

3.1. Domain analysis of PfTopolll and its comparison with HsTopolIl

3.1.1. A unique charged domain in PfTopolll

The P. falciparum genome database (http://www.plasmoDB.org) shows the
presence of a putative PfTopolll (Gene ID: PF3D7_1347100) gene. It has no
intron, and it is predicted to code a 710 aa protein. The phylogenetic analyses
show that prokaryotic and eukaryotic sequences formed two distinct branches
from the root. The Topolll sequence from P. falciparum was close to ScTopolll
and human Topollla (Figure 5A), while the Topolll sequences from E. co/i, 1.
cholerae, V. nereis, E. lignolyticus and . enterica were clustered together.

Multiple sequence alignment of PfTopolll showed significant homology in the
catalytic TOPRIM domain (aa 5 to 150) across various Topolll sequences
(Figure 5B) with two conserved aspartates at positions 118 and 120 and one
conserved glutamate at position 122 (red box in the figure). The catalytic
tyrosine residue of the enzyme is located at position 421 (blue star) within a
highly conserved GYISYPRTET sequence (green box). PfTopolll lacks a
stretch of 30 aa residues at the N-terminal end and an extended 362 aa at the C-
terminal domain that are present in human and mouse Topollla. These
extended N-terminal and C-terminal regions are also absent from ScTopolll.
However, there is a unique charged amino acid containing region spanning
residues 259 to 337, which is absent from other eukaryotic Topolll (Figure 5C).
It showed 75% sequence identity with Plasmodium berghei Topolll and 35-39%
sequence identity with other orthologs of Topolll (Table 4).
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Table 4: Similarity and identity amongst Topoisomerase orthologs

Species Species

P. falciparum P. berghei H. sapiens M. musculus S. cerevisiae
P. falciparum 100 75(83) 39(60) 38(61) 35(57)
P. berghei 100 40(62) 39(62) 35(59)
H. sapiens 100 87(91) 41(58)
M. musculus 100 41(59)
S. cerevisiae 100

Numbers in parentheses represent % similarity and outside parentheses represents

% identity
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WVDENVAPGS FAAPAWPGGR GKAQRPEAAS KRPRAGSSDA GSTVKKPRKC SLCHQPGHTR TFCPQNR
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Figure 5: Sequence analysis results show the identification of a unique charged domain in PfTopolIl.
A) Phylogenetic analysis of Topolll protein sequences obtained from various prokaryotic and
eukaryotic organisms. B) Multiple sequence alignment of PfTopolll (P. falciparum), PbTopolll
(Plasmodium berghei), HsTopollla (Homo sapiens), MmTopollla (Mus musculus), and ScTopolll
(Saccharomyces cerevisiae) shows the presence of two conserved aspartate residues and one glutamate
residue in the toprim domain (red box). Moreover, one conserved tyrosine residue (represented by a

blue star) is present in the catalytic domain (green box). C) Domain analysis of PfTopolll and

HsTopolll. The charged region is present at 259-337 amino acid region.
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3.1.2. Molecular dynamic simulations (MDS) indicate that the flexible

charged domain of PfTopolll stabilizes upon DNA binding

The following molecular dynamics study has been conducted in collaboration
with Dr. Arijit Roy (TCS innovations). This bioinformatics study aimed to
predict the structure of the enzyme and understand whether the charged
domain is involved in DNA binding. We modeled PfTopolll using the I-
TASSER server by selecting human Topollla as a template (PDB ID: 4CGY)
(Figure 6A). Domain analyses of PfTopolll indicated the presence of an extra
charged region within domain II that was disordered and away from the DNA
binding region. The stability of the structure was evaluated via MDS for 50 ns.
During the simulations, the PfTopolll structure was stable, but the charged
region showed large fluctuations. In a 50 ns apo-PfTopolll simulation, the
charged domain remained away from the DNA binding region (Figure 6B). To
understand whether the charged domain had any role in DNA binding, we
compared it to the structure of E. co/i Topolll, which has a charged loop similar
to that of PfTopolll (61). To that end, the structure of E. /i Topolll (PDB
ID: 117D) with a single-stranded DNA octamer (5- CGCAACTT 3’) was
aligned to the PfTopolll and the single-stranded DNA octamer was placed in
the binding site to generate a structure of PfTopolll bound with DNA. The
holo structure of PfTopolll was simulated for 100 ns using a similar procedure
as mentioned above. RMSFs of the PfTopolllI-DNA complex were computed
for the Ca atoms of complete protein to capture the dynamics of individual
amino acids. From the RMSF plot, the maximum fluctuations were observed in
parts of the charged domain, the Toprim domain, and domain III (Figure 6B).

Other fluctuations were also observed in the amino and carboxyl-terminal of
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the protein (Figure 6C). The principal component analyses (PCA) were used to
identify the dominant motions during the simulations (159), both, PC1 and PC2
showed major fluctuations in the charged domain with similar direction,
towards the bindings site of single-stranded DNA (Figure 6D). PC1 also
showed fluctuations in parts of Toprim and domain III, which are in the
opposite direction, indicating the opening of a central hole of the PfTopolll

protein (Figure 6D).
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From these observations, it can be inferred that there are two major
conformational changes in the protein. First, domain III and Toprim domain
open up to accommodate the oligonucleotide, and then the charged domain
comes closer to and interacts with the oligonucleotide.

The distance between the centres of mass of domain 111 (residues 380-511) and
parts of Toprim domain (residues 12—26 and 152-163) were computed to
quantify the movement between these two domains (Figure 6E). The domains
moved by a distance of 7 A compared with the PfTopolll modeled structure
(Figure 6E). In the RMSF and PCA analyses, the charged domain showed high
flexibility during MDS. The conformations of the charged domain could largely
be clustered into four bins, as can be seen in the free energy landscape (FEL)
plot (Figure 6F). During the start of the simulation, the charged domain
interacted with parts of domain III, similar to the apo-structure simulation
(Figure 6G, red). Around 34 ns, the domain adopted an open conformation to
interact with the DNA octamer (Figure 6G, black). At ~46 ns, residues D296,
E297, K302, and K304 started interacting with the oligonucleotide (Figure 6G,
H). During the latter part of the simulation, the charged domain was in a closed
conformation. The charged and aromatic residues in the charged domain
interacted with and stabilized the DNA octamer (Figure 6G, H). The residues
from this domain (K302, K301, K299 and others) formed hydrogen bonds and
stacked interactions with the nitrogenous bases of the DNA octamer (Figure
0G). These interactions helped to stabilize and place the DNA octamer in the
cavity for further processing. Thus, the MDS and the structural data established
that the charged domain of PfTopolll stabilizes the binding of single-stranded
DNA
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Figure 6. Molecular dynamic simulations indicate that the charged domain of PfTopolll remains
flexible and stabilizes upon DNA binding. A) Structure of PfTopolIl modeled using the I-TASSER.
The toprim domain and domain III are colored in red and magenta, respectively. The domains II and
IV are colored in orange and green, respectively. The charged domain which is a part of domain II is
shown in blue. B) Principal components (PC1 and PC2) obtained from 50 ns simulation of PfT'opolIl
simulation. The fluctuations greater than 2 A are shown by red arrows. The protein and charged
domain are shown in green and blue trace, respectively. C) The dynamics of holo-PfTopolll, the

RMSEF of the Ca atoms of PfTopolll in presence of DNA octamer. The regions that show high RMSF
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are highlighted in red ellipse. D) Principal Components (PC1 and PC2) obtained from 100 ns
simulations of PfTopolll simulation. The fluctuations greater than 2 A are shown using red arrows.
The protein and charged domain are shown in green and blue trace, respectively. E) Graph showing
the distance between the centres of mass of parts of toprim (residues 12—26 and 152—163 shown in red)
and domain III (residues 380-511 shown in magenta) during the simulation of PfTopolll holo
structure. F) Free energy landscape (FEL) with respect to principal components 1 and 2. G) Major
conformations of charged domain (residues 251-337) sampled during 100 ns simulation obtained from
FEL have been shown in red, black, orange and blue color, respectively. H) Interactions of charged

domain (green) with the DNA octamer (magenta) have been shown.

3.2. To study the expression and localization of PfTopolll in asexual

stages of the parasite

3.2.1. Expression of PfTOPOIII and antibody generation

PfTOPOIII with 2133 base pairs were PCR amplified using 3D7 P. falciparum
genomic DNA as a template (Figure 7A). To generate an antibody against
PfTopolll protein, we attempted to express the full-length protein into pET28a
bacterial expression vector having histidine tag. To this end, we transformed
the constructs in different bacterial expression strains Rosetta, BL21 DE3*
codon plus, and BL21:DE3 pLysS cells and were subjected to IPTG mediated
induction at various conditions; the expected size of the band was 78 kDa
approximately. Protein expression was not observed with the
pET28a:PfTOPOIII construct in any given conditions (Figure 7B). Hence, we
designed a peptide spanning residues 281-300 of PfTopolll
(DSNNYSDETDDYYGDEKK) and raised antibodies against the peptide.
Immune sera analyses showed a specific band near 75 kDa (Figure 7C, right
blot), which was absent when probed with pre-immune sera (Figure 7C, left
blot)
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Figure 7: Expression of recombinant proteins PfT'opolll in various host cells which was cloned in
bacterial expression vectors pET28a. A) PCR amplification of PFTOPOIIIis presented. B) SDS-PAGE
shows no expression of PfTopolll as histidine tagged protein in BL21 DE3*, codon plus, Rosetta and
BL21::DE3 pLysS strains at 37°C, 25°C and 18°C. C) Western blotting analyses of parasite cell extracts
with pre-immune serum (left blot) and with an antibody raised against PfTopolII (right blot). The
molecular weight marker is indicated on the left.

OE: empty induced Ohour UE: empty uninduced IE: empty induced

M: marker IT: Testinduced UT: Test uninduced

3.2.2. PfTopolll expression is tightly linked with the replication of the
parasite

To understand the specific expression levels of PfTopolll during blood stages
of the parasite, we studied its transcription and protein level expressions. To
that end, we performed semi-quantitative RT-PCR, quantitative RT-PCR, and
western blotting experiments. We isolated RNA from various synchronized
asexual stages of the parasite (ring, trophozoite, and schizont) and performed
semi-quantitative RT-PCR and real-time RT-PCR. Our semi-quantitative results
indicated that PfTOPOIII transcript is expressed in the schizont stage of the
parasite (Figure 8A). Aspartate-rich protein (ARP), which is constitutively
expressed at all stages of the parasite, was used as a loading control. There was
no amplicon in each sample before reverse transcriptase treatment (-RT), which
tells that the sample preparation is devoid of any genomic DNA. Real-time RT-
PCR analyses showed that the schizont stage of the parasite expressed more
than 30-fold greater PfTOPOIII transcript compared with the ring and
trophozoite stages, indicating its direct role during the replication of the parasite

(Figure 8B). Using the specific peptide antibody, we performed western blotting
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to investigate the stage-specific expression of the protein. We found that
PfTopolll is expressed specifically in the schizont stage (Figure 8C). Actin was
used as a loading control. Thus, the expression profiles at the transcript level

and protein level corroborated each other.
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Figure 8. PfTopolll expression is tightly linked with the replication of the parasite. A) RT-PCR
analysis with RNA isolated from the rings (R), trophozoites (T) and schizonts (S) stages. PCR
amplification was done using PfTOPOIII and ARP (Aspartate rich protein) specific primers which
amplify 254 bp and 300 bp specific to the 3’ end of the transcript, respectively. The bottom panel shows
the lack of a PFTOPOIII band in the absence of reverse transcriptase (—RT). Genomic DNA (gDNA)
served as a positive control. B) Real-time RT-PCR shows the relative abundance of PfTOPOIII at
various stages of the parasites. Error bars indicate mean = SD; n= 3; P = 0.0003. C) Stage dependent
expression of PfTopolll in P. falciparum lysate has been shown: R, middle rings; T, eatly/mid

trophozoite; S, mid/late schizont. Actin served as a loading control.
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3.2.3 Subcellular localization of PfTopoIIl

To examine the localization of PfTopolll in the parasite, the distribution of
endogenous PfTopolll was studied by subcellular fractionation as well as by
fluorescence microscopy. We conducted three independent subcellular
fractionations of the parasite culture, and one representative image is presented
in (Figure 9A). We found that PfTopolll was present both in the nuclear as well
as in the organelle fraction. Histone H3 and cytochrome C were used as nuclear
and mitochondrial protein markers, respectively. We generated a transgenic
parasite line expressing PfTopolll-GFP. Western blotting analyses of
synchronous parasites in the schizont stage confirmed the expression of
PfTopolll-GFP (Figure 9B) in the parasite. The localization of the GFP-tagged
protein was studied by live-cell imaging using a fluorescence microscope (Catl
Zeiss). We found that PfTopollI-GFP showed distinct nuclear foci and was co-
localized with DAPI (Figure 9C). PfTopolll-GFP was also co-localized with
MitoTracker dyes (Figure 9D). These results correlate with the subcellular
fractionation analyses and confirm its presence in both the nucleus and

mitochondria of the parasite.
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Figure 9. Cellular localization of PfTopolll. A) Western blotting analyses of the nuclear (NF) and
organelle fractions (OF) of 3D7 parasite infected RBC were done using anti-PfTopolll antibody.
Histone H3 and Cytochrome C were used as the nuclear and mitochondrial markers, respectively. B)
Western blotting analyses of the total protein extracted from 3D7 and a transgenic parasite strain
harbouring PfTopolII-GFP expression vector were performed using anti-GFP antibody. Actin served

as a loading control. C and D) Fluorescence microscopy shows the expression of PfTopolII-GFP at
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the late schizont stage. Parasite nucleus was stained with DAPI (blue) while parasite mitochondria

were stained with MitoTracker Red (red).

3.2.4. Subcellular localization of PftopoIll“””*” GFP

To determine the functional significance of the charged domain of PfTopolll,
we generated a transgenic parasite that expressed mutant PffgpollI-GFP with a
deletion of 259-337 charged aa residues from PfTopolll. We wanted to
determine whether the charged linker region is responsible for its nuclear or
mitochondrial localisation. We determined the localisation of the mutant
enzyme in a similar way as explained above. Western blotting analyses
confirmed the expression of mutant Pftopolll(A259-337)-GFP protein in the
parasite (Figure 10A). We performed live cell imaging of the mutant parasite-
infected cells and observed that the mutant protein was co-localized with DAPI
as well as with MitoTracker, like that of the wild type protein (Figure 10C and
10D).
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Figure 10. Cellular localization of PftopolllA?59-337)-GFP. A) Immunoblot shows the expression of
mutant PftopolllA?%-337)-GFP protein in the transgenic parasite line. B) and C) Fluorescence
microscopic images show the localization of PftopolllA%%-337)-GFP. The parasite nucleus was stained

with DAPI (blue), and parasite mitochondria were stained with MitoTracker Red (red).
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3.3. To study the structure-function analysis of PfTopolll using yeast as
a surrogate system

3.3.1 Generation of Aropolll strain of yeast

To determine whether putative PfTopolll manifests topoisomerase III like
functions, we used yeast as a surrogate system. To that end, we generated
Atgpolll yeast knockout through homologous recombination strategy (133). We
used HIS3 cassette flanking with 40 bp UP Topolll sequence and 30 bp
sequence from 3’ end of the sequence. The schematic diagram to explain the
strategy of confirmation of knockout is presented (Figure 11A). We have
screened 6 colonies that were grown in SC medium lacking histidine. Genomic
DNA was isolated from each of the conies, and knockout was confirmed
through PCR analysis. We used the forward primer which is complementary to
the 150 bp upstream of S¢TOPOIII and the reverse primer which was used for
amplifying knockout cassette to confirm the knockout. The expected size for
confirmed colony was 1.45 kb (1.3 kb HIS3 cassette+ 150 bp upstream region)
which was obtained in colony 6, others show the amplification of S¢Topolll gene
in addition with 150 bp upstream region which corresponds to 2.05 kb

approximately (Figure 11B).
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Figure 11. Generation of Atopolll strain of yeast. A) Strategy of Aropolll knockout using His3 cassette

through homologous recombination in yeast. B) Screening of knockout colonies, colony 6 confirms

the HIS3knockout, 1-5 colonies are false colonies. NC denotes negative control, i.e., ScTOPOIITPCR

amplification.
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3.3.2. PfTOPOIII complements the function of ScTOPOIITbut PHA259-
337)topolll does not

To decipher the 7z vivo role of PfTopolll, we used . cerevisiae as a surrogate
model system. The schematic presentation of the genetic complementation
assay with various positive and negative control strains are shown (Figure 12A).
To determine whether full-length PfTopolll can reverse the slow-growth
phenotype of Azgpolll yeast strain we transformed S¢TOPOIII expressing vector
(pTA-S¢TOPOII) into the knock-out strain. This strain served as a positive
control in our study. We created an isogenic negative control strain that
harbours the empty vector. We cloned P/TOPOIII in yeast expression vector
(T A-PfTOPOIII) and transformed it into the A#gpolll strain to generate an
isogenic strain. We also cloned mutants of PfIpolll and transformed it into
Atopolll to generate isogenic strains (Figure 12A). Following that, we
performed two kinds of assays to access the slow growth phenotype. Firstly, we

individually grew each strain in the fresh liquid media from overnight culture
and spotted them onto TRP ~ plates with serial dilutions (Figure 12B). In

another assay, we monitored their growth for 15 h at regular intervals (Figure
12C). Both of our assays reflect, that full-length PfTopolll fully rescued the
slow-growth phenotype of the Afgpolll strain to the same extent as that of
ScTopolll (Figure 12B, 12C). To confirm that the growth recovery was not due
to any compensatory mechanism, we created an isogenic strain where the
putative active tyrosine of PfTopolll (at the 421% position) was mutated to
phenylalanine. The mutant was unable to suppress the slow-growth phenotype
of Aropolll strain, confirming the role of this active tyrosine inside this yeast

strain (Figure 12 B, 12C).
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To rule out the possibility that loss of complementation is not due to loss of
expression of PftopolllY421F, we checked the expression of wild-type
PfTOPOIII and PftopollIY421F both at the RNA level (Figure 12D) and at the
protein level (Figure 12E). Both proteins were stably maintained in the Azgpolll
strain. Next, we investigated whether the charged domain present in PfTopolll
is essential for its function. To that end, we made a charged domain deletion
mutant of PfTopolll by deleting 259-337 aa and transformed the pT°A-
Pftopolll(A259—337) vector into the Azpolll strain to check whether it would
show PfTopolll-like activity. This mutant failed to rescue the slow-growth
phenotype of the Azpolll strain on plates (SC-trp) and in the liquid medium,
suggesting that the charged domain was essential for functional
complementation (Figure 12B, 12C). To rule out the possibility that loss of
function of the mutant protein was due to the loss of expression of the mutant
protein, we studied the mRNA expression of pTA-Pftopolll(A259—337); it was
detected at the same level as that of other test strains (Figure 12D). However,
we could not check its expression at the protein level as the peptide antibody
was raised against the charged region of PfTopolll. This experiment

emphasizes the importance of the charged region in the PfTopolll function.
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Figure 12. PfTOPOIII can complement the function of ScTOPOIII, but Pf(A259-337)topolll cannot.
A) Diagram showing S. cerevisiae Atopolll strain was individually transformed with empty vector,
vector expressing ScTOPOIII, PfTOPOIII, PfY421Ftopolll and Pf(A259-337)topolll. B) Growth of
all the strains on tryptophan lacking plates after 2 days, C) Growth rate of all the strains were measured
in liquid synthetic medium lacking tryptophan and the ODsys was plotted against time. The results
shown represent the mean of three independent experiments. D) The expression of TOPOIII from the
abovementioned strains was monitored using gene specific primers; Actin served as positive control.
NC denotes negative control i.e., ScCTOPOIII PCR amplification without genomic DNA and PC
denotes positive control i.e. SCTOPOIII amplification with genomic DNA as a template. E) Total
protein was isolated from the strains as indicated at the top and probed with PfTopolll specific

antibody.

3.3.3. Replication block-induced sensitivity in Atopolll is rescued by

ectopic_expression of full-length PfTopolll but not by the charged

domain mutant protein

MMS modities the DNA by adding methyl groups and the methylated DNA
subsequently physically blocks replication forks (160). It has been earlier
reported that Topolll along with Sgsl can eliminate the obstacle during
replication fork progression and that deletion of TOPOIIl causes MMS
sensitivity in a dose-dependent manner (161). We assessed whether PfTopolll
could suppress the cytotoxic effects of DNA alkylating agents in a yeast model
system. To that end, we exposed the test strains to two different doses of MMS
(0.01% and 0.04%) for 2 h, subsequently washed MMS from the media, and
then returned them to normal media. The percent survivability of each strain at
both the concentration of MMS were evaluated in at least three independent
assays and the same was plotted (Figure 13). Our assay shows that the full-length
PfTopolll harboring strain completely rescues the MMS sensitivity of the

Atopolll strain as that of ScTopolll harboring strain. We conclude that

99



CHAPTER-3
RESULTS

PfTopolll fully complements the function of ScTopolll during replicative
stress.

In contrast to that, mutants of PfTopolll ie., PflopollIY421F and
Pftopolll(A259—337) failed to rescue the replicative stress conditions caused due
to MMS. Percent survivability for both the mutants was reduced to less than
50% at 0.01% MMS, and 20% at 0.04% MMS treatment. Both the mutants show
similar sensitivity towards MMS as that of the A#polll strain. This indicates that
not only the Y421 residue of the catalytic domain is of utmost importance for
Topolll functioning but also the charged amino acid rich region of is

indispensable for its function.
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Figure 13. Replication block induced DNA damage sensitivity in Atopolll yeast cells is rescued by
expression of full length PATOPOIII but not by the expression of mutant protein with deletion in its
charged domain. Isogenic strains, as indicated, were grown to eatly log phase and exposed to 0.01%

MMS and 0.04% MMS treatment. The percent survival of each strain was determined. Error bars

indicate mean * SD; n = 3.
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3.4. To evaluate PfTopolll function during replication

3.4.1 PfTopolll interacts with PfBlm and PfWrn

Studies have shown that Topolll and RecQ) helicases act together to perform
its functions in eukaryotes (ref). Specially during fork progression (replication)
RecQ helicases tends to forms complex DNA structures that can only be solved
by Topolll. In this study, we were interested to understand whether similar
process exists in Plasmodium. Hence, we used yeast two-hybrid assay to monitor
the interaction between PfTopolll and the RecQ) helicases of Plasmodinm. We
subcloned PfTOPOIII in bait vector as a fusion to the Gal4 DNA binding
domain and P/BL.M/P/WRN individually to the prey vector as a fusion to the
Gal4 activation domain as presented in schematic diagram (Figure 14A). The
recombinant bait and prey vectors were transformed in PJ69-4A and the
interaction between PfTopolll and RecQ) helicases were scored by monitoring
their growth in a medium devoid of histidine. PJ694a strain has three reporter
genes namely HIS3, [.ACZ and ADEZ to score the protein-protein interaction.
We found that the empty yeast two hybrid vectors as well PfTopolll fused to
the bait vector and PfBlm/PfWrn fused to prey vector individually did not self-
activate the HIS3 reporter gene activity, as they failed to grow in medium lacking
histidine (Figure 14B, rows 1-4). However, PfTopolll interacted with PfBlm as
well as with PfWrn as they grew in histidine drop out medium (Figure 14B, rows
5 and 6). This shows weak interaction between PfTopolll and PfBlm/PfWrn.
No growth was observed in adenine dropout medium indicating that their
interaction was not strong enough to induce the expression of sufficient

adenine.
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We also addressed whether the presence of the charged domain in PfTopolll
is essential for mediating the interaction with RecQ helicases. We found that
the mutant Pfropolll(A259—337) interacted with both PfBlm and PfWrn with the
same efficiency as that of the full-length protein (Figure 14B, rows 8 and 9),
indicating that the charged domain is dispensable for the interaction with RecQ
helicases.

Our Y2H data shows that Topolll interacts with both PfBlm and PfWrn, but
we also wanted to determine whether P/BIL.M and/or PIPRN ate expressed in
the parasite during replicative stages as well. To that end, we performed Semi-
quantitative RT-PCR to check whether P/BL.M and PRI were expressed in
the schizont stage of the parasite along with PfTopolll. Our data suggests that
both RecQ) helicases were abundantly expressed along with P/TOPOIII at the
asexual replicative stage of the parasite (Figure 14C). We used the genomic
DNA of 3D7, which acts as a positive control and -RT as the negative control
where PCR was performed without reverse transcription step. Absence of
bands in this lane clearly indicates that the RNA prep is not having genomic

DNA contamination (Figure 14C).
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BLM

-RT gDNA

Figure 14. PfTopolll interacts with PfBlm and PfWrn. A) The schematic representation showing that
full length PfTOPOIII and Pftopolll(A259-337) were fused to the Gal4 DNA binding domain
generating chimeric constructs in pGBDUCI bait vector. Similarly, PfBlm and PfWrn were fused to
Gal4 activation domain to generate chimeric constructs in pGADCI prey vector. B) Yeast two-hybrid
assays were performed in PJ69-4A strain using HIS3 as a reporter gene. The left panel represents the
spotting of equal number of cells with serial dilution in the medium lacking leucine and uracil while
the right panel scores the interaction between respective paits. C) Semi quantitative RT-PCR shows
the expression of PBLM and PfWRN at the ring (R), trophozoite (T) and schizont (S) stage of the
parasite. Aspartate-Rich Protein (ARP) was used as a loading control. PCR without reverse
transcriptase (—RT) does not show any amplification except for the positive controli.e., genomic DNA

(gDNA).
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3.5. To evaluate the role of PfTopolll when replication stress is given to

the parasite

3.5.1. Replication stress-induced expression of PfTOPOIIT

HU inhibits ribonucleotide reductase, an enzyme that is required for the
generation of deoxyribonucleotide triphosphates during the S-phase of the cell
cycle. We studied the effects of prolonged HU-mediated replication stress on
malaria parasites. We used synchronized 2% trophozoite-stage parasites
exposed to 2.5 mM HU to induce replication stress, as established in a previous
study (162). The growth and morphology of the parasites were measured in 10
h time intervals (post HU treatment) and compared with that of untreated
parasites. The experiment was repeated three times and the survivability at each
time point was plotted (Figure 15A). We found a three-fold increase in
patasitaemia in untreated parasites at the end of the 30™ hour, however, the HU-
treated parasites showed severe sensitivity and their survivability was
significantly reduced in a time-dependent manner. We also studied the
morphology and development of the parasites at three different time intervals
(Figure 15B). Untreated parasites mostly form mature schizonts (segmenters) at
the end of 20™ hour eventually ruptured and produced rings at the end of the
30" hour, which caused an increase in parasitaemia (Figure 15B). However, HU
treatment caused an arrest in the development of the parasite; mature schizonts
could not develop and eventually died. Next, we studied the effects of short-
term exposure to HU on parasite survivability. We used synchronized 1%
trophozoite-stage parasites and exposed them to 2.5 mM HU for 6 h.

Subsequently, HU was extensively washed and the parasites were returned to
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normal media (RTG) and allowed to grow for 26 h. We found a 5-fold increase
in parasitaemia in untreated parasites (Figure 15C). However, treated parasites
did not show a decrease in survivability; rather their growth was arrested and
they remained at the same developmental stage as that at which they started
(Figure 15C). It was eatlier reported that Afgpolll strain in Saccharomyces cerevisiae
displays severe sensitivity towards HU (161), which indicates that Topolll plays
an important role in resolving the aberrant structure generated from the arrest
of the replication fork. To explore the direct role of PfTopolll during
replication stress, we evaluated the level of PfTopolll after HU treatment. We
exposed synchronous trophozoite-stage parasites with two different doses of
HU (2.5 mM and 10 mM) for 6 h. Subsequently, HU was extensively washed,
the parasites were returned to the normal media for 26 h. Protein was harvested
from all the parasites to perform western blot analysis. We found that
PfTopolll was moderately induced in a dose-dependent manner upon HU
treatment, supporting its direct role in mitigating replication stress (Figure 15D).
We repeated the experiment twice and quantified the band intensity using Image
J software and found that there was a 3.5-fold induction in PfTopolll
expression levels in parasites treated with 10 mM HU (Figure 15D), indicating
that to overcome replicative stress conditions the parasite cells tend to increase
the protein levels of PfTopolll. To understand whether the increase in
expression occurred due to the stabilization of Topolll at the protein or
transcript level, we extracted RNA from untreated and HU-treated parasites and
quantified the P/TOPOIIl cDNA by real-time RT-PCR. There was a 2.5-fold
induction in the expression of P/ITOPOIIl upon HU treatment. Rad51 plays an
essential role in replication fork stability and regression (163). Rad51 expression

was used as a positive control in our experiment (Figure 15E). The
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transcriptional induction of P/TOPOIII in response to HU treatment indicates
that the increased level of endogenous PfTopolll is required to promote
recovery from replication stress. This finding reveals that PfTopolll plays a key

role in the response to replication stress in the parasite.
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Figure 15. Replication stress induced expression of PATOPOIII. A) Synchronous trophozoite stage
specific 3D7 parasites were exposed to 2.5 mM HU for 30 h and parasitaemia was measured for
untreated and treated batch at every 10 h intetrvals. Error bars indicate mean * SD; n = 3; *¥** P <
0.0001; ** P < 0.01. B) Morphology of the HU treated parasites was observed under same conditions
as A) using Giemsa staining method. The experiment was repeated for more than three times and in
each case about 2000 infected RBC has been analysed. One of the representative pictures show that
20t hour post treatment arrests the parasite which is continued for 30 hour, while the untreated
parasites form mature schizonts (segmenters) at 20 hour and subsequently forms rings at 30t hour.
C) Synchronous trophozoite stage specific 3D7 parasites were exposed to 2.5 mM HU for 6 h, after
which HU was extensively washed out and the parasites were subsequently returned to grow (RTG)
in normal media. The parasitaemia was measured at the end of 26 h for the untreated and treated
batch. Error bars indicate SD; n = 3; *¥** P < (0.0001; N.S. not significant. D) Untreated and treated
parasites (at 2.5 mM and 10 mM HU treatment) were processed in the same way as that described in
(C) and were harvested. The total protein was extracted and probed with anti-PfTopolll antibody.
Actin served as a loading control. Quantification of Western blots from three independent experiments
was done using Image J software. The band intensities in each lane were normalized against Actin
and mean densities were plotted. Error bars indicate mean * SD; n = 3; ** P < 0.01. E) Synchronized
trophozoite stage specific 3D7 parasites were treated with HU and the total RNA was extracted from
untreated and treated parasites. Relative abundance of PFTOPOIII transcripts by real time RT-PCR
revealed significant induction of PATOPOIITupon HU treatment. PfRAD51 expression was measured
as a positive control. The P-value was calculated as 0.003 and 0.02 for PfTOPOIII and PfRAD51

induction respectively using the two-tailed Student’s t-test.

111



CHAPTER-3
RESULTS

3.5.2. PfTopolll but not Pftopolll(A259-337) expression rescues the

growth defect induced by replication stress

We found that PfTopolll expression is induced in response to replication stress,
probably to counteract the stress, hence, we wanted to determine whether the
ectopic expression of PfTopolll, through a centromeric plasmid, would
promote survival in HU-treated parasites. To this end, we compared the growth
of three different strains of parasites: 3D7, 3D7 with PfTopolll expression, and
3D7 with Pflopolll(A259-337) expression. In the first assay, we treated
synchronous trophozoite-stage parasites with 2.5 mM HU continuously for 30
h and have measured parasitaemia in intervals of 10 h. We repeated the
experiment three times and observed that PfTopolll expression considerably
reduced dose-dependent death of the parasites at the 20™ and 30™ hours (Figure
16A). Interestingly, the transgenic parasites harbouring Pftopolll(A259-337)
expression plasmid did not show a reversed growth defect and behaved similar
to that of the 3D7 parasites (Figure 16B). In the second assay, we exposed the
parasites to 2.5 mM HU for 6 h, subsequently, it was extensively washed out
and they were returned to normal growth media for 26 h. For each batch of
parasites, we have performed three independent assays. We found that the 3D7
parasites were severely affected even with 6 h treatment of HU and their growth
remained arrested compared with the untreated parasites. The PfTopolll
transgenic parasite line showed fully rescued survivability and there was no
significant difference between the survivability of treated versus untreated
parasites (Figure 16C). However, the Pftopolll(A259—337) parasite line showed

a similar trend as that of 3D7 parasites and displayed a significant difference in
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survivability compared with untreated parasites (Figure 16C). Hence, the

charged domain of PfTopolll is essential for in vivo function of the enzyme.

113



>

% Parasitemia

% Parasitemia

% Parasitemia

CHAPTER-3

RESULTS
5
a4 ~o- Uyt —»- UPfTopoIlI ”.9
3 - Twrt ™ Vpfropomn -~
2.0" PR
.
1 -5_ ’-“’.ﬂ N
Y S Fu .
—o
0.5
O-O | | L} | |
0] 10 20 30 40
Time (Post HU treatment)
59-e- Usp7-+- Upga259-337)topoin .4
44— T3p7—— Tpra259-337)topolil, -~
3 -
2-0-' ”1--
o
1-5-l ’—""-’.
——‘-o"-’.'.
1'0%
- )
0.5+
0-0 | L] L] n
0 10 20 30 40
Time (Post HU treatment)
109 Untreated |
8S] HU treated
1771
6 -
L L N.S.
4
2- R §
0 . @ TEITITY . TIEITE ;
3D7 OEPFTOPOIII OEPf(A259-337topolll

114



CHAPTER-3
RESULTS

Figure 16. PfTopolll but not Pftopolll(A259-337) expression reverses the replication stress induced
growth defect. A) 3D7 and PfTOPOIII over-expressing parasites, synchronized at trophozoite stage,
were treated with 2.5 mM HU for 30 h. The parasitaemia of each treated and untreated strain was
measured after 10 h, 20 h and 30 h time intervals. At each time point, approximately 2000 RBC were
counted and the mean parasitaemia was plotted. Error bars indicate mean * SD; n = 3; ** P < 0.01. B)
A similar experiment was performed with 3D7 and Pf (A259-337)topolll over-expressing strain with
HU treatment for 30 h. More than three independent experiments were conducted and the mean
parasitaemia (%) was plotted. C) 3D7, PfTopolll over-expressing strain and Pf(A259-337)topolll
over-expressing strain were synchronized at the trophozoite stage and treated with 2.5 mM HU for 6
h. Afterwards, HU was extensively washed and treated parasite strains were subsequently grown in
normal media for 26 h following which, parasitaemia was measured. For each strain, minimum three
batches of experiments were done and mean values of parasitaemia for untreated and treated condition
for each of the three strains were plotted. Error bars indicate SD; n = 3; *¥** P < (0.0001; ** P < 0.01;

N.S. not significant.
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This is the first study to identify functionally active Topolll from a malaria
parasite. We demonstrated that the spatiotemporal expression of PfTopolll
occurs in the nucleus and in the mitochondria during the actively replicating
stage of the parasite. It is noteworthy that in humans, mice, and Drosophila,
there is a mitochondrial localization signal at the amino terminal end of
Topollla (164) and a nuclear localization signal at the carboxyl terminal end
(69). Although Plasmodinm Topolll is devoid of any such signal sequences, our
subcellular fractionation data, immunofluorescence data, and mitochondtial
immunoprecipitation results collectively establish that PfTopolll is a
mitochondprial topoisomerase. This finding again reinforces the notion that the
mechanism behind mitochondrial import is poorly understood in malaria
parasites.

HU treatment depletes the cellular pool of deoxyribonucleotides and
subsequently causes stalling of the replication fork (165). Eventually, there
occurs accumulation of joint DNA molecules in the direction opposite to the
replication fork, and this results in the formation of so-called chicken foot
structures (166) that have serious implications on cell survivability. As these
structures resemble Holliday junctions (167), we speculate that if such a
condition is generated in P. falciparum, PfTopolll along with its cognate helicases
might play an important role in resolving the structures and converting them
back into the replication forks. Our study demonstrated the direct role of
PfTopolll in mitigating HU-mediated replication stress. First, PfTopolll
expression is induced in a dose-dependent manner in response to HU
treatment. Second, expression of PfTopolll can completely bypass the HU-
induced growth defect in the parasites. It is noteworthy that the HU-mediated

aberrant structure is resolved by the dual action of Topolll and RecQ) helicases.
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There are two members of the RecQ family of DNA helicases in Plasmodinm,
namely, PfBlm and PfWrn. The absence of either of these enhances the rate of
formation of stalled replication forks, indicating that both the members are
required for efficient Plasmodium DNA replication (168). E. co/i RecQ) helicases
interact with Topolll and help resolve converging replication forks (169). In
humans, Topollla can dissolve Holliday structures jointly with Blm but not
with Wrn (170). In this study, we determined by yeast two hybrid analysis that
PfTopolll interacts with PfBlm and PfWrn with equal efficiencies and that both
helicases are expressed at the active replication stage of the parasite. However,
it is necessary to investigate further whether both helicases mobilize a double
Holliday junction and the resulting catenated DNA is resolved by PfTopolll in
malaria parasites.

Our study identified a charged domain within PfTopolll that is indispensable
for its 7n vivo tunction. MDS of PfTopolll with DNA octamer showed that the
enzyme undergoes a conformational change upon DNA binding. At the start
of the DNA protein interaction, PfTopolll-ssDNA adopts a closed
conformation similar to that of the apo enzyme (PfTopolll alone). However,
gradually a central cavity is created by the movement of domain III and the
Toprim domain so that the DNA can be accommodated. This movement of
domains is often referred to as protein-mediated gate dynamics (171) and has
an important implication in their biochemical activities. The DNA octamer is
stabilized by the hydrogen bonding and stacking interactions between bases and
the positively charged residues present in the charged domain of PfTopolll.
Hence, it can be concluded that the charged domain stabilizes the effective
binding of PfTopolll with DNA and thus may play an important role in the

catalytic mechanism of PfTopolll protein. To support the prediction, we
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wanted to experimentally determine the DNA binding ability of the charged
linker mutant. As PfTopolll could not be purified, we determined the
association of PfTopolll and its mutant with mtDNA by chromatin immune
precipitation as an independent study in our laboratory (172). That study
revealed that the removal of the charged region shows significantly poor
association with mtDNA compared to the wild-type PfTopolll. Our genetic
study emphasized the essential requirement of this domain for PfTopolll
function. First, the expression of wild-type PfTopolll fully rescued the slow-
growth phenotype and MMS-induced toxicity in yeast, but the expression of
mutant Pfropolll(A259-337) failed to do the same and mimicked the phenotype
of the topoisomerase-inactive mutant PfzgpolIIY421F. We found that the loss of
activity in the mutant Pffopolll(A259-337) strain was not due to poor
heterologous expression of Plasmodium protein in S. cerevisiae. Although the
expression of Pftopolll(A259—337) could not be demonstrated by western
blotting analyses, the interaction between Pftopolll(A259-337) and
PfBlm/PfWrn in yeast two-hybrid studies indirectly demonstrated the
expression of the mutant protein in yeast. Second, the transgenic mutant
parasite line (Pftopolll(A259-337)- GFP) failed to rescue itself from short-term
exposure to replication stress, like the transgenic parasite line PfTopollI-GFP.
Together, our results emphasize the importance of the charged domain in
PfTopolll function. Although this type of charged domain is absent from other
eukaryotic Topolll, a similar kind of multiple positively charged insertions,
albeit shorter stretches have been observed in E. c/i and many other prokaryotic
Topolll sequences (61). A previous experimental study showed that the
charged loop present in bacterial Topolll is essential for decatenation of

replication intermediates (61). To date, no inhibitors of Topolll have been
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identified. However, identification of the unique and indispensable charged

domain of PfTopolll qualifies itself as a target against malaria.

120



CHAPTER-5
RESULTS

CHAPTER 5

TO PREDICT A SMALL MOLECULE
INHIBITOR TARGETING PfTopoVIB
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5.1 Homology modeling of PfTopoVIB and PfHsp90

The purpose of this study was z-si/ico designing of Radicicol analogs that
specifically target PfTopoVIB and not PfHsp90. To that end we carried out
homology modeling of both the above proteins through Swiss-Model server
(138) and further employed these models for docking analysis. The sequence of
Plasmodinm faleiparum TopoVIB was retrieved from Uniprot (ID: Q8ID53)
which consists of 561 amino acids. The template search revealed that the most
similar protein structure available for the sequence of PfTopoVIB was that of
Sulpholobus  shibatae Topoisomerase VIB (PDB: 2ZBK.D chain). Taking
27ZBK.D chain as the template, the target-template alignment was carried out
using BLASTP suite, which predicted the local pairwise sequence identity to be
28.57% and the E-value as le-12. For homology modeling, the sequence
identity between (20—25)% is considered as the twilight zone (173). Studies have
demonstrated that proteins with pairwise sequence identity higher than 25% are
similar in 3D structures and have a strong divergent evolutionary relationship
(174-180). The E value of le-12; obtained for the template from the BLAST
tool was considered in the acceptable range as per the recent study(181), which
suggests the acceptable threshold of E Value for BLAST as 1e-8. Hence, the
3D structure of 2ZBK.D chain with 28.57% sequence identity was considered
as a suitable template for homology modeling of PfTopoVIB. 2ZBK is an X—
ray diffraction structure with Radicicol as a native ligand having 3.6 A
resolution. Our study focuses on the ATP-binding domain of PfTopoVIB,
known as the Bergerat fold, which spans through 22 to 166 amino acids. This
region corresponds to the 11 to 192 amino acids of SsTopoVIB (2ZBK.D

chain) with an alignhment score range of (50-80) with 42% positives, 29%
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identity and 13% gaps. (Figure 17A) shows the sequence alignment between the
target PfTopoVIB (Query) and template SsTopoVIB (Subject) in the Bergerat
fold. As the aligned region covers the Bergerat fold, we preferred homology
modeling over de novo protein structure prediction. It is observed that there is
a unique highly charged region (containing a stretch of lysine and glutamic acids)
spanning 61% —78" residues in the amino terminal domain of PfTopoVIB.
Plasmodinm falciparum possesses this kind of low complexity charged residues and
unstructured region which is a unique feature of parasite protein. However, the
biological significance of such low complexity regions remains unknown.
Homology based near native model was created for PfTopoVIB (Figure 17B)
and it was subjected to 10 steps of energy minimization, using GROMOS 43B1
force field where in each step 20 cycles of steepest descent method was
involved. 200 cycles of steepest descent were required to attain the lowest
energy model, which was used for further analysis.

The sequence of PfHsp90 was retrieved from the Uniprot database (ID:
QQ8IL32). For building the near native model of PfHsp90, 3IED (PDB code)
was selected as the template. The target-template alignment using blastp suite,
predicted the local pairwise sequence identity to be 98% and the E-value as 5e-
171 (Figure 17C). The ligand adenylyl phosphoramidate (AMPPN) was
removed from 3IED template for building the near native model of PfHsp90
(Figure 17D). The model was subjected to 10 steps of energy minimization to

obtain the lowest energy model for further analysis.
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2ZBK:D|PDBID|CHAIN|SEQUENCE
Sequence 1ID: Query_50013 Length: 530 Number of Matches: 4

Range 1: 11 to 192 Graphics W Next Match

Score Expect Method Identities Positives

56.2 bits(134) 1e-12 Compositional matrix adjust. S8/203(29%) 86/203(42%) 27/203(13°/o

Query 1o STYSFFFKNLSVTGFY EENALFVTVKELFDNSVDALYNNDKEDHVETKKDLEEEKKKKK &8
S -+ GF AL+ TV+EL +NS+DA N+ DL

Sbjct = 1: | SPAEFFKRHPELAGFPNPARALYQTVRELIENSLDATDVHGIL?HIKITIDL -------- 62

Query 69 KKKVEIIVEEYDKSLSYYKITCRDNGKGSKIKDLE KiSEIFLTSK DNCSISGKFGIGL 126

Sbijct 63 -—-—-m-e———- IDOARQIYKVNVNTEEIGIPPQEVPNAFGRVLYSSKV\WRQTRGWYGLGV 112

Query 127 KTILLYSLKTAYGFLHIKV KVEENkIhDF“LVHDKHLMHTFIQ“FKEYIDTNW-—NHSV 183
K +LYS I+ v +I+ F L +-D

N =i +-T SV
Sbjct 113 KAAVLYSQMHQOKPIEIETSPVNSKRIYTFKLKIDIHKMEPIIVERGSVENTRGFHGTSV 172

Query 184 EISLILKINNKFIHDQRIVIYIK 206
) Is+ RIY YIK
Sbjct 173 AISIP---GDWPKAKSRIVEYIK 192

Chain A, Heat shock protein [Plasmodium falciparum 3D7]
Sequence ID: 3IED_A Length: 272 Number of Matches: 1
Range 1: 14 to 272 GenfPept Graphics

Score Expect Method Identities Positives Gaps
498 bits(1283) Se-171 Compositional matrix adjust. 253/259(98%) 255/259(98%) 0/259(0%)

Query 89 REDISSDSSPVEKYNFKAEVNKVMDIIVNSLYTDKDVFLRELISNASDACDKKRIILENN 148
RE++ SPVEKYNFKAEVNKVMDIIVNSLYTDKDVFLRELISNASDACDKKRIILENN
Sbjct 14 RENLYFQGSPVEKYNFKAEVNKVMDIIVNSLYTDKDVFLRELISNASDACDKKRIILENN 73

Query 149 KLIKDAEVVTNEEIKNETEKEKTENVNESTDKKENVEEEKNDIKKLIIKIKPDKEKKTLT 208
KLIKDAEVVTNEEIKNETEKEKTENVNESTDKKENVEEEKNDIKKLIIKIKPDKEKKTLT
Sbict 74 KLIKDAEVVTNEEIKNETEKEKTENVNESTDKKENVEEEKNDIKKLIIKIKPDKEKKTLT 133

Query 209 ITDNGIGMDKSELINNLGTIAQSGTAKFLKQIEEGKADSNLIGQFGVGFYSSFLVSNRVE 268
ITDNGIGMDKSELINNLGTIAQSGTAKFLKQIEEGKADSNLIGQFGVGFYSSFLVSNRVE
Sbict 134 ITONGIGMDKSELINNLGTIAQSGTAKFLKQIEEGKADSNLIGQFGVGFYSSFLVSNRVE 193

Query 269 VYTKKEDQIYRWSSDLKGSFSVNEIKKYDQEYDDIKGSGTKIILHLKEECDEYLEDYKLK 328
VYTKKEDQIYRWSSDLKGSFSVNEIKKYDQEYDDIKGSGTKIILHLKEECDEYLEDYKLK
Sbijct 194 VYTKKEDQIYRWSSDLKGSFSVNEIKKYDQEYDDIKGSGTKIILHLKEECDEYLEDYKLK 253

Query 329 ELIKKYSEFIKFPIEIWSE 347
ELIKKYSEFIKFPIEIWSE
Sbjct 254 ELIKKYSEFIKFPIEIWSE 272

Figure 17. Bergerat fold of PfTopoVIB has high similarity with SsTopoVIB: A) Pairwise sequence
alignment of the Bergerat fold region of PfTopoVIB (Query) and SsTopoVIB (Sbjct); positives show
the number of identical amino acids or that have similar chemical properties. B) Homology model of
PfTopoVIB was designed using 2ZBK template; 3D structure rendered in solid ribbon and colored
according to secondary structure; alpha helices in red, beta sheets in Cyan, coils in white and turns in
green. C) Pairwise sequence alignment of the N-terminal domain of PfHsp90 (Query) (Q8IL32) and
the template 3IED (Subject). D) Homology model of PfHsp90 created using template 3IED; model
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represented in solid ribbon format, colored according to the secondary structure; alpha helices in red,

beta sheets in Cyan, coils in white and turns in green

5.2 Modeled structure validation

After designing both the models, it was necessary to investigate whether it can
be used for our further studies, and for that we validated our models through
PROCHECK, Ramachandran plot and SAVS ERRAT scores. PROCHECK
results and Ramachandran plot servers judge the stereo chemical quality and
stability of the amino acids present in the respective models. Whereas, SAVS
ERRAT gives overall quality factor for non-bonded atomic interactions.
Higher scores indicate higher quality and the accepted range is >50 for a high-
quality model.

The PROCHECK results (Figure 18A) Ramachandran plot (Figure 18B) for
PfTopoVIB revealed that 80.4% of the residues (337 amino acids) were in the
most favoured regions, 15.5% (65 amino acids) in the additional allowed region,
2.9% (12 amino acids) in the generously allowed region and 1.2% (5 amino
acids) in the disallowed region. The resultant model showed ERRAT score as
81.728 and the final energy as -21297.992 kJ/mol. The PROCHECK results
(Figure 18C) and the Ramachandran plot of PfHsp90 model (Figure 18D)
revealed that 91.9% of the residues (181 amino acids) were in the most favoured
regions, 8.1% (16 amino acids) in the additional allowed region, 0.0% (0 amino
acids) in the generously allowed region and 0.0% (0 amino acids) in the
disallowed region. The model showed ERRAT score as 81.878 and the final
energy was -11965.740 kJ /mol
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4----------¢¢< P R O C H E C K S U M M A R Y »33-co-------%
Svar/www/PROCHECK/ Jobs /4681214/4631214.pdb 1.5 448 residues
Ramachandran plot: §0.4% core  15.5% allow 2.9% gener 1.2% disall

411 Ramachandrans: 39 labelled residues (out of 433)

Chil-chi2 plots: 7 labelled residues (out of 338)
Residue properties: Max.deviation: 19.8 Bad contacts: 7

Bond lenfangle: 5.4 Morris et al class: 1 1 2
2 D amino acids
G-factors Dihedrals: -8.33 Covalent: -@.15 Overall: -@.24

I
I
I
I
I
I
I
Side-chain params: 5 hetter @ inside @ worse |
I
I
I
I
I
Planar groups: 84.0% within limits 16.8% highlighted 18 off graph |

I

+ May be worth investigating further. * Worth investigating further.
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Plot statistics
Residues in most favoured regions [A.B.L] 337
i i itional all, 1 regions [a.b.Lp] 65
regions [~a.~b.~L~p] 12
Residues in disallowed regions 3
Number of non-glycine and non-proline residues a19 100.0%
Number of end-residues (excl. Gly and Pro) 1
Number of glycine residues (shown as triangles) 16
Number of proline residues
Total number of residues 440
Based on an analysis of 118 of of at least 2.0

and R-factor no greater than 20%. a good quality model would be expected
to have over 90% in the most favoured regions.
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R — <<« P R O C H E C K S UM M A R Y 33---------- +
Svar wwa /PROCHECK / Jobs /4989156,/4509156. pdb 1.5 214 residues
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Figure 18: Modeled structure validation A) Procheck result for PfTopoVIB B) Ramachandran plot for
PfTopoVIB C) Procheck result for PfHsp90 D) Ramachandran plot for PfHsp90
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5.3 In silico binding of Radicicol and ATP to the Bergerat fold of
PfTopoVIB and PfHsp90 models

After checking the overall structure of PfTopoVIB and PfHsp90 models, we
wanted to validate the structure of the binding pockets, i.e., the Bergerat fold.
To that end we used ATP and Radicicol as positive control. We carried out
different set of docking studies with our models and the respective crystal
structures templates to compare their interactive points.

The crystal structure 2ZBK.D is Swuipholobus shibatae Topoisomerase VIB
(SsTopoVIB) bound to Radicicol (RDC531). We have presented this structure
in (Figure 19A). To validate our docking, we have removed Radicicol from this
structure and redocked Radicicol to the apo-structure represented in (Figure
19B). We compared the native pose (Figure 19A) and the newly created docked
pose (Figure 19B) by superimposing the RMSD value between the native pose
and the docked pose was 1.86 A (Figure 19C). Our analysis showed that the
amino acid Thr170 formed a hydrogen bond, while Ala46, 1le79, Vall12 and
Phe90 were actively involved in hydrophobic interactions with Radicicol in the
2ZBK-D structure (Figure 19D). Our re-docked structure shows the
conservation of the above interactions, in addition, it shows four more contacts
including one hydrogen bond with Lys113 and hydrophobic interactions with
Gly80, Ala89 and Vall12 (Figure 19E). After validating our model, next, we
carried out two sets of docking studies using LibDock, one in which both ATP
and Radicicol were docked to PfTopoVIB (Figure 19F, G respectively) and in
the second set, both the ligands were docked with PfHsp90 respectively (Figure
19H, I). Our study shows that Radicicol binds to the Bergerat fold of
PfTopoVIB and PfHsp90 like that of the intrinsic ligand ATP. This also ensured
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that the proteins were correctly modeled in silico and had near-native structural
topology. The LibDock score for ATP and Radicicol docking to PfTopoVIB
were 143.657 and 76.4008 respectively. While 96 different docking poses were
obtained for ATP, only 2 different binding poses were obtained for Radicicol.
The type of molecular interactions found between PfTopoVIB and
ATP/Radicicol and their interatomic distance is tabulated (Table 5). ATP
showed 14 molecular interactions in the form of hydrogen bonds and

hydrophobic interactions.
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Radicicol
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Figure 19: In silico binding of Radicicol and ATP to the Bergerat fold of PfTopoVIB and PfHsp90
models: A) Radicicol bound to Bergerat fold in SsTopoVIB (2ZBK- D chain). B) Radicicol redocked
to SsTopoVIB (2ZBK- D chain). C) The native ligand superimposed on the redocked pose of the
ligand in the Bergerat fold of 2ZBK- D chain. Protein structure rendered in solid ribbon format in the
background and the ligand structures rendered in sticks format with atom-based coloring. D) Native
molecular interactions of Radicicol with SsTopoVIB (2ZBK- D chain) E) Molecular interactions of
Radicicol when redocked to 2ZBK-D chain. F) - G) ATP and Radicicol interacting with Bergerat fold
residues of PfTopoVIB model respectively. H) — I) ATP and Radicicol interacting with Bergerat fold
residues of PfHsp90 respectivel

The key amino acids which are involved in conventional hydrogen bonds were
Phel22, Asp43 and Thr22 whereas the residues Lys35, Gly120 and Glu36
showed carbon hydrogen bonds. Several hydrophobic interactions were also
noted which included a Pi-Sigma bond with Lys35, a Pi-Sulfur bond with Met32
and four Pi-Alkyl bonds, two each with Lys121 and Lys35. Radicicol showed 6
molecular interactions with PfTopoVIB, in which Leul26 formed a
conventional hydrogen bond and a hydrophobic interaction through the alkyl
group. Phel22 also formed a conventional hydrogen bond. While Asn40
formed a carbon hydrogen bond, Gly125 interacted with the Cl (halogen) of
Radicicol and Lys104 made a hydrophobic interaction through the alkyl group.
We found that many of the amino acids which interact with Radicicol were
conserved between PfTopoVIB and SsTopoVIB. For example, the residues
Phel05, Ala44 and Asn40 in PfTopoVIB correspond to that of Phe90, Ala46
and Asn42 in SsTopoVIB.

In the second set of docking studies, we allowed ATP and Radicicol to dock to
the in-silico model of PfHsp90 N-terminal domain. Docking resulted in 81
different poses of the ligand ATP with the highest LibDock score of 129.333.
7 molecular interactions were found between ATP and PfHsp90 (Figure 19H).
Residues Asn133, GIn230, Phe257 and Val255 were found to form
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conventional hydrogen bonds with ATP. Asn133 was also found to possess a
Pi-Donor hydrogen bond, whereas Alal34 and Alal37 interacted through the
alkyl group (hydrophobic interaction). Radicicol interacted with PfHsp90 in the
Bergerat fold with a LibDock score of 91.791 generating 9 different docked
poses. The key residues found to interact well with Radicicol were Asn224
through a conventional hydrogen bond, Asp211 through the halogen Cl and the
amino acids 1le310, Ala134, Ala137, Met216, Leu225 and Leul30 all through
hydrophobic interactions mostly of the alkyl type (Figure 191). Radicicol when
docked with the template PDB structure 3IED, the key residues Alal37,
Met207 and Asn215 were identified to interact which corresponds to the
residues Alal37, Met216 and Asn224 in the PfHsp90 model. There is a
difference of 9 residues in between Met207 and Met216 and also in between
Asn215 and Asn224 due to absence of some amino acids in 3IED. As a result,
the numbers given to amino acids in PDB is different when compared with our

PfHsp90 model.
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No. of

Name Interaction chemistry| Types of interactions inter atomic
favorab !e (residues and atoms involved) distance (A)
interactio

ns
A:PHE122:N - ATP:013 onal HydrogenBond 2.80426
ATP:H33 - A:ASP43:0D2  pnal HydrogenBond 2.75367
ATP:H43 - A:THR22:0 onal HydrogenBond 2.10041
A:LYS35:CE - ATP:N23 Carbon Hydrogen Bond (3.21029
A:GLY120:CA - ATP:05 Carbon Hydrogen Bond [3.38991
A:GLY120:CA - ATP:09 Carbon Hydrogen Bond [3.22957
ATP 14 ATP:H37 - A:GLU36:0E2 Carbon Hydrogen Bond [2.19205
ATP:H39 - A:GLU36:0E1 Carbon Hydrogen Bond [2.43497
A:LYS35.CE - ATP Hydrophobic (Pi-Sigma) [3.88659
A:MET32:SD - ATP Pi-Sulfur 3.78864
ATP - A:LYS35 Hydrophobic (Pi-Alkyl) 4.97559
ATP - A:LYS121 Hydrophobic (Pi-Alkyl) [3.54858
ATP - A:LYS35 Hydrophobic (Pi-Alkyl) 4.37581
ATP - A:LYS121 Hydrophobic (Pi-Alkyl) 4.80162
A:LEU126:N - onal HydrogenBond

Ligand Radicicol:021 2.72175

Ligand_Radicicol:H41 - Conventional Hydrogen
A:PHE122:0 Bond 2.15977

o nd_Radicicol:H29 -
Radicico 6 A:ASN40:0D1 Carbon Hydrogen Bond [2.9883
' A:GLY125:N -
Ligand_Radicicol:CI25 Halogen (CI, Br, 1)  [3.15453
A:LYS104 - Ligand_Radicicol Hydrophobic (Alkyl) 14.90789
A:LEU126 - Ligand_Radicicol Hydrophobic (Alkyl) 14.47298
A:LYS127:CE - Analog 2:020 | Carbon Hydrogen Bond [3.10244
A:PHE122:0 - Analog 2:ClI24 Halogen (CI, Br, 1)  [3.05922
i-Donor Hydrogen Bond,;

Analog 2 12 A:LYS104:NZ - Analog 2 [Electrostatic (Pi-Cation) 3.49079

A:GLU36:0E1 - Analog 2 Electrostatic (Pi-Anion) 4.79691
A:GLU36:0E2 - Analog 2 Electrostatic (Pi-Anion) [3.01484

A:LYS121:N - Analog 2

Pi-Donor Hydrogen Bond

3.7326

A:LEU126:CD2 - Analog 2

Hydrophobic (Pi-Sigma)

3.63792
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Hydrophobic (Pi-Pi T-
shaped)

5.57757

Analog 2 - A:LYS104

Hydrophobic (Pi-Alkyl)

4.74007

Analog 2 - A:LYS127

Hydrophobic (Pi-Alkyl)

5.3158

/Analog 2 - A:LYS121

Hydrophobic (Pi-Alkyl)

4.08109

/Analog 2 - A:LEU126

Hydrophobic (Pi-Alkyl)

5.41542

Conventional  Hydrogen

A:ASN40:ND2 - Analog 6:Cl15 [Bond;Halogen (CI, Br, 1) 13 18295
Conventional Hydrogen
A:LEU126:N - Analog 6:CI15 Bond; Halogen (CI, Br, I) [2.65522
Conventional Hydrogen
Analog 6 8 /Analog 6:H53 - A:PHE122:0 Bond 2.22567
A:LYS127:CE - Analog 6:022  |Carbon Hydrogen Bond  3.42368
A:GLU36:0E2 - Analog 6 Electrostatic (Pi-Anion) [2.81234
/Analog 6:CI15 - A:LEU126 Hydrophobic (Alkyl) 4.4957
Analog 6 - A:LYS35 Hydrophobic (Pi-Alkyl)  4.48007
Analog 6 - A:LYS121 Hydrophobic (Pi-Alkyl) 4.77203
Pi-Donor Hydrogen Bond;
Electrostatic (Pi-Cation)
A:LYS104:NZ - Analog 7 3.62644
Pi-Donor Hydrogen Bond
A:ASN48:ND2 - Analog 7 3.91351
A:ILE185:CD1 - Analog 7 Hydrophobic (Pi-Sigma)2.8234
A:SER41:0G - Analog 7 Pi-Lone Pair 2.76756
A:ASN40:C,0;SER41:N - Hydrophobic (Amide-Pi
Analog 7 Stacked) 4.25484
Analog 7 14  JAnalog 7:Cl24 - A:LYS104 Hydrophobic (Alkyl) 4.58326
/Analog 7:ClI24 - A:LEU126 Hydrophobic (Alkyl) 4.88912

Analog 7 - A:ALA44

Hydrophobic (Pi-Alkyl)

5.08465

Analog 7 - A:VAL183

Hydrophobic (Pi-Alkyl)

4.8022

/Analog 7 - A:LEU37

Hydrophobic (Pi-Alkyl)

4.7053

Analog 7 - A:CYS90

Hydrophobic (Pi-Alkyl)

3.90423

Analog 7 - A:VAL183

Hydrophobic (Pi-Alkyl)

4.76599

/Analog 7 - A:ALA44

Hydrophobic (Pi-Alkyl)

5.11399

Analog 7 - A:LYS95

Hydrophobic (Pi-Alkyl)

5.42291

Table 5: Interactions and chemical bondin
its analogs with PfTopoV
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5.4 Designing of Radicicol analogs and docking to PfTopoVIB and

PfHsp90

We conducted this study to potentially generate a specific Radicicol analog for
PfTopoVIB to reduce its zz vivo off-targets. To that end, our strategy was to
modify the structure of Radicicol to design novel analogs by substituting the
functional groups, which potentially enhance its inhibition against PfTopoVIB
and reduce its inhibition of PfHsp90. The reported Structure-Activity
Relationship (SAR) of Radicicol (143) was considered for selecting the
attachment point for the modification, and various functional groups were
identified from relevant literature (144-149). We substituted different functional
groups at specific attachment points of Radicicol without disturbing the
macrocyclic ring required for the bioactivity of Radicicol.

The 3D structure of Radicicol served as the reference molecule for the in-silico
design of 97 different structural analogs using MarvinSketch tool. The analog
structures were computationally drawn and designed by modifying different
atoms, functional groups and/or side chains of Radicicol, based on its reported
Structure—activity relationship (SAR) to alter its biological activity against
PfTopoVIB and PfHsp90. We focused on altering or replacing those functional
groups of Radicicol that cause higher affinity towards Hsp90. 6498 different
conformers were generated for 97 analogs using Biovia DS 4.0. Receptor-ligand
docking performed by LibDock protocol against PfTopoVIB protein using
6498 analog conformers returned 3162 docked poses. In the same manner,
docking against PfHsp90 protein using 6498 analog conformers returned 2512
docked poses. All the docked poses were analysed and the best docked pose of
each ligand towards each protein was identified based on the highest LibDock
score and compared with the LibDock score of ATP and Radicicol (Table 6).
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Table 6: Comparison of the LibDock score of ATP, Radicicol and its
derivatives against PfTopoVIB and PfHsp90 (The number of poses of

each analog docked to the protein are given in bracket)

Name LibDock Score (No. of poses docked)
PfTopoVIB PfHsp90
ATP 143.657 (96) 129.333 (81)
Radicicol 76.4008 (2) 91.7911 (9)
Analog 1 105.184 (8) 92.585 (4)
Analog 2 133.823 (9) No docked poses
Analog 3 74.1867 (2) 89.926 (12)
Analog 4 87.0343 (5) 92.2888 (7)
Analog 5 88.8705 (2) 101.406 (14)
Analog 6 108.647 (2) No docked poses
Analog 7 77.5334 (2) No docked poses
Analog 8 84.9003 (2) 98.4773 (7)
Analog 9 87.3219 (2) 98.7025 (11)
Analog 10 92.3465 (1) 104.188 (8)
Analog 11 77.623 (4) 84.8962 (20)
Analog 12 68.6989 (1) 93.066 (5)
Analog 13 73.1041 (3) 89.7777 (2)
Analog 14 82.7546 (3) 90.8558 (5)
Analog 15 88.8888 (15) 96.9247 (52)
Analog 16 76.4399 (2) 90.5099 (5)
Analog 17 76.4532 (1) 95.5775 (20)
Analog 18 76.0733 (1) 106.118 (5)
Analog 19 No docked poses 96.8303 (13)
Analog 20 No docked poses 66.8629 (2)
Analog 21 77.4023 (5) 96.0849 (7)
Analog 22 83.9107 (5) 105.157 (13)
Analog 23 76.1084 (4) 86.745 (9)
Analog 24 77.7701 (6) 84.7549 (6)
Analog 25 88.8888 (15) 96.9247 (52)
Analog 26 92.0622 (37) 106.204 (15)
Analog 27 113.034 (92) 107.629 (90)
Analog 28 126.111 (81) 111.54 (89)
Analog 29 146.569 (91) 107.773 (30)

136




CHAPTER-5
RESULTS

Analog 30 116.084 (92) 121.593 (74)
Analog 31 121.53 (95) 119.932 (38)
Analog 32 No docked poses No docked poses
Analog 33 124.066 (87) 99.2816 (89)
Analog 34 111.149 (94) 113.188 (86)
Analog 35 104.421(96) 113.064 (81)
Analog 36 89.2511 (26) 80.1705 (2)
Analog 37 87.3713 (14) 93.9307 (22)
Analog 38 100.184 (58) 86.4046 (6)
Analog 39 109.044 (21) 85.967 (21)
Analog 40 91.7332 (27) 92.2866 (33)
Analog 41 106.414 (52) 101.088 (37)
Analog 42 95.2177 (19) 96.2555 (22)
Analog 43 109.439 (11) 93.4571 (13)
Analog 44 108.03 (67) 79.2665 (8)
Analog 45 90.5919 (40) 92.064 (63)
Analog 46 103.04 (56) 97.2199 (71)
Analog 47 86.6312 (10) 96.4127 (15)
Analog 48 103.04 (56) 97.2199 (71)
Analog 49 98.6211 (17) 92.5781 (48)
Analog 50 77.7701 (6) 84.7549 (6)
Analog 51 76.1084 (4) 86.745 (9)
Analog 52 120.296 (60) 115.213 (16)
Analog 53 115.77 (62) 104.267 (23)
Analog 54 86.4992 (2) 90.9012 (23)
Analog 55 No docked poses 83.4545 (11)
Analog 56 81.7324 (3) 87.2365 (17)
Analog 57 No docked poses 94.1162 (15)
Analog 58 69.6464 (2) 89.5652 (12)
Analog 59 91.3509 (3) 98.6856 (6)
Analog 60 103.441 (38) 105.537 (44)
Analog 61 124.531 (85) 112.673 (81)
Analog 62 105.573 (95) 108.981 (67)
Analog 63 No docked poses No docked poses
Analog 64 105.808 (96) 111.198 (79)
Analog 65 127.171 (86) 107.959 (14)
Analog 66 127.312 (77) 112.49 (11)
Analog 67 134.451 (91) 118.745 (88)
Analog 68 80.1883 (1) 80.9545 (6)
Analog 69 94.0426 (26) 97.3786 (18)
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Analog 70 96.43 (16) 106.191 (27)
Analog 71 106.638 (11) 114.339 (36)
Analog 72 71.6177 (3) 89.3496 (9)
Analog 73 78.2695 (5) 89.3019 (11)
Analog 74 No docked poses 97.7812 (7)
Analog 75 98.4877 (42) 124.62 (70)
Analog 76 128.528 (91) 113.804 (85)
Analog 77 103.528 (36) 89.1453 (3)
Analog 78 126.025 (40) 91.7578 (8)
Analog 79 130.084 (92) 58.4248 (1)
Analog 80 119.39 (93) 126.137 (9)
Analog 81 71.7722 (2) 90.548 (22)
Analog 82 No docked poses 89.7058 (6)
Analog 83 93.4051 (5) 106.048 (15)
Analog 84 117.584 (6) 82.8479 (2)
Analog 85 85.9985 (24) 90.4115 (20)
Analog 88 127.677 (89) 105.661 (91)
Analog 89 76.0733 (1) 106.118 (5)
Analog 90 140.878 (84) 119.481 (12)
Analog 91 158.337 (69) 100.199 (2)
Analog 92 103.932 (26) 94.0685 (4)
Analog 93 No docked poses No docked poses
Analog 94 100.184 (58) 86.4046 (6)
Analog 95 126.616 (98) 111.055 (14)
Analog 96 82.3439 (1) 37.5413 (1)
Analog 97 87.0725(2) 97.8591 (15)
Analog 98 92.3465 (1) 104.188 (8)
Analog 99 104.634 (92) 105.533 (83)
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5.5 Selection of the Radicicol analogs that show specific docking to

PfTopoVIB but not to PfHsp90

PfTopoVIB and PfHsp90 share a common structural ATP-binding domain
known as the Bergerat fold (94) characterized by a structural motif consisting
of an eight stranded mixed beta-sheet in two layers — alpha/beta (111). We
carried out this study to select the specific analog for PfTopoVIB binding and
sorted them with the following strategy. Out of 97 analogs, 88 molecules
interacted with PfTopoVIB within the same binding cavity occupied by
Radicicol and ATP, whereas 9 analogs failed to dock. Depending upon the
LibDock score of each analog compared to ATP and Radicicol, we classified
them into two groups, one with a higher LibDock score than the cut off value
76.4008 and the other with lower scores than the cut off value. In case of
PfTopoVIB, we have chosen this cut off value to select those analogs of
Radicicol that have a higher chance of binding with PfTopoVIB as compared
to the Radicicol. The LibDock score of Radicicol for PfTopoVIB is 76.4 hence
all the values that are higher than 76.4 are shortlisted. To that end, 77 analogs
were identified with LibDock scores higher than the cut off value and 11
analogs with lower LibDock scores than the cut off. The highest score was
obtained for analog 91 (158.337) and the lowest score was obtained for analog
23 (76.108). So, based on docking score, 77 analogs of Radicicol performed
better than Radicicol, 11 analogs were poor performers and 9 did not dock at
all (Table 6). The same classification criterion was adopted for analysing the
docking results of PfHsp90 also. In this case, the cut off value was taken as
91.7911. The LibDock score of Radicicol for PfHsp90 is 91.79; hence the values
higher than that of 91.79 are shortlisted. Out of 97 analogs, 78 molecules were

found to interact with a higher dock score than the cut off value. 13 analogs
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docked with a lower LibDock score and the remaining 6 analogs did not dock
to PfHsp90 at all. The highest binding affinity was obtained for analog 80
(126.137) and the lowest for analog 78 (91.757). We focused our work only on
those subsets of Radicicol analogs that display higher affinity towards
PfTopoVIB and no affinity towards PfHsp90. Hence, although analog 91 shows
the highest score for PfTopoVIB, it also shows higher docking score for
PtHsp90. Similarly, analog 23 shows a poor score for PfTopoVIB compared to
PfHsp90. The analysis of these ligands is beyond the scope of this manuscript.
Our criterion for selecting the best analogs was to compare their binding affinity
with both the proteins and finally choose those which docks specifically to
PfTopoVIB but have little or no binding towards PftHsp90. We observed that
out of the 6 analogs which did not dock to PfHsp90, 3 analogs did not dock to
PfTopoVIB either, but the other 3 analogs were having higher LibDock scores
towards PfTopoVIB. The structures of Radicicol and these three analogs are
presented (Figure 20). These three analogs; analog 2, analog 6, and analog 7,
with LibDock scores 133.823, 108.647 and 77.533 respectively were selected as
the lead molecules. The number of molecules generated, docked and filtered at
various step of this study has been summarized in Table 7.

Further, we compared the volume of Radicicol binding pockets between
PfTopoVIB and PfHsp90 (Figure 21 A, B) using a grid based ‘Eraser’ algorithm
implemented in DS 4.0 and found that the binding pocket volume for
PfTopoVIB is (180.625 A%), much larger than that of PfHsp90 (143 A3),

Both the pockets were found to contain the residues of the alpha/beta structural
motif, where the ATP and Radicicol interacted in our docking studies. We
reason that as the size of analog 2 (637.162 Da), analog 6 (516.969 Da) and
analog 7 (653.161 Da) are larger than that of ATP (507.181 Da) and Radicicol
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(364.777 Da), they are not able to fit properly to the binding site of PfHsp90
which is smaller than the binding pocket of PfTopoVIB.
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Table 7: The number of molecules generated, docked and filtered at

various step

Virtual screening steps for Radicicol and its
analogs

3D structure retrieved for Radicicol and ATP
from Pubchem

Analogs generated for Radicicol using
MarvinSketch

Total number of conformers for Radicicol, 97
analogs and ATP (10 conformers each for 99
molecules)
Structures prepared using Ligand preparation for
Docking
3D conformers generated Using DS.4.0 for
docking process
Docking of 6498 structures against target proteins

No. of poses docked to target proteins at Bergerat

fold
No. of analogs failed to dock to the target protein
structures
No. of analogs docked only to PfTopoVIB and
not to PfHsp90

No. of lead molecules selected for interaction
analysis and molecular dynamics simulation
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Number of molecules

2
97
990
962
6498
PfTopoVIB PfHsp90
3162 2512
9 6
3
3
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Radicicol

Analog7

Figure 20: 2D structure of Radicicol and its analogs; 2, 6 and 7 are represented.
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Figure 21 A, B. Comparing the volume of Radicicol binding pockets between PfTopoVIB and PfHsp90
The molecular interactions between the lead analogs and PfTopoVIB (Figure

22A-C) were analyzed and compared with that of parent molecule Radicicol.
Analog 2 showed 12 interactions, analog 6 showed 8 interactions and analog 7
showed 14 (Table 5). The key amino acids in PfTopoVIB which established
contacts with analog 2 were Glu306, Lys104, Phel05, Ly121, Phel22, Leul26
and Lys127. While a carbon hydrogen bond and a hydrophobic Pi-alkyl
interaction were formed by Lys127, two hydrophobic interactions (Pi-Sigma
and Pi-alkyl) were formed with Leul26. Glu36 showed two electrostatic (Pi-
anion) interactions and Lys121 had a Pi-donor hydrogen bond and one
hydrophobic interaction of Pi-alkyl type. Lys104 showed a Pi-donor hydrogen
bond and a hydrophobic Pi-alkyl interaction. Phe122 established an interaction
through the halogen atom Cl of analog 2 and Phe105 formed a Pi-Pi T-shaped
hydrophobic interaction. Analog 6 showed three conventional hydrogen bonds
with the amino acids Asn40, Leul26 and Phel22. Lys127 formed a carbon
hydrogen bond; Glu36 formed an electrostatic Pi-anion linkage; LLeu126, Lys35
and Lys121 formed hydrophobic interactions mostly of pi-alkyl type. Analog 7,
on the other hand, showed the highest number of hydrophobic interactions, but
with a different set of residues present in PfTopoVIB namely Leu37, Asn40,
Ala44, Cys90, Lys95, Leul26, Val183 and Ile185. Lys104 formed a Pi-donor
hydrogen bond and a hydrophobic interaction through the alkyl group of analog
7. Asn48 also established a Pi-donor hydrogen bond and Ser41 showed a Pi-
lone pair interaction with analog 7. When compared to ATP and Radicicol, the
amino acids which retained their contacts with analog 2 were Phel22, Glu36,
Lys121, Leu 126 and Lys104. The interactions with the residues Lys35, Glu36,
Asn40, Lys121, Phel22, Leu126 and Ly127 were common in the case of analog
6. But analog 7 showed contacts with Leul26, Asn40 and Lys104 which were

145



CHAPTER-5
RESULTS

Bond Identifiers

. Conventional Hydrogen Bond
Carbon Hydrogen Bond
Pi Donor Hydrogen Bond
. Water Mediated Hydrogen Bond
Water Hydrogen Bond
. Salt Bridge
. Pi-Cation
. Pi-Anion
. Pi-Pi Stacked
B Pi-Pi T-Shaped
B Amide-Pi Stacked
Alkyl
. Pi-Sigma
Pi-Alkyl
- Halogen (Cl, Br, I)

Figure 22 A-C. Molecular interactions of the lead analogs of Radicicol in the Bergerat fold of
PfTopoVIB: (A-C) analog 2 (purple), analog 6 (blue) and analog 7 (red) interaction with PfTopoVIB

has been presented. The color codes for different bonds also given in the figure.
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similar with those found in Radicicol. There were no common contacts found
between ATP and analog 7. Phel22 was interacting with ATP, Radicicol, analog
2 and analog 6, but not with analog 7, whereas Leul26 had contact with all
others except ATP.

The binding of PfTopoVIB and the lead analogs within the Bergerat fold is
illustrated (Figure 23). The 2D interaction diagrams of the lead analogs docked
to PfTopoVIB are presented (Figure 24 A-C).

In the present study, we designed 97 analogs of Radicicol and docked all of
them with PfTopoVIB and PfHsp90 models. Out of 97 analogs, 88 analogs
docked with PfTopoVIB. The criterion for selection was to select those analogs
that have higher docking score than Radicicol. In case of PfTopoVIB 78
molecules fulfilled that criteria. We planned to select an analog that should not
bind with PtHsp90 molecule. As mentioned above, 6 molecules failed to dock
PfHsp90 modeled structure. Those 6 analogs were the potential lead for our
study. Out of those 6 only three analogs; analog 2, 6 and 7 showed higher
binding with PfTopoVIB model. Hence, we went forward with analog 2, 6 and
7 for M.D simulation study in collaboration with Professor Nair [Department
of Computational Biology and Bioinformatics, University of Kerala]. Their data
showed a strong evidence that analog 2 is the most stable structure that have

greater binding affinity with PfTopoVIB model (182).
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gy 4
PfTropoVIB - Analog 7

Figure 23. Illustration of binding between PfTopoVIB and the lead analogs: Analog 2 (pink), Analog
6 (purple) and Analog 7 (blue) binding with PfTopoVIB Bergerat fold is represented.
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Plasmodium falciparum possesses a unique Type Il topoisomerase TopoVIB,
which has potential to be a novel target against malaria. Our previous studies
have shown, Radicicol inhibits the schizont to ring transition of the blood stage
parasites, indicating a functional role of PfTopoVIB at that stage.
Endoreduplication occurs in two other stages of the parasite life cycle namely
liver stage and mosquito stage (sexual stage), and PfTopoVIB might be a critical
determinant for those stages as well. As most of the replication proteins are
essential for the survivability, and generation of conditional knock-outs of
PfTopoVIB in Plasmodinm is technically challenging, it is important to identify
highly specific chemical inhibitors of PfTopoVIB in order to delineate the
precise biological role of this protein in Plasmodium. However, owing to the
similarity within the Bergerat ATP-binding fold which is present in both
PfTopoVIB and PfHsp90, Radicicol is found to dock at both the structures.
Hence, finding a chemical inhibitor that has specificity towards PfTopoVIB is
the need of the hour. Through our analysis, we have shortlisted 3 analogs of
Radicicol that are predicted to bind specifically to PfTopoVIB and do not bind
to PfHsp90. With a collaborative study with Professor Nair [Department of
Computational Biology and Bioinformatics, University of Kerala] we have
determined the 50 ns molecular dynamics simulations of analog-2, analog-6 and
analog-7 with PfTopoVIB. The free energy calculations and the simulation
results indicate that analog-2 forms a stable complex with PfTopoVIB (182).
Hence, our study shortlists one chemical structure out of 97 that predicts a
stable exclusive binding with PfTopoVIB. In analog 2, the two hydroxyl groups
present at the C-17 and C-19 position of Radicicol are substituted by two
biphenyl groups and the resultant derivative is found to dock with PfTopoVIB

with more points of contact and hence found to score better than that of
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Radicicol. Hence, analog 2 urges future experimental validation in the

biochemical assays of PfTopoVIB and in the Plasmodium culture.
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Cloning of PfTOPOIII in pET28a vector

PfTOPOIII (Gene ID: PF3D7_1347100) gene has no intron. It was amplified using
Plasmodium falciparum genomic DNA as template using the forward primer OSB 334
having BamHI restriction site and reverse primer OSB 335 having Sall restriction site. A
PCR product of 2.1 kb was initially cloned in TA cloning vector pTZ57R/T. The insert
was excised out from pTZ57R/T-PfTOPOIII clone by digesting it with BamHI and Sall

restriction enzymes and cloned into final vector pEET28a.

M UD D
wo—— 5.4 kb
REid 2.1kb
. B

FigAl: Cloning of PfTOPOIII in pET28a vector: pET284-PfTOPOIII clone was confirmed by
restriction digestion with BamHI and Sall in which vector (5.4 kb) and insert (2.1 kb) got separated after

double digestion. The clone was further confirmed by plasmid DNA sequencing.
(M: marker, UD: undigested, D: digested)
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Cloning of PfTOPOIII in yeast expression vector pTA
PfTOPOIII insert was excised out from pTZ57R/ T-PfTOPOIII vector by digesting it with

BamHI and Sall restriction enzymes and cloned into the yeast expression vector p1°A4

under the control of GPD promoter.

6.2 kb

— 2.1kb

Fig A2: Cloning of PfTOPOIII in pTA vector: p1.A-PfTOPOIII clone was confirmed by restriction
digestion with BamHI and Sall in which vector (6.2 kb) and insert (2.1 kb) got separated after double

digestion. The clone was further confirmed by plasmid DNA sequencing.
(M: marker, UD: undigested, D: digested)
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Cloning of ScTOPOIII in pTA vector

ScTOPOIII was amplified using S. cerevisae genomic DNA as template using the forward
primer OSB 346 having BamHI restriction site and reverse primer OSB 455 having Sall
restriction site. This PCR product of 1.9 kb was digested with BamHI and Sall restriction

enzymes and cloned into the yeast expression vector p1°A.

UD D M

6.2 kb

1.9 kb

Fig A3: Cloning of ScTOPOIII in pTA vector: p1A-ScTOPOIII clone was confirmed by restriction
digestion with BamHI and Sall in which vector (6.2 kb) and insert (1.9 kb) got separated after double
digestion. The clone was further confirmed by plasmid DNA sequencing.

(M: marker, UD: undigested, D: digested)
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Cloning of PfY421Ftopolll in pTA vector

PY421Ftopolll mutant was generated by a splice overlap PCR method. ORF of
PfTOPOIII was PCR amplified in two fragments. Fragment 1 was amplified using OSB
334 and OSB 452 primer. Fragment 2 was amplified by using the primer pairs OSB 453
and OSB 335). The primers OSB 452 and OSB 453 are bearing the desired mutation in
each fragment. These fragments were fused with fusion PCR using OSB 334 and OSB
335 primer. The final fusion product (P/Y427Ftpolll) was initially cloned in TA cloning
vector pTZ57R/T. The insert was excised out from pTZ57R/T-PfY421Ftgpolll clone by

digesting it with BamHI and Sall restriction enzymes and subcloned into final vector pTA.

Fusion M
PCR M ub D
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A) Fragmentl M Fragment 2

N ) 2.1kb Y421Ftopolll

1.15kb

Fig A4: Cloning of PfY421Ftopolllin pTA vector. PfY421Fpolll amplicon was amplified by splice
overlap extension PCR in two fragments 1.15 kb (Fragment 1) and 1 kb (Fragment 2). B) Fusion PCR
was done to generate final product length 2.1 kb. C) pTA-PfY4271Ftgpolll clone was confirmed by
restriction digestion with BamHI and Sall in which vector (6.2 kb) and insert (2.1 kb) got separated after

double digestion.
(M: marker, UD: undigested, D: digested)
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Cloning of P{(A259-337)topolll in pTA vector

PAA259-337 )topoll] mutant was generated by a splice overlap PCR method. ORF of
PfTOPOIII was PCR amplified in two fragments. Fragment 1 was amplified using OSB
334, OSB 450 primer. Fragment 2 was amplified by using OSB 451, and OSB 335 bearing
the desired deletion. These fragments were fused with fusion PCR using OSB 334 and
OSB 335 primer. The final fusion product PfA259-337)topolll was initially cloned in TA
cloning vector pTZ57R/T. The insert was excised out from pTZ57R/T-PfA259-
337)topolll clone by digesting it with BamHI and Sall restriction enzymes and cloned into

the vector pT°A.
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Fig A5: Cloning of Pf(A259-337)topolllin pTAvector: P{A259-337)topoll] amplicon was amplified
by splice overlap extension PCR in two fragments (777 bp and 1.1 kb). B) Fusion PCR was done to
generate final product length 1.8 kb. C) pTA+ PfA259-337)topolll clone was confirmed by restriction
digestion with BamHI and Sall in which vector (6.2 kb) and insert (1.8 kb) got separated after double
digestion. The clone was further confirmed by plasmid DNA sequencing.

(M: marker, UD: undigested, D: digested)
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Cloning of PfTOPOIIl in pGBDUC-1vector
PfTOPOIII insert was excised out from pTZ57R/T-PfTOPOIII clone by digesting it with

BamHI and Sall restriction enzymes and cloned into the yeast two hybrid bait vector

PGBDUCT.

6.0 kb

2.1kb

Fig A6: Cloning of PfTOPOIII in pGBDUC-1vector: pGBDUC-1-PfITOPOIII clone was confirmed
by restriction digestion with BamHI and Sall in which vector (6 kb) and insert (2.1 kb) got separated
after double digestion. The clone was further confirmed by plasmid DNA sequencing.

(M: marker, UD: undigested, D: digested)
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Cloning of P{(A259-337)topolll in pGBDUC-1 vector

PpTA-PHA259-337)topolll clone was digested with BamHI and Sall restriction enzymes to
release the insert. Finally, PAfA259-337)topolll insert was cloned into pGBDUC-1 vector.

UD D M

1.8 kb —— e

Fig A7: Cloning of Pf(259-337)topolll in pGDBUC-1 vector: pGDBUC-1-Pf{259-337 )topolll clone
was confirmed by restriction digestion with BamHI and Sall in which vector (6 kb) and insert (1.8 kb)
got separated after double digestion. The clone was further confirmed by plasmid DNA sequencing.

(M: marker, UD: undigested, D: digested)
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Cloning of PfTOPOIII in P. falciparum expression vector
pPfCENvV3

PfTOPOIII was amplified using Plasmodium falciparum genomic DNA as template using the
torward primer OSB 334 having BamHI restriction site flanking and the reverse primer
OSB 497 having Bglll site after removing the stop codon. We put 2 extra bases before
the Bglll site so that it will be in frame with the GFP present in the pPfCENp3 vector.
The amplified fragment was first cloned into pT:A vector. Pf/TOPOIII insert was released
by BamHI and BgllII digestion and was subcloned in BglII digested pP/CEN»3 vector by
non-directional cloning. The cloning was first confirmed by digestion with Bglll, which
shows a linearlised band near 10.6 kb. Further, the clone was confirmed by digestion with
Xhol (4989 position) and BgllI (4202 position). The right oriented insert releases the GFP

tragment of size 800bp. The wrong orientation clone gives out an insert approx. 2.9 kb.
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Fig A8: Cloning of PfTOPOIII in pCENV3 vector: pPCENV3+PfI'OPOIII clone was confirmed by
restriction digestion with BglII in which 10.6 kb size is obtained. The right orientated insert was selected
by restriction digestion with BglIl and Xhol which releases GFP (800 bp) after double digestion. The
clone was further confirmed by plasmid DNA sequencing.

(M: marker, UD: undigested, D: digested)
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Cloning of Pf(A259-337)topolll in P. falciparum expression

vector pPfCENv3
PfIAN259-337 )topolll was amplified using the forward primer OSB 334 having BamHI

restriction site flanking and reverse primer OSB having BellI site without the stop codon.
We put 2 extra bases before Bglll site so that it will be in frame with the GFP present in
PPICENY3 vector. PA259-337 )topolll insert was released by BamHI and BglII digestion
and was subcloned in BglII digested pPfCEN»3 vector by non-directional cloning. The
cloning was first confirmed by digestion with Bglll, which shows a linearlised band near
10.3 kb. Further, the clone was screened by digestion with Xhol and Bglll. The right
oriented ORF gives out an insert of 800 bp of GFP whereas, the reverse oriented ORF
releases a fragment of an approximate size of 2.6 kb.
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Fig A9: Cloning of Pf(A259-337)topolll in pCENYV3 vector: pCENV3+ PfA259-337)topolll clone
was confirmed by restriction digestion with BglII in which 10.3 kb size is obtained. Further, the direction
was confirmed by restriction digestion with Xhol and BgllI in a GFP (800 bp) is released after double
digestion. The clone was further confirmed by plasmid DNA sequencing.

(M: marker, UD: undigested, D: digested)
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SYNOPSIS

Malaria is a life-threatening disease that severely affects pregnant women and children under
five years of age (https://www.who.int/news-room/feature-stories/detail/world-malaria-
report-2019). In 2018 alone, there were an estimated 228 million malaria cases and 405000
deaths worldwide. These numbers reflect the urgent requirement of an effective molecular
target to suppress this disease. The potential drug target should be essential for parasite
survivability and should have little or no homology with its human counterpart.

The Plasmodium life cycle is complex as it has to survive within two hosts (humans and
mosquitoes). Their genome undergoes various processes like replication, transcription, repair,
and recombination, which require a different set of specialized proteins. One such group of
proteins necessary for almost all kinds of DNA metabolism are topoisomerases. Studies have
shown that the absence of topoisomerases stalls replication fork [1] and causes genome
instability [2], which eventually leads to cell death [3].

Topoisomerases are the enzymes involved in solving the topological problems by allowing the
passage of one strand of DNA through the other, relieving either the underwinding or
overwinding [4]. They are classified into two subfamilies, Type I and Type II Topoisomerase.
Type II DNA topoisomerases solve the compact DNA structures by moving one DNA double
helix through another in an ATP-dependent fashion. In general, they form transient phospho-
tyrosine bonds between the protein and DNA. Type II topoisomerases function to remove
super-helical twists from DNA and resolve knotted or tangled duplex molecules during
numerous DNA processes. The major ones include recombination and replication [5, 6]. This
group is again divided into Type IIA and Type 1IB subfamilies. In Plasmodium, there are two
type IIA topoisomerases, namely, DNA gyrase and topoisomerase II. DNA gyrases are
involved in apicoplast replication, whereas topoisomerase II enzymes are essential during
nuclear replication [7]. Type I1IB topoisomerases are found in archaea and plants but absent in
humans. In Plasmodium, PfTopoVI is the type 1IB topoisomerase that is expressed during the
replicative stage of the parasite. As this enzyme is absent in humans, it has a potential for drug
target against malaria. It has two subunits, topoisomerase VIA and topoisomerase VIB. A small
molecule inhibitor of PfTopoVIB has been identified which can inhibit the decatenation
activity of this enzyme [8, 9].

Contrary to Type II topoisomerases, Type I topoisomerase transiently cuts a single strand of

DNA and does not require ATP for its function. They are divided into two subclasses based



on the polarity of phospho-tyrosyl bond formed between a catalytic tyrosine residue and a
single DNA strand. Type IA subfamily enzyme transiently cuts a single strand of DNA by
forming a covalent bond with the catalytic tyrosine residue and 5' phosphate of the DNA,
leaving the 3>-OH group free to pass through the intact strand [10]. These enzymes require
divalent cation for their activity and relaxes only negative supercoils. They are proficient at
catalysing the knotting, unknotting, and interlinking of single-stranded circles and act upon
catenation and decatenation of gapped or nicked duplex DNA circles. This group includes
topoisomerase I, Topoisomerase III, and reverse gyrase [3]. The Type IB family forms a 3'
phospho-tyrosine intermediate leaving 5-OH to undergo a restrain rotation around the intact
DNA strand to relieve the supercoiling. The divalent cation is not required for the
transesterification reaction. Unlike the Type IA subfamily, they can efficiently relax both
positive and negative supercoils [12].

In the P. falciparnm genome, two Type I topoisomerases have been identified; topoisomerase 1
and topoisomerase III. Topol belongs to the Type IB family, which is expressed at the
trophozoite and the schizont stages [13]. Our present study demonstrates the characterization
of PfTopolll, which belongs to the Type IA subfamily.

Earlier studies in other organisms have shown that Topolll plays an important role during
replication [12]. There are two isoforms of topoisomerase III in higher eukaryotes, Topollla
and TopollI. Inactivation of Topollla leads to embryonic lethality in mice [14]. It is essential
during the development of Drosophila melanogaster [15]. Experimental evidence shows that
topollIB-/- leads to infertility (progressive reduction in fecundity), aneuploidy and the reduced
the life span in mice [16]. In budding yeast, Azgpolll cells are viable, but their growth rate is
reduced by two folds due to the accumulation of cells in the late S/G2 phase of the cell cycle
[17]. Besides, yeast homozygous null diploid zopolll'/ topolll strains are unable to sporulate
[17].

In this study, we have determined the function of PfTopolll in Plasmodium biology. We have
done the structure-function analysis of this enzyme and identified the presence of a unique
charged domain in its structure, which is indispensable for its activity [18].

The P. falciparum genome database (http://www.plasmoDB.org) shows the presence of a
putative PfTopolll (Gene ID: PF3D7_1347100) gene. It has no intron, and it is predicted to
code a 710 aa protein. Multiple sequence alignment of PfTopolll with human, mouse, and
yeast shows the presence of two aspartates and one glutamate (DxDxE) in its TOPRIM

domain, which is conserved across other topoisomerase III sequences [19]. PfTopolll has a



catalytic tyrosine residue at the 421st position in domain III. There are distinct differences
between PfTopolll and HsTopolll. HsTopolll sequence shows a small extension at the
amino-terminal end (30 amino-acids long) and an extension at the carboxy-terminal end (360
amino-acid long stretches), which are absent in PfTopolll. Instead, there is a 79 amino-acid
long charged region (259-337) present within domain II of PfTopolll, which is missing in the
human counterpart. This domain has a series of positively charged amino acid residues mostly
made up of lysine and arginine. It was eatlier reported that E. co/i Topo I1I comprises a similar
but much smaller 17 amino acid regions rich in lysine and arginine residues [20]. Studies have
indicated that the removal of charged domain hampers the decatenation activity of EcTopolll
[20]. To predict the configuration of the charged domain region of PfTopolll in the presence
of DNA, we used in-silico analysis. We have modeled PfTopolll using I-TASSER server [21]
and selected human Topollla as a template (PDB: 4CGY) [22]. A single-strand DNA octamer
(CGCAACTT) was placed in the binding site to generate a structure of PfTopolll bound with
DNA. The apo structure and the DNA bound PfTopolll structure were stimulated for 100
ns using Gromacs 4.5.5 [23] and CHARMM36 force field [24]. It was observed that during the
initiation of the simulation, the charged domain interacted with parts of domain III, similar to
that of apo structure simulation. Around 34 ns, the charged domain adopted an open
conformation to interact with the DNA octamer. At ~46 ns, residues D296, E297, K302, and
K304 that are present within the charged domain, started interacting with the DNA octamer
to stabilize it. During the latter part of the simulation, the charged domain was in a closed
conformation. Thus, the molecular dynamics simulation data predicted that the charged
domain of PfTopolll remains flexible and stabilizes upon binding to the single-stranded DNA.
We studied the expression of PfTopolll in a bacterial system to generate its specific antibody,
but the protein could not be expressed in bacteria. Hence, we generated a peptide antibody
that was very specific towards the charged domain region of PfTopolll. Using this antibody,
we performed the expression studies within P. fa/eiparum asexual development stages, Ze., rings,
trophozoites, and schizonts. We measured the mRNA and protein expression levels of
PfTopolll at different developmental stages of the parasite. We found it is highly expressed
during the schizont stage, where the parasite DNA is replicated [18].

Studies have shown that HsTopolll has the mitochondprial localization signal at the N-terminal
and a nuclear localization signal at the C-terminal [25]. As mentioned eatlier, the PfTopolll
enzyme structure is devoid of any such signal peptides. To understand the localization of

PfTopolll during the replicative stage, we did subcellular fractionation studies. Western blots



of the nuclear and organelle fractions display the presence of PfTopolll in both the nuclear
and mitochondrial fractions. We generated a transgenic parasite harboring PfTopolll-GFP
fusion protein and performed the live-cell imaging using a fluorescence microscope. We detect
the localization of the protein in both the nucleus and mitochondria. We have generated
another transgenic parasite harboring charged linker deletion mutant of PfTopolll
[Pftopolll4259-337)]. Live-cell imaging of this strain shows that the mutant protein is also present
in the nucleus and mitochondria, indicating that the charged region is not essential for the
nuclear or mitochondrial localization of the protein. Next, to evaluate the zz-vivo function of
PfTopolll, we performed complementation studies using yeast as a surrogate system.
Although A#polll strains are viable in yeast, they show a slow-growth phenotype (SLG) [26].
We created a Azgpolll knockout strain of yeast using a homologous recombination strategy.
Further, we created five isogenic strains of Agpolll harboring each of pT'A (Empty), pTA-
ScTopolll, pTA-PTOPOIIL, pTA-PfiopolllY421F, and pTA-Pftopolll(A259-337). We tested
whether PfTopolll can reverse the SLG of Azgpolll strain. Our result showed that PfTopolll
was fully complementing the phenotype and showed similar growth as that of ScTopolll
harboring strain. As expected, the active-site mutant of PfTopolll (Y427 Fzpolll) remains non-
functional and behaved similar to that of the Azpolll strain carrying empty plasmid.
Surprisingly, the charged linker deletion mutant of PfTopolll also failed to reverse the SLG
phenotype of Afgpolll, indicating its essential requirement for the function of PfTopolll [18].
Studies have shown that yeast Azgpolll strains are sensitive to MMS treatment because MMS
methylates DNA which physically blocks the replication fork progression leading to cell death
[27]. We wanted to determine whether PfTopolll expression can reverse the MMS sensitivity
of the Agpolll strain. To that end, we exposed the above-mentioned isogenic strains to 0.01%
and 0.04% MMS for 2 hours, and after that returned them to normal media and scored their
survivability. We observed that full-length PfTopolll could reverse MMS sensitivity in a similar
manner as that of ScTopolll harboring strain, suggesting a direct role of PfTopolll during
replication under stress conditions. On the contrary, the strain expressing PftopollIY#4?1F and
Pftopolll42%9-337) showed severe sensitivity towards MMS, and they behaved similar to that of
the Azgpolll strain. This re-establishes that the charge domain region is indispensable for the
functioning of PfTopolll. To rule out the possibility that loss of complementation is not due
to loss of expression, we checked the mRNA and protein expression levels of all the strains
used in this study. We observe that S¢TOPOIII, wild-type PfTOPOIL, Pftopolll<?9337) and
PftopollIY421F were stably expressing at mRNA and protein level.



Topolll performs its function via a conserved mechanism. RecQ) helicases remodel the DNA
into an accessible single-strand conformation suitable for processing only by Topolll [28] to
resolve stalled replication forks. We wanted to check whether PfTopolll physically interacts
with Plasmodium RecQ helicases. Plasmodium falciparnm genome contains two RecQ helicases,
namely PfBLM and PfWRN. We performed yeast two-hybrid analysis to evaluate the physical
interaction between PfTopolll and PfBLM/PfWRN. To that end, we cloned P/BLM and
PAVRN in the prey vector as a fusion to the Gal4 activation domain and cloned P/TOPOIII in
the bait vector as a fusion to the Gal4 DNA binding domain. Our study showed that both
PfBLM and PfWRN physically interact with PfTopolll. We did a similar study using the
mutant PftopollI<?5-97). We cloned the same in the bait vector. We observed that the absence
of charged region does not affect the interaction between the PfTopolll protein and the
PfRecQ helicases.

To determine the function of PfTopolll in parasite replication, we used hydroxyurea (HU) as
a replication blocker. HU inhibits the ribonucleotide reductase, an enzyme required for the
generation of deoxyribonucleotide triphosphates during the S-phase of the cell cycle [29].
Initially, 2.5 mM HU was given for 30 h (prolonged exposure) at 2% late trophozoite stage
parasites, and we measured the survivability after every 10 h of initial treatment. We observed
that the untreated parasites had a three-fold increment in parasitaemia at the end of the 30t
hour. However, the HU-treated parasites showed severe sensitivity, and their survivability was
significantly reduced in a time-dependent manner. We also studied the morphological effects
of HU on parasites at three different time intervals. Untreated parasites formed mature
schizonts (segmenters) at the end of the 20™ hour, which eventually ruptured and produced
rings at the end of the 30" hour. However, no such distinct stages were observed in HU-
treated parasites. We wanted to study the effects of short-term exposure of HU on parasite
survivability. We used 1% trophozoite-stage synchronized parasites and exposed them to 2.5
mM HU for 6 h. Subsequently, HU was extensively washed, and the parasites were returned
to grow (RTG) to the normal media for 26 h. We found a 5-fold increase in parasitaemia in
untreated parasites. However, this time, the treated parasites did not show any decrease in
parasitaemia; instead, they remain arrested in the schizont stage and are defective in the
schizont to ring transition. dNTPs are essential substrates for the successful replication of
DNA. It was earlier shown that HU treatment causes stalling of the replication fork, which
ultimately generates a chicken foot-like structure [30]. We reason that the prolonged presence

of such structures may be detrimental to the parasites. It was reported that . cerevisiae displays



severe sensitivity towards HU in Azpolll strain [31], which indicates that Topolll plays an
essential role in resolving the aberrant structure generated from the arrest of the replication
fork.

In order to determine the direct role of PfTopolll during replication stress, we determined the
endogenous level of PfTopolll in HU treated parasites. We exposed synchronous trophozoite-
stage specific parasites to two different HU doses (2.5 mM and 10 mM) for 6 h, subsequently
washed HU, and allowed to grow the parasites in normal growth media for 26 h. We harvested
the untreated and treated parasites at the end of 26 h and compared the levels of PfTopolll in
two cases. We found an increase in PfTopolll protein levels in HU treated parasites in a dose
dependent manner. To understand whether the increase in expression occurred due to the
stabilization of proteins or increment in Pf/IOPOIII transcript levels, we extracted RNA from
the untreated and HU-treated parasites. We quantified the P/ITOPOIII cDNA by real-time RT-
PCR. We detect an induction in the mRNA level of Pf/TOPOIII upon HU treatment. Rad51
plays an essential role in replicating fork stability and regression; hence was used as a positive
control [32]. The transcriptional induction of P/TOPOIII in response to HU treatment indicates
that the increased level of endogenous PfTopolll is required to promote recovery from
replication stress.

An increase in endogenous levels of PfTopolll in response to HU gave us an indication that
PfTopolll is essential for cell survivability under stress conditions. Hence, we expressed
PfTopolll and Pftopolll(3?59-337) ectopically in 3D7 strain using a centromeric plasmid. We
repeated similar experiments, as described above, with the transgenic parasite strain. Firstly,
we exposed the parasites to 2.5 mM HU for 30 h and monitored its growth every 10 h. We
observed that the transgenic parasites harboring PftopollI(42%-337) strain showed a similar
sensitivity towards HU treatment as that of 3D7. On the contrary, the transgenic parasites with
PfTopolll over-expression vector, considerably reduced the dose-dependent death of the
parasites at the 20% and 30t hours, reinforcing that the full-length PfTopolll but not the
charged domain deletion mutant of PfTopolll can reverse HU's inhibitory effects. In a
different assay, we exposed all the three strains towards 2.5 mM HU for a short duration (6 h)
and eventually washed HU and allowed them to grow in normal media for 26 h. We found
that as expected, the 3D7 parasites were severely affected even with 6 h treatment of HU, and
their growth remained arrested compared with the untreated parasites. The PfTopolll
transgenic parasite line showed no significant difference between the survivability of treated

versus untreated parasites and successfully reversed HU's growth defects. However, the



transgenic parasite line harboring Pftopolll#?59-337) showed a similar trend as that of 3D7
parasites and displayed a significant difference in survivability than the untreated parasites.
This is the first study to identify functionally active Topolll from a malaria parasite. Our study
demonstrated a direct role of PfTopolll in mitigating HU-mediated replication stress [18].
Firstly, PfTopolll expression is induced in a dose-dependent manner in response to HU
treatment. Secondly, expression of PfTopolll can completely bypass the HU-induced growth
defect in the parasites. It was eatlier reported that HU treatment depletes the cellular pool of
deoxyribonucleotides and there occurs an accumulation of joint DNA molecules in the
direction opposite to the replication fork [33] that have serious implications on cell
survivability. As these structures resemble Holliday junctions [34], we speculate that if such a
condition is generated in P. falciparum, PfTopolll along with its cognate helicases might play
an important role in resolving the structures and converting them back into the replication
forks.

Our study also identified a charged domain within PfTopolll that is indispensable for its 7
vivo function. A previous experimental study showed that the charged loop present in bacterial
Topolll is essential for the decatenation of replication intermediates [17]. Our in-silico analysis
predicts that the charged domain stabilizes the effective binding of PfTopolll with DNA and
indicates that this domain might play an important role in the catalytic mechanism of
PfTopolll protein. We obtained similar results with our genetic analysis. Firstly, the expression
of wild-type PfTopolll fully rescued the SLG and MMS-induced toxicity in yeast, but the
expression of mutant Pftopolll(A259—337) failed to do the same and mimicked the phenotype
of the topoisomerase-inactive mutant PftopolIIY421F. Secondly, the transgenic mutant parasite
line harboring Pftopolll(A259-337)-GFP failed to rescue itself from short-term exposure to
replication stress. Together, our results emphasize the importance of the charged domain in
the PfTopolll function [18]. To date, no inhibitors of Topolll have been identified. However,
identification of the unique and indispensable charged domain of PfTopolll promises itself as

a target against malaria.

We also carried out another study where we performed zn-silico analysis to identify a specific
inhibitor of Topoisomerase VIB of Plasmodium falciparum [35]. TopoVIB acts as a novel target
to treat malaria because it has no human ortholog. Radicicol, an antifungal macro lactone
antibiotic, was previously shown to inhibit the function of Swuipholobus shibatae TopoVIB by
acting as a competitive inhibitor of ATP. Previously, using a yeast-based assay system, we have

demonstrated that Radicicol inhibits the decatenation activity of PfTopoVIB [8]. Radicicol



treatment sensitizes the P. faliparum parasites with an 1Cso of 8.5 uM [9]. We observe that
Radicicol treatment inhibits the schizont to ring transition of the blood-stage parasites,
indicating the significance of PfTopoVI in Plasmodium biology.

Studies have shown that PfTopoVIB is a member of the GHKL (Gyrase-Hsp90-Histidine
Kinase-MutL) super-family. They all share a small three-dimensional ATP-binding fold known
as the Bergerat fold [36]. Due to this similarity within the Bergerat ATP-binding fold, Radicicol
was found to dock both PfTopoVIB and PfHsp90 [9]. We used computational biology to
design an analog of Radicicol that specifically binds PfTopoVIB and not to PfHsp90. Our
strategy was to modify the radicicol structure by adding functional groups to enhance Radicicol
attachment to PfTopoVIB and not PfHsp90 [37-42]. To that end, we designed 97 analogs of
Radicicol using Matvin sketch version 16.8.8.0 (https://chemaxon.com/products/matvin)
and generated 10 conformers of each of those analogs in DS 4.0 [43].

We created homology-based structures for PfTopoVIB and PfHsp90 proteins. The sequences
of PfTopoVIB and PfHsp90 were retrieved from the Uniport/Swiss-Prot database [44]. Near-
native structures of PfTopoVIB and PfHsp90 were modelled using the automated mode
(ProMod3 Version 1.2) integrated with the Swiss-Model server [45]. For the PfTopoVIB
model, 2ZBK was used as a template, which is a crystal structure for S. shibatae TopoVIB.
Similarly, for PfHsp90, homology model 3IED was used as a template. Ramachandran plot
for the modeled PfTopoVIB structure revealed that 80.4% of the residues (337 amino acids)
were in the most favoured regions, 15.5% (65 amino acids) in the additional allowed region,
2.9% (12 amino acids) in the generously allowed region, and 1.2% (5 amino acids) in the
disallowed region. The resultant model showed an ERRAT score of 81.728 and the final energy
as -21297.992 k] / mol. The PROCHECK results and the Ramachandran plot of PfHsp90
model revealed that 91.9% of the residues (181 amino acids) were in the most favoured regions,
8.1% (16 amino acids) in the additional allowed region, 0.0% (0 amino acids) in the generously
allowed region and 0.0% (0 amino acids) in the disallowed region. The model showed ERRAT
score as 81.878 and the final energy was -11965.740 kJ / mol.

Two sets of docking were carried out in a site-specific manner. The 3D structures of
PfTopoVIB and PfHsp90 served as receptors, the 97 Radicicol derivatives and their
conformers served as the analog dataset. The docking program LibDock [46, 47] implemented
in DS 4.0 performs a high-throughput docking by aligning analog conformations to polar and
a polar receptor interaction site(hotspots). ATP was used as a positive control. An empirical

scoring function, LigScore [48], was employed to score the docked ligand poses, and the



complexes were ranked and sorted according to the descending order of the LibDock score.
Out of 97 analogs, 88 molecules interacted with PfTopoVIB within the same binding cavity
occupied by Radicicol and ATP, whereas 9 analogs failed to dock. Depending upon each
analog's LibDock score, we classified them into two groups, one with a higher LibDock score
than the cut-off value 76.4008 and the other with lower scores than the cut off value. We
reason that way we will group those analogs of Radicicol that have a higher chance of binding
with PfTopoVIB than the Radicicol. As the LibDock score of Radicicol for PfTopoVIB was
76.4; hence, all those having higher values than 76.4 were shortlisted. Based on the docking
score, 77 analogs of Radicicol performed better than Radicicol, 11 analogs were poor
performers, and 9 did not dock at all.

The same classification criterion was adopted for analysing the docking results of PfHsp90. In
this case, the LibDock score of Radicicol for PfHsp90 is 91.79; hence, the values higher than
that of 91.79 were shortlisted. Out of 97 analogs, 78 molecules were found to interact with a
higher dock score than the cut-off value. 13 analogs docked with a lower LibDock score, and
the remaining 6 analogs did not dock to PfHsp90 at all. Our criterion for selecting the best
analogs was comparing their binding affinity with both the proteins and finally choosing those
that docks specifically to PfTopoVIB but have little or no binding towards PfHsp90. We
observed that out of the 6 analogs which did not dock to PfHsp90, 3 analogs docked with
PfTopoVIB and has higher LibDock scores towards PfTopoVIB. These three analogs; analog
2, analog 6, and analog 7, with LibDock scores 133.823, 108.647, and 77.533, were selected as
the lead molecules [35].

We performed a 50 ns Molecular Dynamics (MD) simulation study in triplicates for analog?2-
PfTopoVIB, analog6-PfTopoVIB, and analog7-PfTopoVIB complexes. Analog2-PfTopoVIB
was found to be most stable and uniform with an average RMSD value of 0.2 A. In contrast,
analog7-PfTopoVIB and analog6-PfTopoVIB showed fluctuations during simulations [35].
We calculated the binding free energy of each of the three complexes, PfTopoVIB-analog2,
PfTopoVIB-analog6 and PfTopoVIB-analog7 at 10 ns intervals for 50 ns. The relative binding
energy of analog2 was found to be the lowest, confirming analog2 binding to be the strongest
among the studied complexes. In analog2, we substituted two biphenyl groups at the C-17 and
C-19 positions of Radicicol. The resultant derivative docked with PfTopoVIB with more
contact points and scored better than Radicicol [35]. In future, we plan to validate its inhibitory

effect on the activity of PfTopoVIB through the biochemical assays.
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Topoisomerase Il (Topolll) along with RecQ helicases are required for the resolution of
abnormal DNA structures that result from the stalling of replication forks. Sequence ana-
lyses have identified a putative Topolll in the Plasmodium falciparum genome (PfTopolll).
PfTopolll shows dual nuclear and mitochondrial localization. The expression and associ-
ation of PfTopolll with mtDNA are tightly linked to the asexual replication of the parasite.
In this study, we observed that PfTopolll physically interacts with PfBIm and PfWrn.
Sequence alignment and domain analyses have revealed that it contains a unique posi-
tively charged region, spanning 85 amino acids, within domain Il. A molecular dynamics
simulation study revealed that this unstructured domain communicates with DNA and
attains a thermodynamically stable state upon DNA binding. Here, we found that the
association between PfTopolll and the mitochondrial genome is negatively affected by
the absence of the charged domain. Our study shows that PfTOPOIIl can completely
rescue the slow growth phenotype of the Atopolll strain in Saccharomyces cerevisiae, but
neither PfY421Ftopolll (catalytic-active site mutant) nor Pf(A259-337)topolll (charged
region deletion mutant) can functionally complement ScTOPOIll. Hydroxyurea (HU) led to
stalling of the replication fork during the S phase, caused moderate toxicity to the growth
of P. falciparum, and was associated with concomitant transcriptional up-regulation of
PfTOPOIII. In addition, ectopic expression of PfTOPOIIl reversed HU-induced toxicity.
Interestingly, the expression of Pf(A259-337)topolll failed to reverse HU-mediated toxicity.
Taken together, our results establish the importance of Topolll during Plasmodium repli-
cation and emphasize the essential requirement of the charged domain in PfTopolll
function.

Introduction

Malaria is a life-threatening disease caused by Plasmodium parasites. According to the latest report of
the World Health Organization, there were 228 million cases of malaria worldwide in 2018 (https:/
www.who.int/news-room/feature-stories/detail/world-malaria-report-2019). Because the parasite has
begun to develop resistance to antimalarial medicines [1-3], it is necessary to identify novel targets
that are essential to the parasite’s biology. Topoisomerases are attractive targets because they are
required for cellular function; indeed they are currently being used to successfully treat bacterial infec-
tion [4] and cancer [5]. This group of enzymes is essential for DNA metabolism and plays a crucial
role during DNA replication, transcription, recombination, and repair. There are two subgroups of
topoisomerases, categorized based on their mode of action: Type I and Type II [6]. PfTopoll [7],
PfGyrase [8-10], and PfTopoVI [11,12] are Type II topoisomerases, which have been characterized in
detail.
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P. falciparum possesses a putative DNA topoisomerase III (Topolll) as the sole member of the type IA
family of topoisomerases, which transiently cleaves single-stranded DNA through the formation of a covalent
5’ phosphotyrosine intermediate, releasing a free 3'-OH end. The parasite has another subclass of topoisomer-
ase I, type IB, which belongs to an evolutionarily distinct class than type IA. A previous study revealed that
PfTOPOIB mRNA is transcribed at the trophozoite stage but not at the schizont stage [13]. The TopolB
enzyme relaxes both positive and negative supercoils in DNA, cleaves the single-stranded DNA through forma-
tion of 3’ phosphotyrosine intermediate, and allows the 5'-OH strand to undergo a restrained rotation around
the non-scissile strand [14]. The TopolB enzyme plays a major role in removing DNA supercoiling during
DNA transcription and replication. However, topoisomerase IA performs additional roles besides working as a
swivel during DNA replication. Owing to the difference in strand passage activity, Type IA enzymes play an
important role in chromosome segregation during DNA replication and also perform regulatory roles in the
formation or resolution of recombination intermediates along with the RecQ helicases [15].

Bacteria possess two Type IA topoisomerases, Topol and Topolll, which share a high degree of protein
sequence similarity except that Topolll contains a unique 17 amino acid (aa) charged loop present in the
central hole of the enzyme. This gives TopollI a distinct cleavage pattern compared with Topol [16] and serves
as a potent decatenase of replication intermediates [17] but inefficient relaxation of supercoiled DNA [18]. A
recent study showed that bacterial Topolll remains physically associated with the actively replicating fork and
unlinks the catenated and precatenated DNA rings that result during DNA replication [19].

Budding yeast cells that lack topoisomerase III are viable; however, their growth rate is reduced by two-fold
due to the accumulation of cells in the late S/G2 phase of the cell cycle and show hyper-recombination
between repetitive sequences [20]. In addition, yeast homozygous null diploid topoIII /topolIl” cells are unable
to sporulate [20]. There are two homologous genes for Topolll in vertebrates (Topolllo. and TopolII).
Inactivation of Topolllo. leads to embryonic lethality in mice [21].

Yeast Topolll and human Topolllo. physically interact with Sgsl and Blm, respectively, and resolve the
double Holliday junctions that are generated within the replicating sister chromosomes during sudden stalling
of the replication fork; this subsequently suppresses genetic crossover [22]. Topollla is also required for the
decatenation and segregation of human mitochondrial DNA (mtDNA) following replication [23].

Plasmodium mitochondrial and nuclear replication initiates in the late trophozoite stage [24]. It has been
demonstrated that mtDNA of Plasmodium follows the rolling circle mode of replication like that of
Saccharomyces cerevisiae [25]. During this process, inter-molecular homologous recombination results in the
formation of a circular as well as a lariat-like complex network, which is eventually processed to form linear
concatamers of DNA [26]. This suggests the possible involvement of Type I and/or Type II topoisomerases in
mtDNA replication, which are essential for proper segregation of mtDNA in newly formed rings; however, to
date, there is no report of this.

We investigated the function of Topolll in Plasmodium biology. Our results establish that it plays an import-
ant role during the replication of the parasite. We found that the enzyme is expressed specifically during the
onset of replication and its dual presence in the nucleus and mitochondria suggests its involvement during the
replication of both genomes. Additionally, the stronger association between PfTopolll and mtDNA during the
late schizont stage of the parasite development indicates that it might play a role in mtDNA segregation. Our
study also demonstrates a physical association between PfTopolll and PfRecQ helicases.

Our study points out an important feature toward structure-function relation of PfTopolll. We have identi-
fied a unique highly charged low complexity region (residues 253-336) in PfTopolll, which is rich in aspartic
acid and lysine rich repetitive sequences. It is noteworthy that about half of the ORFs of parasite genome are
having repetitive sequences [27] although their role in protein function remains unclear. Using several genetic
studies we have concluded that, deletion of this region completely abolishes the function of PfTopolll. The
presence of this unique 85 amino acid region affirms the enzyme as an attractive target for the design of anti-
malarial agents.

Materials and methods

Plasmids

The sequences of all primers used in this study are tabulated in Supplementary Table S3. PfTOPOIII,
PfY421Ftopolll, and Pf(A259-337)topolll were cloned in 2 . yeast expression vector pTA [28] between the
BamH1 and Sall restriction sites using the primer pairs OSB 334 and OSB 335. ScTOPOIII was cloned in pTA
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vector using primer pairs OSB 346 and OSB 455. Full-length PfTOPOIII and Pf(A259-337)topolll were cloned
in centromeric Plasmodium expression vector pPfCENv3 (a gift from Dr. Puran Singh Sijwali, CCMB,
Hyderabad) [29] under the promoter of PfCAM using forward primer OSB 334 and the reverse primer OSB
497. PfTOPOIII and its mutant were expressed as a C-terminal GFP fusion product. PfTOPOIII, and Pf(A259-
337)topolll were individually subcloned into bait vector pGBDUCI between BamHI and Sall restriction sites to
create the pGBDUCIPfTOPOIII and pGBDUCIPf(A259-337)topolll plasmids. We received the prey plasmids
PGADCIPfBLM and pGADCIPfWRN as a gift from Professor Mrinal K. Bhattacharyya of the University of
Hyderabad.

Site-directed mutagenesis

Point mutations and deletion mutations were introduced in PfTopolIl using the splice overlap extension (SOE)
PCR technique. Primer sets with the required mutations were designed to incorporate mutations in PfTOPOIIT
at the desired locations. Plasmodium 3D7 genomic DNA was used as a template and a full-length gene was
amplified in two segments to insert a point mutation. To amplify the first and second segments to generate the
PfY421Ftopolll mutation, the OSB 334/OSB 452 and OSB 453/OSB 335 primer sets were used, respectively.
Then full-length Pftopolll containing the Y42IF mutation was amplified using the first two segments along
with primer set OSB 334 and OSB 335. Finally PfY421Ftopolll mutant was cloned into pTA 2 p yeast expres-
sion vector between the BamHI and Sall sites. After successful cloning, the PfY421Ftopolll construct was
sequenced to confirm the desired mutation. To generate a Y-to-F mutation at the 421st aa residue, we changed
the codons TAC to TTT. Similarly, to generate the Pf(A259-337)topoIll mutation, the OSB 334/OSB 450 and
OSB 451/0OSB 335 primer sets were used, respectively, for amplification, as mentioned earlier. Then full-length
PftopoIll with the deletion of the abovementioned segment was amplified using the first two segments along
with the primer set OSB 334/OSB 335. Finally, a Pf(A259-337)topolll deletion mutant was cloned into pTA 2
| yeast expression vector between the BamH1 and Sall sites. After successful cloning, the Pf(A259-337)topolll
construct was sequenced to confirm the desired deletion.

Yeast strains

The strains used in this study are listed in Table 1. The ASctopolll strain was generated by homologous
recombination-mediated gene knockout. To that end, a deletion cassette [30] with an HIS3 gene flanked by
40 bp upstream and 40 bp of the 3’ terminal end of ScTOPOIII ORF was amplified using the primer set OSB
348/OSB 385. Then the cassette was transformed in the wild-type strain and the transformed colonies were
selected using histidine drop-out plates. Individual colonies were screened for Sctopolll knockout clone by
PCR-mediated confirmation using primer pairs OSB 350 and OSB 385. For a functional complementation
study in yeast, we transformed the empty vector (pTA), pTAScTOPOIII, pTAPfTOPOIII, pTAPfY421Ftopolll,
and pTAPf(A259-337)topolll individually into the Atopolll strain to generate SBY2, SBY3, SBY4, SBY5, and
SBY6, respectively. To perform yeast two-hybrid analyses, we used a PMY3 strain that harbors empty pGADCI
and pGBDUCI vectors [31]. To study the interaction between PfTopolll and PfBlm as well as PfWrn, the
HCY1 and HCY2 strains were created by transforming Prey-PfBLM + Bait-PfTOPOIII and Prey-PfWRN + Bait
PfTOPOIII constructs into the PJ69-4A strain, respectively. Similarly, to study the interaction between
PftopoIlI““*****") and PfBIm as well as PfWrn, strains HCY3 and HCY4 were generated by transforming the
Prey-PfBLM + Bait-Pf(A259-337)topolll and Prey-PfWRN + Bait-Pf(A259-337)topolll constructs, respectively
into the PJ69-4A strain. The strains HCY7, HCY8, HCY9, and HCY10 were used as controls. These strains
were generated by transforming empty Prey + Bait-PfTOPOIII, Prey-PfBLM + empty Bait, Prey-PfWRN + empty
Bait, and empty Prey + Bait-Pf(A259-337)topolll vectors respectively into the PJ69-4A strain.

Synchronization of P. falciparum in vitro culture

Synchronization was done following a previously published protocol [32]. Briefly, 10 ml ring-stage parasites
were centrifuged at 2500 rpm for 10 min at room temperature. The supernatant was removed using a Pasteur
pipette and the pellet was carefully re-suspended in two bed volumes of pre-warmed 5% sorbitol (Sigma) solu-
tion at 37°C. The sample was incubated at 37°C for 10 min with intermittent tapping. After that, pre-warmed
incomplete medium was added to a volume of 10 ml, and the sample was centrifuged at 3000 rpm for 10 min.
The supernatant was removed and the pellet was washed three times with pre-warmed incomplete medium.
Then the parasites were allowed to grow normally until the early ring stage, and sorbitol synchronization was

© 2020 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

PORTLAND
PRESS

4747



PORTLAND Biochemical Journal (2020) 477 4745-4767

00 rress

4748

https://doi.org/10.1042/BCJ20200318

Table 1 Yeast strains

Strain Genotype Source
SBY1 MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 [phi + ] This
TOPOII::HIS3 study
SBY2 MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 [phi +] This
TOPOIII::HIS3 Pta study
SBY3 MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 [phi +] This
TOPOII::HIS3 pTAScTOPOIIl study
SBY4 MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 [phi + ] This
Topolll::HIS3 pTAPTOPOIIl study
SBY5 MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 [phi +] This
Topolll::HIS3 pTAPfY421Ftopolll study
SBY6 MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 [phi +] This
TOPOIII::HIS3 pTAPf(4259-337)topolll study
PJ694a MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal14A ga180A LYSZ2 :: GALI-HIS3 GAL2-ADE2, [31]
met2::GAL7-lacZ
PMY3 MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal14A ga180A LYS2 :: GALI-HIS3 GAL2-ADE2, [31]
met2::GAL7-lacZ pGADC1,0GBDUC1
HCYA MATa trpl-901 leu2-3,112 ura3-52 his3-200 ga14A ga180A LYSZ2 :: GALI-HIS3 GAL2-ADE2, This
met2::GAL7-lacZ pGADC1/PfBLM, pGBDUC1/PfTOPOIIl study
HCY2 MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal14A ga180A LYS2 :: GALI-HIS3 GAL2-ADE2, This
met2::GAL7-lacZ pGADC1/PIWRN, pGBDUC1/PfTOPOIIl study
HCY3 MATa trpl-901 leu2-3,112 ura3-52 his3-200 ga14A ga180A LYS2 :: GALI-HIS3 GAL2-ADE2, This
met2::GAL7-lacZ pGADC1/PBLM, pGBDUC1/Pf(A259-337)topolll study
HCY4 MATa trpl-901 leu2-3,112 ura3-52 his3-200 ga14A ga180A LYS2 :: GALI-HIS3 GAL2-ADE2, This
met2::GAL7-lacZ pGADC1/PWRN, pGBDUC1/Pf(A259-337)topolll study
HCY7 MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal14A ga180A LYS2 :: GALI-HIS3 GAL2-ADE2, This
met2::GAL7-lacZ pGADC1, pGBDUC1/PfTOPOIIl study
HCY8 MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal14A ga180A LYS2 :: GALI-HIS3 GAL2-ADE2, This
met2::GAL7-lacZ pGADC1/PfBLM, pGBDUCT1 study
HCY9 MATa trpl-901 leu2-3,112 ura3-52 his3-200 ga14A ga180A LYS2 :: GALI-HIS3 GAL2-ADE2, This
met2::GAL7-lacZ pGADC1/PWRN, pGBDUC1 study
HCY10 MATa trpl-901 leu2-3,112 ura3-52 his3-200 ga14A ga180A LYS2 :: GALI-HIS3 GAL2-ADE2, This
met2::GAL7-lacZ pGADC1, pGBDUC1/Pf(A259-337)topolll study

performed again to obtain close to 100% synchronized ring-stage parasites. These synchronized parasites were
grown further to obtain synchronized trophozoite-stage and synchronized schizont-stage parasites.

Generation of transgenic parasites

For transfection, plasmid DNA was purified using Maxi kit (Qiagen) and was re-suspended in 50 pl cytomix
solution (10 mM K,HPO, pH 7.6, 120 mM KCl, 0.15 mM CaCl,, 25 mM HEPES pH 7.6, 2 mM EGTA pH 7.6,
5 mM MgCl,) and kept at 4°C for overnight before transfection. Tightly synchronized ring-stage P. falciparum
culture (6% parasitemia) was electroporated (Bio-Rad Gene Pulser) with 80-100 pg plasmids. Transfected cells
were initially allowed to grow in the absence of drug (normal RPMI media) until the parasitemia reached 4%.
Later cells were maintained in media containing Blasticidin (2.4 pg/ml) until transfectants appeared.
Transgenic parasites were confirmed by checking the expression of GFP-tagged protein via Western blotting
analyses.

Yeast two-hybrid analyses
Yeast two-hybrid analyses were performed as described previously [31]. The strains PMY3, HCY1, HCY2,
HCY3, HCY4, HCY7, HCY8, HCY9, and HCY10 were grown in SC-Ura-Leu medium until the logarithmic
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phase. Then they were diluted serially and spotted in SC-Ura-Leu and SC-Ura-Leu-His media. The plates were
kept at 30°C for 3—4 days. The strain PMY3 was used as the negative control in our study.

Chromatin immunoprecipitation assay

We followed a previously described method [32]. Briefly, synchronized asexual erythrocytic stages (R, T, ES,
and LS) of P. falciparum 3D7 parasite were cultured in RPMI1640 media. Formaldehyde (37%) was added to
the parasite culture to a final concentration of 1% and the sample was incubated at 37°C for 10 min. The
sample was sonicated six times (Elma; model-S-60H) at a frequency of 37 kHz for 10 s, followed by 5 min incu-
bation on ice to generate an average DNA fragment size of 1 kb. Then protein-DNA complexes were selectively
immunoprecipitated using antiPfTopolll antibody. Reverse cross-linking was performed using 5M NaCl
Finally, DNA was extracted using proteinase K-phenol chloroform. We quantified PfTopolll recruitment to
mtDNA using specific primers pairs for different regions of the P. falciparum mitochondrial genome, i.e. for A
set- OMKB 540, OSB 251; for B set- OSB 493, OSB 495; for C set- OMKB 615, OSB 176; for D set- OMKB
616, OMKB 617; for E set- OMKB 618, OMKB 619; and for F set- OMKB 620, OMKB 541 as shown in
Figure 4A. Control antibody used for ChIP was rabbit immunoglobulin G, which acted as a negative control.
The IgG values were 0 or negligible. The IgG values were subtracted from the PfTopolll ChIP value before
plotting. To compare the recruitment of wild-type PfTopolll and mutant Pftopolll““***=*”) to mtDNA, we
used transgenic parasite lines specific to the late schizont stage that express the enzymes as GFP fusion proteins
and used anti-GFP antibody to precipitate PfTopolll-bound DNA.

Real-time PCR analyses

Equal amounts of RNA (10 pg) from ring-, trophozoite- and schizont-stage parasites were first subjected to
DNase I (Fermentas) digestion for 15 min at room temperature. Then, DNase I was inactivated by incubation
with 25 mM EDTA at 65°C for 10 min. The absence of genomic DNA was verified by amplification with gene-
specific primers before the reverse-transcriptase step. Next, each RNA sample was reverse-transcribed with
oligo dT primer (Sigma-Aldrich) using reverse transcriptase (Omni Script; Qiagen, Hilden, Germany) [12].
The resulting cDNA was subjected to semi-quantitative reverse transcription (RT)-PCR to detect the transcript
level of P. falciparum Topolll in all of the asexual stages. Similarly, the expression of PfBLM was measured by
amplifying 149 bp gene-specific regions using the primer pairs OMKB 332 and OMKB 333. In addition,
PfWRN expression was measured by amplifying 225 bp gene-specific regions using the primer pairs OMKB
334 and OMKB335. For real-time PCR, cDNA from each stage was diluted (1:50) and used for PCR using an
RT-PCR kit (Roche). Real-time analyses were conducted using the Applied Biosystems 7500 Fast Real-Time
PCR system. The threshold cycle (Cy) value of the ARP transcript of each sample was used to normalize the
corresponding Cy values of the Pflopolll transcripts. The normalized Cr values of PfTOPOIII from different
samples were compared with obtain ACr values. The relative levels of mRNA were deduced from the formula:
change in mRNA level = 2°“", The primers OSB 337 and OSB 335 were designed to amplify a 254 bp gene-
specific region of PfTOPOIII, and OSB 94 and OSB 95 were used to amplify a 300 bp gene-specific region of P.
falciparum aspartate-rich protein (PfARP) [12]. To further investigate the mRNA levels of PfTOPOIII under
HU conditions, RNA was isolated under treated and untreated conditions. The same procedure was followed to
check the expression of PfTOPOIII The primers OMKB 198 and OMKB 17 were used to amplify 314 bp gene-
specific regions of PfRAD5I.

Immunofluorescence assay

Plasmodium culture (6% parasitemia in the late-schizont stage) harboring PfTopolll-GFP expression vector
and that harboring Pftopolll““*****”)_GFP expression vector was stained with DAPI and separately with
Mitotracker for 30 min at 37°C prior to imaging. Subsequently, fluorescence levels as assessed via DAPI,
Mitotracker, and GFP were observed and captured from live cells using a fluorescence microscope (Axio
Observer Z1 with Apotome, Carl Zeiss).

PfTopolll structure modeling and molecular dynamics

The PfTopolll structure was modeled using the I-TASSER server [33], employing the 4CGY (PDB ID) struc-
ture as a template [34]. For residues with no matching template, I-TASSER performs ab initio modeling. To
check the stability of the modeled structure, explicit solvent MD simulation was performed using Gromacs
4.5.5 [35] and CHARMM36 force field [36]. The apo-structure was solvated in an octahedron box with a
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TIP3P water model [37]. The charges on the protein were neutralized by adding chloride ions. NVT- and
NPT-position restrained equilibrations were done for 200 ps and 1 ns, respectively. The modeled apo structure
was used for 50 ns molecular dynamics (MD) simulations.

A clustering calculation was performed on the last 10 ns of the trajectory from the 50 ns simulation of the
PfTopolll apo-structure. The structure at the center of the largest cluster was chosen as the starting structure
for the subsequent simulations. To study the binding of single-stranded DNA in the PfTopolll structure, the E.
coli structure was used. The 117D (PDB ID) [38] structure was aligned to the PfTopolll to generate a holo
structure with a single-stranded DNA octamer. The holo structure of PfTopolll was simulated for 100 ns using
a similar procedure as mentioned above. VMD 1.9.2 [39] and Gromacs 4.5.5 [35] were used to analyze the tra-
jectories. The root-mean-square fluctuations (RMSFs) of the Co atoms of the entire protein were calculated by
using the g_rmsf module of Gromacs.

Phylogenetic analyses

The Topolll sequences of various organisms (P. falciparum, S. cerevisiae, human, mouse, E. coli, V. cholerae, V.
nereis, E. lignolyticus and S. enterica) were obtained from Uniprot [40] and PlasmoDB [41]. Then multiple
sequence alignment (MSA) was performed using ClustalW [42]. A phylogenetic tree was constructed using fas-
ttree [43] as implemented in Genomenet (http:/www.genome.jp) [44].

Subcellular fractionation

Samples (60 ml) of 8% parasitized erythrocytes specific to the late-schizont stage were harvested and treated
with 0.15% saponin to free parasites from red blood cells (RBCs). The standard protocol for subcellular frac-
tionation was followed [12].

MMS sensitivity assay

SBY2, SBY3, SBY4, SBY5, and SBY6 were tested for DNA damage sensitivity. All strains were grown overnight
in tryptophan dropout synthetic medium at 30°C. The next day, secondary culture was grown until 0.5 ODgq
at 30°C. After ODg, reached to 0.5, the culture was divided into three sets. One set of cells was treated with
0.01% (vol/vol) methyl methanesulfonate (MMS) (Sigma-Aldrich), and the second set of cells was treated with
0.04% MMS and grown at 30°C for 2 h. The third set was continuously grown at 30°C for 2 h without MMS.
After this process, approximately 1000 untreated and 1000 treated cells were spread on selective media and
incubated at 30°C for 2-3 days.

HU sensitivity assay

In survivability assays, HU (Sigma) was added to the highly synchronized late-trophozoite stage of P. falcip-
arum culture (~1% parasitaemia) at a concentration of 2.5 mM for 30 h at 37°C. Parasitemia was determined
via Giemsa staining (Sigma) at every 10 h by counting at least 2000 RBCs. For each strain, 3-4 independent
assays were conducted. In return-to-growth assays, 1% synchronized parasites were treated with 2.5 mM HU
for 6 h. After 6 h treatment with HU, cells were washed twice and allowed to grow for 26 h in complete media.
Then 6 h and 26 h slides were prepared for both HU-treated and untreated samples and parasitemia was mea-
sured. This experiment was repeated three times in 3D7 and in strains over-expressing Pftopolll“***~**”.GFP
and PfTOPOIII-GFP.

Western blotting

Parasite proteins were extracted from the ring, trophozoite, and schizont stages of the parasite and were loaded
on SDS polyacrylamide gels. A polyvinylidene difluoride (PVDF) membrane was used for transfer, as described
previously [28]. The primary antibodies used were mouse antihActl antibody (Abcam) and rabbit
antiPfTopolll antibody (KR Instruments and Chemicals) at 1:5000 dilutions. For subcellular fractionation, we
used rabbit antiHistone H3 antibody (Imperial Life Sciences) and mouse antiCytochrome C antibody (Allied
Scientific) at 1:5000 and 1:3000 dilutions, respectively. For secondary antibodies, horseradish peroxide-
conjugated antirabbit antibody (Promega) and antimouse antibody (Santa Cruz Biotechnology Inc. CA, U.S.A.)
were used at 1:10 000 dilution. To check the expression of the PfTopolll in the yeast surrogate system, proteins
were isolated from the SBY3, SBY4, and SBY5 strains. The primary antibody against antiScActin (Abcam) was
used at a concentration of 1:10000 dilutions. The western blots were developed using a chemiluminescent
detection system (Pierce). Every experiment was repeated at least three times and band intensities were

© 2020 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society


http://www.genome.jp
http://www.genome.jp

Biochemical Journal (2020) 477 4745-4767 ° PORTLAND
https://doi.org/10.1042/BCJ20200318 ... PRESS

quantified using Image ] software. Mean relative densities were plotted using GraphPad prism. To detect the
transgenic parasite, we used rabbit anti-GFP antibody (Allied Scientific Products) at 1:5000 dilutions. To
further study the effects of HU on protein levels of PfTopolll, western blotting analyses were performed on
20 ml Plasmodium cultures. The culture was divided equally into two groups: samples treated with 10 mM HU
and kept for 20 h at 37°C and an untreated group. After 20 h, parasitized erythrocytes specific to the
late-schizont stage were harvested, treated with 0.15% saponin, and washed three times with 1x PBS; then
protein was isolated by using standard procedures.

Results

A unique charged domain in PfTopolll

The P. falciparum genome database (http:/www.plasmoDB.org) shows the presence of a putative PfTopolll
(Gene ID: PF3D7_1347100) gene. It has no intron and it is predicted to code a 710 aa protein. Multiple
sequence alignment of PfTopolll showed significant homology in the catalytic TOPRIM domain (aa 5 to 150)
across various Topolll sequences (Figure 1) with two conserved aspartates at positions 118 and 120 and one
conserved glutamate at position 122 (red box in the figure). The catalytic tyrosine residue of the enzyme is
located at position 421 (blue star) within a highly conserved GYISYPRTET sequence (green box). PfTopolll
lacks a stretch of 30 aa residues at the N-terminal end and an extended 362 aa at the C-terminal domain that
are present in human and mouse Topolllo. These extended N-terminal and C-terminal regions are also absent
from ScTopolll. However, there is a unique charged aa containing region spanning residues 253 to 336, which
is absent from other eukaryotic TopolIl. It showed 75% sequence identity with Plasmodium berghei Topolll
and 35-39% sequence identity with other orthologs of Topolll (Supplementary Table S1). The UniProt IDs for
Topolll orthologs are presented in Supplementary Table S2.

Topolll protein sequences obtained from both eukaryotic and prokaryotic organisms were aligned using
ClustalW (see Methods). In our phylogenetic analyses, prokaryotic and eukaryotic sequences formed two dis-
tinct branches from the root. The Topolll sequence from P. falciparum was close to ScTopolll and human
Topolllo (Supplementary Figure S1A), while the Topolll sequences from E. coli, V. cholerae, V. nereis, E. ligno-
Iyticus and S. enterica were clustered together. PfTOPOIII with 2133 base pairs was PCR amplified using 3D7
P. falciparum genomic DNA as a template (Supplementary Figure S1B) and was subsequently cloned into
pET28a bacterial expression vector and was sequenced.

PfTopolll expression is tightly linked with the replication of the parasite

We isolated RNA from various synchronized asexual stages of the parasite (ring, trophozoite, and schizont)
and performed semi-quantitative RT-PCR and real-time RT-PCR. Our semi-quantitative results indicated that
PfTOPOIII transcript is expressed in the schizont stage of the parasite (Figure 2A). Aspartate-rich protein
(ARP), which is constitutively expressed at all stages of the parasite, was used as a loading control. Real-time
RT-PCR analyses showed that the schizont stage of the parasite expressed more than 30-fold greater PfTOPOIIT
transcript compared with the ring and trophozoite stages, indicating its direct role during the replication of the
parasite (Figure 2B).

To investigate the expression of PfTopolll at the protein level, we raised antibody against the enzyme.
PfTOPOIII was cloned in a bacterial expression vector using histidine tag. However, it could not be expressed
under various conditions. Hence, we designed a peptide spanning residues 281-300 of PfTopolll
(DSNNYSDETDDYYGDEKK) and raised antibodies against the peptide. Immune sera analyses showed a spe-
cific band near 75kDa (Figure 2C, right blot), which was absent when probed with pre-immune sera
(Figure 2C, left blot). Using this specific antibody, we performed western blotting to investigate the stage-
specific expression of the protein. We found that PfTopolll is expressed specifically in the schizont stage
(Figure 2D). Actin was used as a loading control. Thus, the expression profiles at the transcript level and
protein level corroborated each other.

Subcellular localization of PfTopolll

To examine the localization of PfTopolll in the parasite, the distribution of endogenous PfTopolll was studied
by subcellular fractionation as well as by fluorescence microscopy. We conducted three independent subcellular
fractionations of the parasite culture, and one representative image is presented in Figure 3A. We found that
PfTopolll was present both in the nuclear as well as in the organelle fraction. Histone H3 and cytochrome C
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Figure 1. Sequence analysis results shows the identification of a unique charged domain in PfTopolil.
Multiple sequence alignment of PfTopolll (P. falciparum), PbTopolll (Plasmodium berghei), HsTopollle. (Homo sapiens), MmTopollle. (Mus musculus)
and ScTopolll (Saccharomyces cerevisiae) shows the presence of two conserved aspartate residues and one glutamate residue in the toprim
domain (red box). Moreover, one conserved tyrosine residue (represented by a blue star) is present in the catalytic domain (green box).
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were used as nuclear and mitochondrial protein markers, respectively. We generated a transgenic parasite line
expressing PfTopollI-GFP. Western blotting analyses of synchronous parasites in the schizont stage confirmed
the expression of PfTopolll-GFP (Figure 3B) in the parasite. The localization of the GFP-tagged protein was
studied by live-cell imaging using a fluorescence microscope (Carl Zeiss). We found that PfTopolll-GFP
showed distinct nuclear foci and was co-localized with DAPI (Figure 3C). PfTopolII-GFP was also co-localized
with MitoTracker dyes (Figure 3D). These results correlate with the subcellular fractionation analyses and
confirm its presence in both the nucleus and mitochondria of the parasite.

PfTopolll interacts with the mitochondrial genome

To determine whether PfTopolll is associated with mtDNA, we conducted mtDNA immunoprecipitation
(mtDNA-IP) assays on four synchronized developmental stages of the parasite, namely, the ring (R), trophozo-
ite (T), early schizont (ES), and late schizont (LS) stages. We designed six sets of primers (A-F) in such a way
that PCR amplification of immune-precipitated samples with each set of primers gave rise to fragments of
similar length (1 kb). The position of each primer set is presented in Figure 4A and their sequences are listed
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Figure 2. PfTopolll expression is tightly linked with the replication of the parasite.

(A) RT-PCR analysis with RNA isolated from the rings (R), trophozoites (T) and schizonts (S) stages. PCR amplification was
done using PfTOPOIIl and ARP (Aspartate rich protein) specific primers which amplify 254 bp and 300 bp specific to the 3’ end
of the transcript, respectively. The bottom panel shows the lack of a PFfTOPOIIl band in the absence of reverse transcriptase
(—RT). Genomic DNA (gDNA) served as a positive control. (B) Real-time RT-PCR shows the relative abundance of PfTOPOIII at
various stages of the parasites. Error bars indicate mean + SD; n=3; P =0.0003. (C) Western blotting analyses of parasite cell
extracts with pre-immune serum (left blot) and with an antibody raised against PfTopolll (right blot). The molecular weight
marker is indicated on the left. (D) Stage dependent expression of PfTopolll in P. falciparum lysate has been shown: R, middle
rings; T, early/mid trophozoite; S, mid/late schizont. Actin served as a loading control.

in Supplementary Table S3. Considering that, in P. falciparum, linear mtDNA of 6 kb unit length forms multi-
mers in a head-to-tail fashion [26], the primer sets corresponding to A-E were used to amplify the internal
DNA sequence within each monomer of linear mtDNA. On the other hand, the primer set F was used to
amplify the junctional sequence spanning two monomeric mtDNAs. We found that the relative occupancy of
PfTopolll to the F site of mtDNA was much higher compared with the other sites. In addition, PfTopolll
recruitment was negligible in the R, T and ES stages but enhanced in the LS stage (Figure 4B). Together, these
results suggest that PfTopolll might be involved in the segregation of mtDNA of the parasite in the
late-schizont stage.

Molecular dynamic simulations indicate that the flexible charged domain of

PfTopolll stabilizes upon DNA binding
We modeled PfTopolll using the I-TASSER server by selecting human Topolllo as a template (PDB ID:
4CGY) (Figure 5A). Domain analyses of PfTopolll indicated the presence of an extra charged region within
domain II that was disordered and away from the DNA binding region. The stability of the structure was evalu-
ated via MDS for 50 ns. During the simulations, the PfTopolll structure was stable but the charged region
showed large fluctuations (data not shown). In a 50 ns apo-PfTopolll simulation, the charged domain remained
away from the DNA binding region (Supplementary Figure S2).

To understand whether the charged domain had any role in DNA binding, we compared it to the structure
of E. coli Topolll, which has a charged loop similar to that of PfTopolll [17]. To that end, the structure of E.
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Figure 3. Subcellular localization of PfTopolil.

(A) Western blotting analyses of the nuclear (NF) and organelle fractions (OF) of 3D7 parasite infected RBC were done using
anti-PfTopolll antibody. Histone H3 and Cytochrome C were used as the nuclear and mitochondrial markers, respectively. (B)
Western blotting analyses of the total protein extracted from 3D7 and a transgenic parasite strain harboring PfTopolll-GFP
expression vector were performed using anti-GFP antibody. Actin served as a loading control. (C and D) Fluorescence
microscopy shows the expression of PfTopolll-GFP at the late schizont stage. Parasite nucleus was stained with DAPI (blue)
while parasite mitochondria were stained with MitoTracker Red (red).

coli Topolll (PDB ID: 117D) with a single-stranded DNA octamer (5'-CGCAACTT 3') was aligned to the
PfTopolll and the single-stranded DNA octamer was placed in the binding site to generate a structure of
PfTopolll bound with DNA. The holo structure of PfTopolll was simulated for 100 ns using a similar proced-
ure as mentioned above. RMSFs of the PfTopolII-DNA complex were computed for the Co atoms of complete
protein to capture the dynamics of individual amino acids. From the RMSF plot, the maximum fluctuations
were observed in parts of the charged domain, the Toprim domain, and domain III (Supplementary
Figure S3A). Other fluctuations were also observed in the amino and carboxyl-terminal of the protein
(Supplementary Figure S3A). In principal component analyses (PCA), used to identify the dominant motions
during the simulations [45], both, PC1 and PC2 showed major fluctuations in the charged domain with similar
direction, towards the bindings site of single-stranded DNA (Supplementary Figure S3B). PC1 also showed
fluctuations in parts of Toprim and domain III, which are in the opposite direction, indicating the opening of
a central hole of the PfTopolll protein (Supplementary Figure S3B). From these observations, it can be inferred
that there are two major conformational changes in the protein. First, domain III and Toprim domain open up
to accommodate the oligonucleotide, and then the charged domain comes closer to and interacts with the
oligonucleotide.

The distance between the centers of mass of domain III (residues 380-511) and parts of Toprim domain (resi-
dues 12-26 and 152-163) were computed to quantify the movement between these two domains (Figure 5B).
The domains moved by a distance of 7 A compared with the PfTopolIIl modeled structure (Figure 5B).

In the RMSF and PCA analyses, the charged domain showed high flexibility during MDS. The conforma-
tions of the charged domain could largely be clustered into four bins, as can be seen in the free energy
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Figure 4. PfTopolll interacts with mitochondrial genome.

(A) The 6-kb long mitochondrial DNA (mtDNA) of P. falciparum exists as a linear tandem array joining in a head to tail manner
as shown. The map displays three different genes encoded by Plasmodium mitochondrial genome COXIIl, CYTb and COX! and
the position of different primer sets from A to F; each set of primers covers ~1 kb length and together cover the whole mtDNA.
(B) The graph displays the occupancy of PfTopolll on mtDNA as % input on the Y-axis with respect to the different regions of
the mitochondrial genome on the X-axis [A-F] covering the entire mtDNA.

landscape (FEL) plot (Figure 5C). During the start of the simulation, the charged domain interacted with parts
of domain III, similar to the apo-structure simulation (Figure 5D, red). Around 34 ns, the domain adopted an
open conformation to interact with the DNA octamer (Figure 5D, black). At ~46 ns, residues D296, E297,
K302, and K304 started interacting with the oligonucleotide (Figure 5D,E). During the latter part of the simula-
tion, the charged domain was in a closed conformation. The charged and aromatic residues in the charged
domain interacted with and stabilized the DNA octamer (Figure 5D,E). The residues from this domain (K302,
K301, K299 and others) formed hydrogen bonds and stacked interactions with the nitrogenous bases of the
DNA octamer (Figure 5E). These interactions helped to stabilize and place the DNA octamer in the cavity for
further processing (Supplementary video S1 and S2). Thus, the MDS and the structural data established that
the charged domain of PfTopolll stabilizes the binding of single-stranded DNA.

Pftopolll“25%-337) shows a poor association with mtDNA

To determine the functional significance of the charged domain of PfTopolll, we generated a transgenic para-
site that expressed mutant PftopolII-GFP with a deletion of 259-337 charged aa residues from PfTopolll. We
conducted immunoprecipitations of mtDNA from the synchronous schizont stage of the parasite harboring the
mutant PftopollI“?*°~*3")_GFP protein and that harboring the wild-type PfTopolll-GFP protein. The experi-
ment were repeated twice; the recruitment of mutant PftopollI“*****”) towards E and F regions of mtDNA
were measured and compared with that with the wild-type PfTopolll (Figure 6A). The mutant PftopollI“2**-337)
protein showed a significantly decreased association with the mtDNA compared with the wild-type protein.
Western blotting analyses confirmed the expression of mutant PftopollI“?****”_GEP protein in the parasite
(Figure 6B). To rule out the possibility that the decreased association was due to defective mitochondrial traf-
ficking of the mutant Pftopolll, we performed live cell imaging of the mutant parasite-infected cells and
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Figure 5. Molecular dynamic simulations indicate that the charged domain of PfTopolll remains flexible and stabilizes
upon DNA binding. Part 1 of 2

(A) Structure of PfTopolll modeled using the I-TASSER. The toprim domain and domain Ill are colored in red and magenta,
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Figure 5. Molecular dynamic simulations indicate that the charged domain of PfTopolll remains flexible and stabilizes
upon DNA binding. Part 2 of 2
respectively. The domains Il and IV are colored in orange and green, respectively. The charged domain which is a part of
domain Il is shown in blue. (B) Graph showing the distance between the centers of mass of parts of toprim (residues 12-26
and 152-163 shown in red) and domain Il (residues 380-511 shown in magenta) during the simulation of PfTopolll holo
structure. (C) Free energy landscape (FEL) with respect to principal components 1 and 2. (D) Major conformations of charged
domain (residues 251-337) sampled during 100 ns simulation obtained from FEL have been shown in red, black, orange and
blue color, respectively. E. Interactions of charged domain (green) with the DNA octamer (magenta) have been shown.

observed that the mutant protein was co-localized with DAPI as well as with MitoTracker, like that of the wild-
type protein (Figure 6C,D).

PfTOPOIIl complements the function of ScTOPOIII but Pf(A259-337)topolll

does not

To decipher the in vivo role of PfTopolll, we used S. cerevisiae as a surrogate model system. To determine
whether full-length PfTopolll can reverse the slow-growth phenotype of Atopolll yeast strain, we deleted
TOPOIII from the S. cerevisiae genome and transformed ScTOPOIII expressing vector (pTA-ScTOPOIII) into
the knock-out strain. This strain served as a positive control in our study. We cloned PfTOPOIII in yeast
expression vector (pTA-PfTOPOIII) and transformed it into Atopolll to generate an isogenic strain. We grew
each strain in fresh liquid media from overnight culture and monitored their growth for 15 h at regular inter-
vals. We found that full-length PfTopolll fully rescued the slow-growth phenotype of the AtopollI strain to the
same extent as that of ScTopolll (Figure 7A). To confirm that the growth recovery was not due to any compen-
satory mechanism, we created an isogenic strain where the putative active tyrosine of PfTopolll (at the 421st
position) was mutated to phenylalanine. The mutant was unable to suppress the slow-growth phenotype of
Atopolll strain, confirming the role of this active tyrosine inside this yeast strain (Figure 7A). To rule out the
possibility that loss of complementation is not due to loss of expression of Pftopolll"**'¥, we checked the
expression of wild-type PfTOPOIII and PftopollIY421F both at the RNA level (Figure 7B) and at the protein
level (Figure 7C). Both proteins were stably maintained in the Atopolll strain.

Next, we investigated whether the charged domain present in PfTopolll is essential for its function. To that end,
we made a charged domain deletion mutant of Pftopolll by deleting 259-337 aa and transformed
pTA-PftopolII“?**=37) into the Atopolll strain to check whether it would show PfTopolll-like activity. This mutant
failed to rescue the slow-growth phenotype of the Atopolll strain in liquid medium, suggesting that the charged
domain was essential for functional complementation (Figure 7A). To rule out the possibility that loss of function
of the mutant protein was due to the loss of expression of the mutant protein, we studied the mRNA expression of
PTA-PftopolII“?**337); it was detected at the same level as that of other test strains (Figure 7B). However, we could
not check its expression at the protein level as the peptide antibody was raised against the charged region of
PfTopolll. This experiment emphasizes the importance of the charged region in PfTopolll function.

PfTopolll interacts with PfBIm and PfWrn

We have a used yeast two-hybrid assay to monitor the interaction between PfTopolll and the RecQ helicases of
Plasmodium. We subcloned PfTOPOIII in bait vector as a fusion to the Gal4 DNA binding domain and
PfBLM/PfWRN individually to the prey vector as a fusion to the Gal4 activation domain (Figure 8A). The
recombinant bait and prey vectors were transformed in PJ69-4A and the interaction between PfTopolll and
RecQ helicases were scored by monitoring both HIS3 and ADE2 reporter gene activity. We found that
PfTopolll, PfBlm, and PfWrn individually did not self-activate the reporter gene activity, as they failed to grow
in medium lacking histidine (Figure 8B, rows 2-4). However, PfTopolll interacted with PfBlm as well as with
PfWrn as they grew in such medium (Figure 8B, rows 5 and 6). No growth was observed in adenine dropout
medium indicating that their interaction was not strong enough to induce the expression of sufficient adenine
(data not shown). We also addressed whether the presence of the charged domain in PfTopolll is essential for
mediating the interaction with RecQ helicases. We found that the mutant PftopollI“?**=**") interacted with
both PfBlm and PfWrn with the same efficiency as that of the full-length protein (Figure 8B, rows 8 and 9),
indicating that the charged domain is dispensable for the interaction with RecQ helicases. Next, we checked
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Figure 6. Pftopolll“25%-337 shows poor association with mtDNA.

(A) The mtChIP analyses show the recruitment of PfTopolll-GFP in comparison with Pftopolll®2%%-33)_GFP to two different loci
(E and F) of the mitochondrial genome. Error bars indicate mean + SD; n =2; * P < 0.05. (B) Immunoblot shows the expression
of mutant Pftopolll“25%-33)_GFP protein in the transgenic parasite line. (C and D) Fluorescence microscopic images show the
localization of Pftopolll“?5%-337)_GFP. Parasite nucleus was stained with DAP!I (blue) and parasite mitochondria were stained
with MitoTracker Red (red).

whether PfBLM and PfWRN were expressed in the schizont stage of the parasite along with PfTopolll.
Semi-quantitative RTPCR indicated that both RecQ helicases were abundantly expressed along with PfTOPOIIT
at the asexual replicative stage of the parasite (Figure 8C).

Replication block-induced sensitivity in Atopolll is rescued by ectopic
expression of full-length PfTopolll but not by the charged domain mutant

protein
MMS modifies the DNA by adding methyl groups and the methylated DNA subsequently physically blocks
replication forks [46]. It has been earlier reported that Topolll along with Sgsl can eliminate the obstacle
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Figure 7. PfTOPOIIl can complement the function of ScTOPOIIl, but Pf(1259-337)topolll cannot.

(A) S. cerevisiae Atopolll strain was individually transformed with empty vector, vector expressing ScTOPOIIl, PfTOPOII,
PfY421Ftopolll and Pf(4259-337)topolll. Growth rate of all the strains were measured in liquid synthetic medium lacking
tryptophan and the ODsgs was plotted against time. The results shown represent the mean of three independent experiments.
(B) The expression of TOPOIIl from the above mentioned strains was monitored using gene specific primers; Actin served as
positive control. NC denotes negative control, i.e. ScTOPOIIl PCR amplification without genomic DNA and PC denotes positive
control i.e. ScTOPOIIl PCR amplification with genomic DNA as a template. (C) Total protein was isolated from the strains as
indicated at the top and probed with PfTopolll specific antibody.

during replication fork progression and that deletion of TOPOIII causes MMS sensitivity in a dose-dependent
manner [47]. We assessed whether PfTopolll could suppress the cytotoxic effects of DNA alkylating agent in a
yeast model system. To that end, we exposed the test strains to different concentrations of MMS (0.01% and
0.04%) for 2 h, and then returned them to normal media. The percent survivability of each strain at each con-
centration of MMS is plotted in Figure 9. Full-length PfTopolll completely rescued the MMS sensitivity of the
Atopolll strain to the same as that of ScTopolll, whereas PftopoIII**'F and PftopollI>**~*3” did not. Hence
the Y421 residue of the catalytic domain and the charged aa-rich region of PfTopolll are indispensable for its
function.
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Figure 8. PfTopolll interacts with PfBIm and PfWrn. Part 1 of 2
(A) The schematic representation showing that full length PfTopolll and Pftopolll“259-337 were fused to the Gal4 DNA binding domain generating
chimeric constructs in pGBDUCT bait vector. Similarly, PfBIm and PfWrn were fused to Gal4 activation domain to generate chimeric constructs in
PGADCT1 prey vector. (B) Yeast two-hybrid assays were performed in PJ69-4A strain using HIS3 as a reporter gene. The left panel represents the
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Figure 8. PfTopolll interacts with PfBIm and PfWrn. Part 2 of 2
spotting of equal number of cells with serial dilution in the medium lacking leucine and uracil while the right panel scores the
interaction between respective pairs. (C) Semi quantitative RT-PCR shows the expression of PABLM and PfWRN at the ring (R),
trophozoite (T) and schizont (S) stage of the parasite. Aspartate-Rich Protein (ARP) was used as a loading control. PCR without
reverse transcriptase (—RT) does not show any amplification except for the positive control i.e. genomic DNA (gDNA).

Replication stress-induced expression of PFTOPOIII

HU inhibits ribonucleotide reductase, an enzyme that is required for the generation of deoxyribonucleotide tri-
phosphates during the S-phase of the cell cycle. We studied the effects of prolonged HU-mediated replication
stress on malaria parasites. We used synchronized 2% trophozoite-stage parasites exposed to 2.5 mM HU to
induce replication stress, as established in a previous study [48]. The growth of the parasites was measured in
10 h time intervals (post HU treatment) and compared with that of untreated parasites. The experiment was
repeated three times and the survivability at each time point was plotted (Figure 10A). We found a three-fold
increase in parasitemia in untreated parasites at the end of the 30th hour, however, the HU-treated parasites
showed severe sensitivity and their survivability was significantly reduced in a time-dependent manner. We
also studied the morphology and development in each group at three different time intervals (Supplementary
Figure S4). Untreated parasites mostly form mature schizonts (segmenters) at the end of 20th hour eventually
ruptured and produced rings at the end of the 30th hour, which caused an increase in parasitemia
(Supplementary Figure S4). However, HU treatment caused an arrest in the development of the parasite;
mature schizonts could not develop and eventually died. Next, we studied the effects of short-term exposure to
HU on parasite survivability. We used synchronized 1% trophozoite-stage parasites and exposed them to
2.5mM HU for 6 h. Subsequently, HU was extensively washed and the parasites were returned to normal
media and allowed to grow for 26 h. We found a 5-fold increase in parasitemia in untreated parasites
(Figure 10B). However, treated parasites did not show a decrease in survivability; rather their growth was
arrested and they remained at the same developmental stage as that at which they started (Figure 10B). It was
reported that Atopolll condition in Saccharomyces cerevisiae displays severe sensitivity towards HU [47], which
indicates that Topolll plays an important role in resolving the aberrant structure generated from the arrest of
the replication fork. To explore the direct role of PfTopolll during replication stress, we evaluated the level of
PfTopolll after HU treatment. We exposed synchronous trophozoite-stage parasites to two different doses of
HU (2.5 mM and 10 mM) for 6 h. Subsequently, HU was extensively washed, the parasites were returned to the
normal media for 26 h and then extracted proteins both groups. We found that PfTopolll was moderately
induced in a dose-dependent manner upon HU treatment, supporting its direct role in mitigating replication
stress (Figure 10C). We repeated the experiment twice and quantified the band intensity using Image J soft-
ware. We found that there was a 3.5-fold induction in PfTopolll expression in parasites treated with 10 mM

100

\ —]
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Figure 9. Replication block induced DNA damage sensitivity in Atopolll yeast cells is rescued by expression of full
length PFTOPOIII but not by the expression of mutant protein with deletion in its charged domain.

Isogenic strains, as indicated, were grown to early log phase and exposed to 0.01% MMS and 0.04% MMS treatment. The
percent survival of each strain was determined. Error bars indicate mean + SD; n = 3.
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Figure 10. Replication stress induced expression of PfTOPOIII.

(A) Synchronous trophozoite stage specific 3D7 parasites were exposed to 2.5 mM HU for 30 h and parasitemia was measured
for untreated and treated batch at every 10 h intervals. Error bars indicate mean + SD; n =3; *** P <0.0001; ** P<0.01. (B)
Synchronous trophozoite stage specific 3D7 parasites were exposed to 2.5 mM HU for 6 h, after which HU was extensively
washed out and the parasites were subsequently returned to grow (RTG) in normal media. The parasitemia was measured at
the end of 26 h for the untreated and treated batch. Error bars indicate SD; n = 3; **** P <0.0001; N.S. not significant. (C)
Untreated and treated parasites (at 2.5 mM and 10 mM HU treatment) were processed in the same way as that described in (B)
and were harvested. The total protein was extracted and probed with anti-PfTopolll antibody. Actin served as a loading control.
Quantification of Western blots from three independent experiments was done using Image J software. The band intensities in
each lane were normalized against Actin and mean densities were plotted. Error bars indicate mean + SD; n=3; ** P <0.01. (D)
Synchronized trophozoite stage specific 3D7 parasites were treated with HU and the total RNA was extracted from untreated
and treated parasites. Relative abundance of PfTOPOIIl transcripts by real time RT-PCR revealed significant induction of
PfTOPOIIl upon HU treatment. PfRad51 expression was measured as a positive control. The P-value was calculated as 0.003
and 0.02 for PTOPOIIl and PfRAD51 induction respectively using the two-tailed Student’s t-test.

HU (Figure 10C). To understand whether the increase in expression occurred due to the stabilization of pro-
teins or at the transcript level, we extracted RNA from untreated and HU-treated parasites and quantified the
PfTOPOIII cDNA by real-time RT-PCR. There was a 2.5-fold induction in the expression of PfTOPOIII upon
HU treatment. Rad51 plays an essential role in replication fork stability and regression [49]. Rad51 expression
was used as a positive control in our experiment (Figure 10D). The transcriptional induction of PfTOPOIII in
response to HU treatment indicates that the increased level of endogenous PfTopolll is required to promote
recovery from replication stress. This finding reveals that PfTopolll plays a key role in the response to replica-
tion stress in the parasite.
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PfTopolll but not Pftopolll*2°9-337) expression rescues the growth defect

induced by replication stress

Because we found that PfTopolll expression is induced in response to replication stress, probably to counteract
the stress, we wanted to determine whether the ectopic expression of PfTopolll, through a centromeric
plasmid, would promote survival in HU-treated parasites. To this end, we compared the growth of three differ-
ent strains of parasites: 3D7, 3D7 with PfTopolll expression, and 3D7 with Pftopolll““***=**7) expression. In
the first assay, we treated synchronous trophozoite-stage parasites with 2.5 mM HU continuously for 30 h and
have measured parasitemia in intervals of 10 h. We repeated the experiment three times and observed that
PfTopolll expression considerably reduced dose-dependent death of the parasites at the 20th and 30th hours
(Figure 11A). Interestingly, the transgenic parasites harboring Pftopolll““***~**”) expression plasmid did not
show a reversed growth defect and behaved similar to that of the 3D7 parasites (Figure 11B). In the second
assay, we exposed the parasites to 2.5 mM HU for 6 h, subsequently, it was extensively washed out and they
were returned to normal growth media for 26 h. We found that the 3D7 parasites were severely affected even
with 6 h treatment of HU and their growth remained arrested compared with the untreated parasites. The
PfTopolll transgenic parasite line showed fully rescued survivability and there was no significant difference
between the survivability of treated versus untreated parasites (Figure 11C). However, the PftopollI2*°-337)
parasite line showed a similar trend as that of 3D7 parasites and displayed a significant difference in survivabil-
ity compared with untreated parasites (Figure 11C). Hence, the charged domain of PfTopolll is essential for in
vivo function of the enzyme.

Discussion

This is the first study to identify functionally active Topolll from a malaria parasite. We demonstrated that the
spatiotemporal expression of PfTopolll occurs in the nucleus and in the mitochondria during the actively repli-
cating stage of the parasite. It is noteworthy that in humans, mice, and Drosophila, there is a mitochondrial
localization signal at the amino terminal end of Topollla [50] and a nuclear localization signal at the carboxyl
terminal end [51]. Although Plasmodium Topolll is devoid of any such signal sequences, our subcellular frac-
tionation data, immunofluorescence data, and mitochondrial immunoprecipitation results collectively establish
that PfTopolll is a mitochondrial topoisomerase. This finding again reinforces the notion that the mechanism
behind mitochondrial import is poorly understood in malaria parasites.

Human Topollla is required for the maintenance of mtDNA, and Topolllo-depleted cells show a significant
loss of monomeric mtDNA and form large catenated networks [23]. Plasmodium mitochondria undergo a
rolling circle mode of replication to form a complex network of linear concatamers during active replication of
the parasite [26]. Consistent with this notion, the specific association between PfTopolll at the terminal end of
mtDNA during the final stage of parasite replication indicates its likely involvement in the decatenation of the
catenated mtDNA to aid in mtDNA segregation.

HU treatment depletes the cellular pool of deoxyribonucleotides and subsequently causes stalling of the repli-
cation fork [52]. Eventually, there occurs accumulation of joint DNA molecules in the direction opposite to the
replication fork, and this results in the formation of so-called chicken foot structures [53] that have serious
implications on cell survivability. As these structures resemble Holliday junctions [54], we speculate that if such
a condition is generated in P. falciparum, PfTopolll along with its cognate helicases might play an important
role in resolving the structures and converting them back into the replication forks. Our study demonstrated
the direct role of PfTopolll in mitigating HU-mediated replication stress. First, PfTopolll expression is induced
in a dose-dependent manner in response to HU treatment. Second, expression of PfTopolll can completely
bypass the HU-induced growth defect in the parasites. It is noteworthy that the HU-mediated aberrant struc-
ture is resolved by the dual action of Topolll and RecQ helicases. There are two members of the RecQ family
of DNA helicases in Plasmodium, namely, PfBlm and PfWrn. The absence of either of these enhances the rate
of formation of stalled replication forks, indicating that both the members are required for efficient
Plasmodium DNA replication [55]. E. coli RecQ helicases interact with Topolll and help resolve converging
replication forks [56]. In humans, Topollla can dissolve Holliday structures jointly with Blm but not with Wrn
[57]. In this study, we found that PfTopolll interacts with PfBlm and PfWrn with equal efficiency and that
both helicases are expressed at the active replication stage of the parasite. However, it is necessary to investigate
further whether both helicases mobilize a double Holliday junction and the resulting catenated DNA is resolved
by PfTopolll in malaria parasites.
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Figure 11. PfTopolll but not Pftopolll“?5°-337) expression reverses the replication stress induced growth defect.

(A) 3D7 and PfTOPOIIl over-expressing parasites, synchronized at trophozoite stage, were treated with 2.5 mM HU for 30 h.
The parasitemia of each treated and untreated strain was measured after 10 h, 20 h and 30 h time intervals. At each time point,
approximately 2000 RBC were counted and the mean parasitemia was plotted. Error bars indicate mean + SD; n=3; ** P<
0.01. (B) A similar experiment was performed with 3D7 and Pf (4259-337)topolll over-expressing strain with HU treatment for
30 h. More than three independent experiments were conducted and the mean parasitemia (%) was plotted. (C) 3D7, PfTopolll
over-expressing strain and Pf(4259-337)topolll over-expressing strain were synchronized at the trophozoite stage and treated
with 2.5 mM HU for 6 h. Afterwards, HU was extensively washed and treated parasite strains were subsequently grown in
normal media for 26 h following which, parasitemia was measured. For each strain, minimum three batches of experiments
were done and mean values of parasitemia for untreated and treated condition for each of the three strains were plotted. Error
bars indicate SD; n = 3; *** P <0.0001; ** P<0.01; N.S. not significant.

Our study identified a charged domain within PfTopolll that is indispensable for its in vivo function. MDS
of PfTopolll with DNA octamer showed that the enzyme undergoes a conformational change upon DNA
binding. At the start of the DNA protein interaction, PfTopolll-ssDNA adopts a closed conformation similar
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to that of the apo enzyme (PfTopolll alone). However, gradually a central cavity is created by the movement of
domain III and the Toprim domain so that the DNA can be accommodated. This movement of domains is
often referred to as protein-mediated gate dynamics [58] and has an important implication in their biochemical
activities. The DNA octamer is stabilized by the hydrogen bonding and stacking interactions between bases and
the positively charged residues present in the charged domain of PfTopolll. Hence, it can be concluded that
the charged domain stabilizes the effective binding of PfTopolll with DNA and thus may play an important
role in the catalytic mechanism of PfTopolll protein. This is supported by our study, which reveals that the
removal of the charged region, as in PftopoIlII“?**=**7) shows lesser association with mtDNA in the transgenic
parasites. Our genetic study emphasized the essential requirement of this domain for PfTopolll function. First,
the expression of wild-type PfTopolll fully rescued the slow-growth phenotype and MMS-induced toxicity in
yeast, but the expression of mutant Pftopolll““***~**”) failed to do the same and mimicked the phenotype of
the topoisomerase-inactive mutant Pftopolll"**'f, We found that the loss of activity in the mutant
PftopollI“***~**") strain was not due to poor heterologous expression of Plasmodium protein in S. cerevisiae.
Although the expression of Pftopolll“****3”) could not be demonstrated by western blotting analyses, the
interaction between Pftopolll““***~33” and PfBIm/PfWrn in yeast two-hybrid studies indirectly demonstrated
the expression of the mutant protein in yeast. Second, the transgenic mutant parasite line (PftopolII2*°~337)-
GFP) failed to rescue itself from short-term exposure to replication stress, like the transgenic parasite line
PfTopolIl-GFP. Together, our results emphasize the importance of the charged domain in PfTopolll function.
Although this type of charged domain is absent from other eukaryotic Topolll, a similar kind of multiple posi-
tively charged insertions, albeit shorter stretches have been observed in E. coli and many other prokaryotic
Topolll sequences [17]. A previous experimental study showed that the charged loop present in bacterial
Topolll is essential for decatenation of replication intermediates [17]. To date, no inhibitors of Topolll have
been identified. However, identification of the unique and indispensable charged domain of PfTopolll qualifies
itself as a target against malaria.
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ABSTRACT

ARTICLE HISTORY

Plasmodium falciparum harbors a unique type Il topoisomerase, Topoisomerase VIB (PfTopoVIB),
expressed specifically at the actively replicating stage of the parasite. An earlier study showed that
Radicicol inhibits the decatenation activity of PfTopoVIB and thereby arrests the parasites at the schiz-
ont stage. Radicicol targets a unique ATP-binding fold called the Bergerat fold, which is also present
in the N-terminal domain of the heat shock protein 90 (PfHsp90). Hence, Radicicol may manifest off-
target activity within the parasite. We speculate that the affinity of Radicicol towards PfTopoVIB could
be enhanced by modifying its structure so that it shows preferential binding towards PfTopoVIB but
not to PHsp90. Here, we have performed the docking and affinity studies of 97 derivatives (structural
analogs) of Radicicol and have identified 3 analogs that show selective binding only to PfTopoVIB and
no binding with PHsp90 at all. Molecular dynamics simulation study was performed for 50 ns in tripli-
cate with those 3 analogs and we find that one of them shows a stable association with Radicicol.
This study identifies the structural molecule which could be instrumental in blocking the function of
PfTopoVIB and hence can serve as an important inhibitor for malaria pathogenesis.

Abbreviations: AM1-BCC: Atomic chargesl-bond charge corrections; Basic Local Alignment Search
Tool - Protein; (BLASTP); CGenFF: CHARMM General Force Field; CHARMM36 FF: CHARMM36 additive
force field, CHARMM36: Chemistry at Harvard Macromolecular Mechanics 36; DS: Discovery Studio;
farPPl: Fast Amber Rescoring for Protein-Protein Interacting Inhibitors; ff14SB: Force field 14 Stony
Brook; GAFF2: General AMBER Force Field; GPU: Graphics processing unit; GROMOS: GROningen
MOlecular Simulation; GSK299423: GlaxoSmithKline 299423; ICs,: Half maximal inhibitory concentration;
IUPAC: International Union of Pure and Applied Chemistry; MM/PB (GB) SA: Molecular Mechanics/
Poisson-Boltzmann or generalized Born and surface area continuum solvation; NPT: ensembles: moles
(N), pressure (P) and temperature (T); PDB: Protein Data Bank; RMSD: Root-Mean-Square Deviation;
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Introduction

The apicomplexan parasite Plasmodium falciparum causes the
most severe form of human malaria. According to the latest
WHO report (https://www.who.int/news-room/fact-sheets/
detail/malaria), there are 228 million cases of malaria in 2018,
of which 405,000 deaths are reported. Although malaria is an
old-world disease only a few anti-malaria drugs are available
which can kill the parasite (Tse et al., 2019). Further, parasites
have developed resistance against the anti-malarial drugs
Chloroquine and Artemisinin  which subsequently have

increased the mortality rate of malaria throughout the world.
Hence, it is of utmost importance to develop new anti-malar-
ial drugs. The approaches may include identification of new
targets, rational drug design, repurposing of drugs and iden-
tification of natural products having anti-malarial activity
(Newman & Cragg, 2016; Vale et al., 2020).

Topoisomerases are attractive targets as it constitutes one
of the most important enzyme-family that maintains the
super helicity of DNA and thereby is essential for DNA repli-
cation, transcription and DNA repair. Earlier studies have
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identified that Ciprofloxacin targets the Type Il topoisomer-
ase of bacteria namely DNA Gyrase and topoisomerase |V,
thereby is used to treat various kinds of bacterial infections
(Mitscher, 2005; Widdowson & Hennessy, 2010). A recent
study has established that GSK299423 exhibits 57-fold select-
ivity towards the P. falciparum type |l topoisomerase than
the human counterpart (Mudeppa et al., 2015). Using a
yeast-based assay system, we have shown that PfTopoVIA-
VIB can decatenate the catenated DNA. Moreover Radicicol,
an antifungal macrolactone antibiotic causes inhibition of the
decatenation activity of PfTopoVIB in a dose-dependent man-
ner (Chalapareddy, 2016).

Topoisomerase VI is a type IIB topoisomerase which was
first identified in an archaeal species Sulpholobus shibatae
(SsTopoVI). It has two subunits: Topoiosmerase VIA and VIB
which forms a heterotetramer (A,B,) in its active state.
Structural studies revealed the striking similarities in the ATP
binding motifs of TopoVIB and the members of the GHKL
(Gyrase-Hsp90-Histidine Kinase-MutL) super-family. They all
share a small three-dimensional ATP-binding fold known as
the Bergerat fold. The core ATP binding domain (amino acids
22 to 166) of PfTopoVIB is homologous to that present in
the GHKL ATPases and is composed of three small motifs
(B1, B2, and B3) that constitute the Bergerat fold
(Chalapareddy, 2016). It has been demonstrated that
Radicicol competes with ATP for binding to the SsTopoVIB
monomers, thereby inhibits the dimerization of SsTopoVIB
ATPase domain and ATP hydrolysis, which subsequently
hampers the strand passage reaction of the enzyme (Corbett
& Berger, 2006). Plasmodium falciparum expresses both subu-
nits of topoisomerase VI in the replicative stage of the para-
site. In Plasmodium infected erythrocyte, Radicicol causes the
growth inhibition of parasites with an ICso of 8.5uM
(Chalapareddy et al., 2014). It was observed that Radicicol
induces over-expression of PfTopoVIB and results in the
inhibition of schizont stage to ring stage transition in
Plasmodium. This underscores the significance of PfTopoVI in
Plasmodium biology. As most of the replication proteins are
essential for the survivability, and generation of conditional
knock-outs in Plasmodium is technically challenging, it is
important to identify highly specific chemical inhibitors of
PfTopoVIB in order to delineate the precise biological role of
this protein in Plasmodium. However, owing to the similarity
within the Bergerat ATP-binding fold which is present in
both PfTopoVIB and PfHsp90, Radicicol is found to dock at
both the structures (Chalapareddy et al., 2014). Our present
study aims at identifying the analogs of Radicicol that could
reduce its off-target activity. We plan to identify some spe-
cific analogs of Radicicol that would bind specifically to the
PfTopoVIB but not to PfHsp90. Using the bioinformatics
approaches, we have designed 97 analogs of Radicicol and
they are allowed to dock on PfTopoVIB as well as on
PfHsp90. Analysis of the results revealed three such analogs
that have a very strong affinity for PfTopoVIB, and they do
not exhibit any binding with PfHsp90. The validation of the
docked complexes is done using molecular dynamics simula-
tions which identifies one analog that shows stable ligand-
protein interactions. This derivative of Radicicol can serve as

a tool to decipher the biological function of Plasmodium
topoisomerase VIB.

Materials and methods

Comparative structure modeling and validation of
PfTopoVIB and PfHsp90

The crystal or solution structure for PfTopoVIB is not solved
yet. In case of PfHsp90, although two crystal structures are
solved, they are not of the full-length protein. Hence, hom-
ology-based structure modeling was carried out for both of
the proteins. The sequences of PfTopoVIB and PfHsp90 were
retrieved from the UniProtKB/Swiss-Prot database (Bairoch &
Apweiler, 1997) and suitable templates were selected from
the SMTL, a large structural database of experimentally
determined protein structures, derived from the PDB
(Berman et al,, 2000). Target-template sequence alignment
was carried out using BLAST P suite (https://blast.ncbi.nIm.
nih.gov/Blast.cgi?PAGE=Proteins). Near native structures of
PfTopoVIB and PfHsp90 were modeled using the automated
mode (ProMod3 Version 1.2) integrated in the Swiss-Model
server (Guex et al, 2009). Necessary energy minimization
steps were also carried out for the predicted models using
the GROMOS 43B1 force field (Van Gunsteren, 1996) imple-
mented in the Swiss-PDB viewer (http://www.expasy.org/
spdbv). The validation of both the modelled structures were
carried out using the PROCHECK server (Laskowski et al.,
1993) and the Ramachandran plot (http://services.mbi.ucla.
edu/SAVES/Ramachandran/). PROCHECK server checks the
stereochemical quality of the modelled structures and the
Ramachandran plot shows the residue-by-residue quality and
stability of the favored and the disallowed regions in the
protein model. ERRAT scores (Colovos & Yeates, 1993) were
also predicted for the homology models through the
Structural Analysis and the Verification Server (SAVES)
(https://servicesn.mbi.ucla.edu/SAVES) of UCLA-DOE Lab.

Design and preparation of Radicicol analogs

The 3D structure of Radicicol, downloaded from the
PubChem compound database (Kim et al., 2019) was used as
the reference molecular scaffold for the in-silico design of dif-
ferent derivatives (structural analogs). MarvinSketch tool
(https://chemaxon.com/products/marvin),  version 16.8.8.0
was used to draw the analogs by modifying different atoms,
functional groups and/or side chains of Radicicol. Our strat-
egy was to modify the structure of Radicicol and design
novel analogs by substituting the functional groups which
potentially enhance its inhibition against PfTopoVIB and
reduce its inhibition of PfHsp90. The reported Structure-
Activity Relationship (SAR) of Radicicol (Turbyville et al.,
2006) was considered for selecting the attachment point for
the modification and various functional groups were identi-
fied from relevant literature (Dutton et al.,, 2014; Pearl et al.,
2008; Shinonaga et al., 2009; Shiotsu et al., 2000; Teo et al.,
2015; Wang et al., 2008). We substituted various functional
groups at specific attachment points of Radicicol, without
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disturbing the macrocyclic ring which is required for the bio-
activity of Radicicol. The designed analogs were saved along
with their 10 conformers each for further preparation.
‘Prepare ligand’ protocol in Biovia Discovery Studio (DS) 4.0
(BIOVIA, 2019) was used to prepare the analog dataset,
which optimizes the charges of common groups, adds hydro-
gen atoms, generates tautomers/isomers and removes dupli-
cate/bad conformers. ‘Generate Conformations’ protocol,
using a quasi-exhaustive systematic search method (FAST
conformation generation method) (Smellie et al., 1995)
employed in DS 4.0 was used to create all the possible
diverse 3D conformers of each analog and all the resulting
diverse conformers were stored as a single file for further
docking step.

Structure based virtual screening of Radicicol analogs
against PfTopoVIB and PfHsp90

Along with Radicicol and its analogs, Adenosine triphosphate
(ATP) molecule (downloaded from PubChem compound
database) was also used as the positive control for docking
studies. Since ATP binds to the monomeric form of TopoVIB
we have used the monomers of PfTopoVIB and PfHsp90 as
our template for our docking studies. Two sets of docking
were carried out in a site-specific manner, where the 3D
structures of PfTopoVIB and PfHsp90 served as the receptors
and the Radicicol derivatives with their conformers served as
the analog dataset. The docking program LibDock (Diller &
Merz, 2001; Rao et al., 2007) implemented in DS 4.0 performs
a high-throughput docking by aligning analog conformations
to polar and apolar receptor interaction sites (hotspots). The
binding site cavities were analyzed for both the target pro-
tein structures using the ‘Eraser algorithm’ (Venkatachalam
et al, 2003) implemented in DS 4.0. A grid with coordinates
of —9.153A, —79.659 A and 25.38A for X, Y and Z respect-
ively with spacing of 0.5 A was used for positioning the bind-
ing site. In case of PfHsp90, the grid coordinates of 21.963,
32.991 and 14.764 for X, Y and Z respectively with spacing of
0.5A was used. The grid covered the Bergerat fold residues,
which were specified as the target protein site features
(termed as HotSpots) by the LibDock program for calculating
the binding affinity of analogs with the receptors. Receptor-
analog docking study was performed using LibDock protocol
against PfTopoVIB as well as PfHsp90. An empirical scoring
function, LigScore (Krammer et al., 2005) was employed to
score the docked ligand poses, and the complexes were
ranked and sorted according to the descending order of the
LibDock score. The best docked pose for each analog
towards each protein was identified based on the highest
LibDock score and compared with the LibDock score of ATP
and Radicicol. The lead molecules were selected based on
higher LibDock score and specific docking with PfTopoVIB
and little or no docking with PfHsp90. The interacting amino
acids of the complexes were analyzed and the types of
molecular interactions including conventional hydrogen
bonds, carbon-hydrogen bonds, electrostatic interactions and
hydrophobic interactions were noted.
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Molecular dynamics (MD) simulation of the best docked
pose of lead ligand-protein complexes

Molecular dynamics simulations were performed for the top
three analogs using Gromacs software 5.1.4 (Lindahl et al.,
2001; Van Der Spoel et al.,, 2005). The analog-protein com-
plexes were subjected to 50 ns molecular dynamics simula-
tion in triplicate to validate the stability of the complex and
also to estimate the variation and conformational changes in
the protein-analog interactions. For simulation, the standard
CHARMM36 FF which includes parameters for the protein
and other bio-molecules were employed (Lee et al., 2016).
The parameter for the analogs was generated using CGenFF
(Vanommeslaeghe et al., 2010). Protein-analog complexes
were kept in a periodic rectangular box and solvated with
TIP3P water molecules. In order to neutralize the charge
0.15M KCl ions were added to the system. The system was
then equilibrated with NPT ensembles and was subjected to
50,000 steps minimization using the steepest descent
method for 1000 ps at 300K. To maintain the temperature,
Berendsen thermostat with tc = 1.0ps and Parrinello-
Rahman barostat with tp = 2.0ps were used. The Van der
Waals interactions were described using a Lennard Jones
function with a cut off of 1.0 nm. Molecular dynamics simula-
tions were performed in triplicate for each system using a
GPU SERVER with Intel® Xeon® Gold 6154 3.0G,18 core
256 GB RAM with dual NVIDIA Tesla™ V100 GPU 32GB PCI-E.

Binding free energy calculation

We calculated the free energy of the PfTopoVIB bound to
each of the three lead analogs. For that, we used the snap-
shots collected from trajectories, that resulted from the MD
simulations. We used the Web server farPPl which employs
the MM/PB (GB) SA approaches with the GAFF2 and ff14SB
force field combination and the PB3 procedure (Wang et al.,
2019). It uses a ready-to-dock benchmark database (2P2I
database, ver. 2.0, 28-03-2018) and a ready-to-rescore bench-
mark dataset, which contains 900 binding poses for 184 pro-
tein-ligand complexes. The docked pose file and the receptor
file are the input. The partial charge of ligand is assigned by
AM1-BCC method via the antechamber module of Amber.
The calculated binding free energy is based on the equation;
Energy Binding=Energy Complex - Energy Ligand -
Energy Receptor.

Results
Homology modeling of PfTopoVIB and PfHsp90

The sequence of Plasmodium falciparum TopoVIB retrieved
from Uniprot (ID: Q8ID53) consists of 561 amino acids. The
template search revealed that the most similar protein struc-
ture available for the sequence of PfTopoVIB was that of
Sulpholobus shibatae Topoisomerase VIB (PDB: 2ZBK.D chain).
Taking 2ZBK.D chain as the template, the target-template
alignment was carried out using BLASTP suite, which pre-
dicted the local pairwise sequence identity to be 28.57% and
the E-value as 1e-12. For homology modeling, the sequence
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identity between (20-25)% is considered as the twilight zone
(Chung & Subbiah, 1996). Studies have demonstrated that
proteins with pairwise sequence identity higher than 25%
are similar in 3D structures and have a strong divergent evo-
lutionary relationship (Chang et al., 2008; Doolittle, 1986;
Laurents et al, 1994; Rost, 1999; Sander & Schneider, 1991;
Subbiah et al.,, 1993; Yang & Honig, 2000). The E value of 1e-
12, obtained for the template from the BLAST tool was con-
sidered in the acceptable range as per the recent study
(Barghash & Helms, 2013), which suggests the acceptable
threshold of E Value for BLAST as 1e-8. Hence, the 3D struc-
ture of 2ZBK.D chain with 28.57% sequence identity was con-
sidered as a suitable template for homology modeling of
PfTopoVIB. 2ZBK is an X-ray diffraction structure with
Radicicol as a native ligand having 3.6 A resolution. Our study
focuses on the ATP-binding domain of PfTopoVIB, known as
the Bergerat fold, which spans through 22 to 166 amino
acids. This region corresponds to the 11 to 192 amino acids
of SsTopoVIB (2ZBK.D chain) with an alignment score range
of (50-80) with 42% positives, 29% identity and 13% gaps.
Figure 1(A) shows the sequence alignment between the tar-
get PfTopoVIB (Query) and template SsTopoVIB (Subject) in
the Bergerat fold. As the aligned region covers the Bergerat
fold, we preferred homology modeling over de novo protein
structure prediction. It is observed that there is a unique
highly charged region (containing a stretch of lysines and
glutamic acids) spanning 61st-78th residues in the amino-
terminal domain of PfTopoVIB. Plasmodium falciparum pos-
sesses this kind of low complexity charged residues and
unstructured region which is a unique feature of parasite
protein. However, the biological significance of such low
complexity regions remains unknown. Homology based near-
native model was created for PfTopoVIB (Figure 1(B)) and
subjected to 10 steps of energy minimization, using
GROMOS 43b1 force field where in each step 20 cycles of
steepest descent method was involved. 200 cycles of steep-
est descent were required to attain the lowest energy model,
which was used for further analysis.

The sequence of PfHsp90 was retrieved from the Uniprot
database (ID: Q8IL32). For building the near native model of
PfHsp90, 3IED (PDB code) was selected as the template. The
target-template alignment using blastp suite, predicted the
local pairwise sequence identity to be 98% and the E-value
as 5e-171 (Figure 1(C)). The ligand adenylyl phosphoramidate
(AMPPN) was removed from 3IED template for building the
near native model of PHsp90 (Figure 1(D)). The model was
subjected to 10 steps of energy minimization to obtain the
lowest energy model for further analysis.

Modeled structure validation

The PROCHECK results (Supplementary Material) and the
results of the Ramachandran plot (Figure S1(A)) validate the
stereo chemical quality and stability of the predicted
PfTopoVIB model. Ramachandran plot for PfTopoVIB revealed
that 80.4% of the residues (337 amino acids) were in the
most favored regions, 15.5% (65 amino acids) in the add-
itional allowed region, 2.9% (12 amino acids) in the

generously allowed region and 1.2% (5 amino acids) in the
disallowed region. The resultant model showed ERRAT score
as 81.728 and the final energy as —21297.992 kJ/mol. The
PROCHECK results (Supplementary Material) and the
Ramachandran plot of PfHsp90 model (Figure S1(B)) revealed
that 91.9% of the residues (181 amino acids) were in the
most favored regions, 8.1% (16 amino acids) in the additional
allowed region, 0.0% (0 amino acids) in the generously
allowed region and 0.0% (0 amino acids) in the disallowed
region. The model showed ERRAT score as 81.878 and the
final energy was —11965.740 kJ/mol.

In silico binding of Radicicol and ATP to the Bergerat
fold of PfTopoVIB and PfHsp90 models

The crystal structure 2ZBK.D has Sulpholobus shibatae
Topoisomerase VIB (SsTopoVIB) bound to Radicicol (RDC531).
We have presented this structure in Figure S2(A). To validate
our docking, we have removed Radicicol from this structure
and redocked Radicicol to the apo-structure represented in
Figure S2(B). We compared the native pose (Figure S2(A))
and the newly created docked pose (Figure S2(B)) by super-
imposing, the RMSD value between the native pose and the
docked pose was 1.86 A (Figure S2(C)). Our analysis showed
that the amino acid Thr170 formed a hydrogen bond, while
Ala46, lle79, Val112 and Phe90 were actively involved in
hydrophobic interactions with Radicicol in the 2ZBK-D struc-
ture (Figure S2(D)). Our re-docked structure shows the con-
servation of the above interactions, in addition, it shows four
more contacts including one hydrogen bond with Lys113
and hydrophobic interactions with Gly80, Ala89 and Val112
(Figure S2(E)).

After validating our model, next, we carried out two sets
of docking studies using LibDock, one in which both ATP
and Radicicol were docked to PfTopoVIB (Figure S2(F,G),
respectively) and in the second set, both the ligands were
docked with PfHsp90 (Figure S2(H,I)). Our study shows that
Radicicol binds to the Bergerat fold of PfTopoVIB and
PfHsp90 like that of the intrinsic ligand ATP. This also
ensured that the proteins were correctly modeled in silico
and had near-native structural topology. The LibDock score
for ATP and Radicicol docking were 143.657 and 76.4008
respectively (Table SI). While 96 different docking poses were
obtained for ATP, only 2 different binding poses were
obtained for Radicicol. The type of molecular interactions
found between PfTopoVIB and ATP/Radicicol and their inter-
atomic distance is tabulated (Table SIlI). ATP showed 14
molecular interactions in the form of hydrogen bonds and
hydrophobic interactions. The key amino acids which are
involved in conventional hydrogen bonds were Phel22,
Asp43 and Thr22 whereas the residues Lys35, Gly120 and
Glu36 showed carbon hydrogen bonds. Several hydrophobic
interactions were also noted which included a Pi-Sigma bond
with Lys35, a Pi-Sulfur bond with Met32 and four Pi-Alkyl
bonds, two each with Lys121 and Lys35.

Radicicol showed 6 molecular interactions with PfTopoVIB,
in which Leu126 formed a conventional hydrogen bond and
a hydrophobic interaction through the alkyl group. Phe122
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1A

2ZBK:D|PDBID|CHAIN|SEQUENCE
Sequence ID: Query_50013 Length: 530 Number of Matches: 4

Range 1: 11 to 192 Graphics V¥ Next Match

Score Expect Method Identities Positives Gaps
56.2 bits(134) 1e-12 Compositional matrix adjust. 58/203(29%) 86/203(42%) 27/203(13%)

Query 10 gTYSFFFKNLSVTGFY EENALFMTVKE LFDNSVDALY?INDKEDHVETKKgLEEEKKKKK 68

FF +N + GF AL+ TV+EL +NS+DA
Sbjct 11 SPAEFFKRNPELAGFPNPARALYQTVRELIENSLDATDVHGILPNIKITIDL--~-~-~-~-~-~ 62
Query 69 KKKVEIIVEEYDKSLSYYKITCRDNGKGSKIKDLE- KFSEIFLTSK DNCSTSGKFGIGL 126
D + YK+ DNG G -+ F +SK N T G +G+G+
Sbjct 63 ~--------- IDOARQIYKVNWDNGIGIPPQEVPHAFGRVLYSSKYVNRQTRG’NGLGV 112
Query 127 ETILngLKTAYGFLHIkV KVEENKI\\‘DF'\\LVMgK:JLHHTF%QHFKEYIDTNW--NHSV 183
L N

) T SV
Sbjct 113 KAAVLYSQMHQDKPIEIETSPVNSKRIYTFKLKIDINKNEPIIVERGSVENTRGFHGTSV 172

Query 184 EISLILKIPJPIKFIHDQ2§$T¥§E 206
Sbjct 173 AISIP---GDWPKAKSRIYEYIK 192

1B iD

1C

Chain A, Heat shock protein [Plasmodium falciparum 3D7]
Sequence ID: 3IED_A Length: 272 Number of Matches: 1

Range 1: 14 to 272 GenPept Graphics

Score Expect Method Identities Positives Gaps
498 bits(1283) Se-171 Compositional matrix adjust. 253/259(98%) 255/259(98%) 0/259(0%)

Query 89 REDISSDSSPVEKYNFKAEVNKVMDIIVNSLYTDKDVFLRELISNASDACDKKRIILENN 148
RE++ SPVEKYNFKAEVNKVMDIIVNSLYTDKDVFLRELISNASDACDKKRIILENN
Sbjct 14 RENLYFQGSPVEKYNFKAEVNKVMDIIVNSLYTDKDVFLRELISNASDACDKKRIILENN 73

Query 149 KLIKDAEVVTNEEIKNETEKEKTENVNESTDKKENVEEEKNDIKKLIIKIKPDKEKKTLT 208
KLIKDAEVVTNEEIKNETEKEKTENVNESTDKKENVEEEKNDIKKLIIKIKPDKEKKTLT
Sbjct 74 KLIKDAEVVTNEEIKNETEKEKTENVNESTDKKENVEEEKNDIKKLIIKIKPDKEKKTLT 133

Query 209 ITDNGIGMDKSELINNLGTIAQSGTAKFLKQIEEGKADSNLIGQFGVGFYSSFLVSNRVE 2638
ITDNGIGMDKSELINNLGTIAQSGTAKFLKQIEEGKADSNLIGQFGVGFYSSFLVSNRVE
Sbjct 134 ITDNGIGMDKSELINNLGTIAQSGTAKFLKQIEEGKADSNLIGQFGVGFYSSFLVSNRVE 193

Query 269 VYTKKEDQIYRWSSDLKGSFSVNEIKKYDQEYDDIKGSGTKIILHLKEECDEYLEDYKLK 328
VYTKKEDQIYRWSSDLKGSFSVNEIKKYDQEYDDIKGSGTKIILHLKEECDEYLEDYKLK
Sbjct 194 VYTKKEDQIYRWSSDLKGSFSVNEIKKYDQEYDDIKGSGTKIILHLKEECDEYLEDYKLK 253

Query 329 ELIKKYSEFIKFPIEIWSE 347
ELIKKYSEFIKFPIEIWSE
Sbjct 254 ELIKKYSEFIKFPIEIWSE 272

Figure 1. Bergerat fold of PfTopoVIB has high similarity with SsTopoVIB: (A) Pairwise sequence alignment of the Bergerat fold region of PfTopoVIB (Query) and
SsTopoVIB (Sbjct); positives show the number of identical amino acids or that have similar chemical properties; (B) Homology model of PfTopoVIB designed using
27BK template; 3D structure rendered in solid ribbon and colored according to secondary structure; alpha helices in red, beta sheets in Cyan, coils in white and
turns in green; (C) Pairwise sequence alignment of the N-terminal domain of PHsp90 (Query) (Q8IL32) and the template 3IED (Subject); (D) Homology model of
PfHsp90 created using template 3IED; model represented in solid ribbon format, colored according to the secondary structure; alpha helices in red, beta sheets in
Cyan, coils in white and turns in green.
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also formed a conventional hydrogen bond. While Asn40
formed a carbon hydrogen bond, Gly125 interacted with the
Cl (halogen) of Radicicol and Lys104 made a hydrophobic
interaction through the alkyl group. We found that many of
the amino acids which interact with Radicicol were con-
served between PfTopoVIB and SsTopoVIB. For example, the
residues Phel105, Ala44 and Asn40 in PfTopoVIB correspond
to that of Phe90, Ala46 and Asn42 in SsTopoVIB.

In the second set of docking studies, we allowed ATP and
Radicicol to dock to the in-silico model of PHsp90 N-terminal
domain. Docking resulted in 81 different poses of the ligand
ATP with the highest LibDock score of 129.333. 7 molecular
interactions were found between ATP and PfHsp90 (Figure
S2(H)). Residues Asn133, GIn230, Phe257 and Val255 were
found to form conventional hydrogen bonds with ATP.
Asn133 was also found to possess a Pi-Donor hydrogen
bond, whereas Ala134 and Ala137 interacted through the
alkyl group (hydrophobic interaction). Radicicol interacted
with PfHsp90 in the Bergerat fold with a LibDock score of
91.791 generating 9 different docked poses. The key residues
found to interact well with Radicicol were Asn224 through a
conventional hydrogen bond, Asp211 through the halogen
Cl and the amino acids lle310, Ala134, Ala137, Met216,
Leu225 and Leul130 all through hydrophobic interactions
mostly of the alkyl type (Figure S2(I)). Radicicol when docked
with the template PDB structure 3IED, the key residues
Ala137, Met207 and Asn215 were identified to interact which
corresponds to the residues Ala137, Met216 and Asn224 in
the PfHsp90 model. There is a difference of 9 residues in
between Met207 and Met216 and also in between Asn215
and Asn224. This is because some amino acids were absent
in 3IED, so the numbers given to amino acids in PDB is dif-
ferent when compared with our PfHsp90 model.

Designing of Radicicol analogs and docking to
PfTopoVIB and PfHsp90

The 3D structure of Radicicol served as the reference mol-
ecule for the in-silico design of 97 different structural analogs
using MarvinSketch tool. The analog structures were compu-
tationally drawn and designed by modifying different atoms,
functional groups and/or side chains of Radicicol, based on
its reported Structure-activity relationship (SAR) to alter its
biological activity against PfTopoVIB and PfHsp90. We
focused on altering or replacing those functional groups of
Radicicol that cause higher affinity towards Hsp90. The
IUPAC nomenclature, of all the 97 analogs are tabulated
(Table SlIl). 6498 different conformers were generated for 97
analogs using Biovia DS 4.0. Receptor-ligand docking per-
formed by LibDock protocol against PfTopoVIB protein using
6498 analog conformers returned 3162 docked poses. In the
same manner, docking against PfHsp90 protein using 6498
analog conformers returned 2512 docked poses. All the
docked poses were analyzed and the best docked pose of
each ligand towards each protein was identified based on
the highest LibDock score and compared with the LibDock
score of ATP and Radicicol (Table SI).

Selection of the Radicicol analogs that show specific
docking to PfTopoVIB but not to PfHsp90

PfTopoVIB and PfHsp90 share a common structural ATP-bind-
ing domain known as the Bergerat fold (Bergerat et al., 1997)
characterized by a structural motif consisting of an eight-
stranded mixed beta-sheet in two layers — alpha/beta (Dutta
& Inouye, 2000). Out of 97 analogs, 88 molecules interacted
with PfTopoVIB within the same binding cavity occupied by
Radicicol and ATP, whereas 9 analogs failed to dock.
Depending upon the LibDock score of each analog com-
pared to ATP and Radicicol, we classified them into two
groups, one with a higher LibDock score than the cut off
value 76.4008 and the other with lower scores than the cut
off value. In case of PfTopoVIB, we have chosen this cut off
value to select those analogs of Radicicol that have a higher
chance of binding with PfTopoVIB as compared to the
Radicicol. The LibDock score of Radicicol for PfTopoVIB is
76.4 hence all the values that are higher than 76.4 are short-
listed. To that end, 77 analogs were identified with LibDock
scores higher than the cut off value and 11 analogs with
lower LibDock scores than the cut off. The highest score was
obtained for analog 91 (158.337) and the lowest score was
obtained for analog 23 (76.108). So, based on docking score,
77 analogs of Radicicol performed better than Radicicol, 11
analogs were poor performers and 9 did not dock at all
(Table SI).

The same classification criterion was adopted for analyz-
ing the docking results of PHsp90 also. In this case, the cut
off value was taken as 91.7911. The LibDock score of
Radicicol for PfHsp90 is 91.79; hence the values higher than
that of 91.79 are shortlisted. Out of 97 analogs, 78 molecules
were found to interact with a higher dock score than the cut
off value. 13 analogs docked with a lower LibDock score and
the remaining 6 analogs did not dock to PfHsp90 at all. The
highest binding affinity was obtained for analog 80 (126.137)
and the lowest for analog 78 (91.757). We focused our work
only on those subsets of Radicicol analogs that display
higher affinity towards PfTopoVIB and no affinity towards
PfHsp90. Hence, although analog 91 shows the highest score
for PfTopoVIB, it also shows higher docking score for
PfHsp90. Similarly, analog 23 shows a poor score for
PfTopoVIB compared to PfHsp90. The analysis of these
ligands is beyond the scope of this manuscript. Our criterion
for selecting the best analogs was to compare their binding
affinity with both the proteins and finally choose those
which docks specifically to PfTopoVIB but have little or no
binding towards PfHsp90. We observed that out of the 6
analogs which did not dock to PMHsp90, 3 analogs did not
dock to PfTopoVIB either, but the other 3 analogs were hav-
ing higher LibDock scores towards PfTopoVIB. The structures
of Radicicol and these three analogs are presented
(Figure 2). These three analogs; analog 2, analog 6, and ana-
log 7, with LibDock scores 133.823, 108.647 and 77.533
respectively were selected as the lead molecules. The num-
ber of molecules generated, docked and filtered at various
step of this study has been summarized in Table 1.

Further, we compared the volume of Radicicol binding
pockets between PfTopoVIB and PHsp90 (Figure S3) using a
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Figure 2. 2D structure of Radicicol and the lead analogs: 2D structure of Radicicol and its analogs; 2, 6 and 7 are represented.

Table 1. The number of molecules generated, docked and filtered at various step.

Virtual screening steps for Radicicol and its analogs

Number of molecules

3D structure retrieved for Radicicol and ATP from Pubchem 2

Analogs generated for Radicicol using MarvinSketch 97

Total number of conformers for Radicicol, 97 analogs and ATP (10 conformers each for 99 molecules) 990

Structures prepared using Ligand preparation for Docking 962

3D conformers generated Using DS.4.0 for docking process 6498

Docking of 6498 structures against target proteins PfTopoVIB PfHsp90
No. of poses docked to target proteins at Bergerat fold 3162 2512
No. of analogs failed to dock to the target protein structures 9 6
No. of analogs docked only to PfTopoVIB and not to PfHsp90 3

No. of lead molecules selected for interaction analysis and molecular dynamics simulation 3

grid based ‘Eraser’ algorithm implemented in DS 4.0 and
found that the binding pocket volume for PfTopoVIB is
(180.625 A%, much larger than that of PfHsp90 (143 A3).
Both the pockets were found to contain the residues of the
alpha/beta structural motif, where the ATP and Radicicol
interacted in our docking studies. We reason that as the size
of analog 2 (637.162 Da), analog 6 (516.969 Da) and analog 7
(653.161Da) are larger than that of ATP (507.181Da) and
Radicicol (364.777 Da), they are not able to fit properly to the
binding site of PMsp90 which is smaller than the binding
pocket of PfTopoVIB.

The molecular interactions between the lead analogs and
PfTopoVIB (Figure 3(A-C)) were analyzed and compared with
that of parent molecule Radicicol. Analog 2 showed 12 interac-
tions, analog 6 showed 8 interactions and analog 7 showed 14
(Table SII). The key amino acids in PfTopoVIB which established
contacts with analog 2 were Glu36, Lys104, Phe105, Ly121,
Phe122, Leu126 and Lys127. While a carbon hydrogen bond
and a hydrophobic Pi-alkyl interaction were formed by Lys127,
two hydrophobic interactions (Pi-Sigma and Pi-alkyl) were
formed with Leu126. Glu36 showed two electrostatic (Pi-anion)
interactions and Lys121 had a Pi-donor hydrogen bond and
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Bond Identifiers

. Conventional Hydrogen Bond
Carbon Hydrogen Bond

Pi Donor Hydrogen Bond
Water Mediated Hydrogen Bond

Water Hydrogen Bond
Salt Bridge

Pi-Cation
Pi-Anion
Pi-Pi Stacked
Pi-Pi T-Shaped
Amide-Pi Stacked

Alkyl

Pi-Sigma
Pi-Alkyl
Haloaen (Cl, Br, I)

Figure 3. Molecular interactions of the lead analogs of Radicicol in the Bergerat fold of PfTopoVIB: (A—C) analog 2 (purple), analog 6 (blue) and analog 7 (red) inter-
action with PfTopoVIB has been presented. The color codes for different bonds also given in the figure.

one hydrophobic interaction of Pi-alkyl type. Lys104 showed a
Pi-donor hydrogen bond and a hydrophobic Pi-alkyl inter-
action. Phe122 established an interaction through the halogen
atom Cl of analog 2 and Phe105 formed a Pi-Pi T-shaped hydro-
phobic interaction. Analog 6 showed three conventional hydro-
gen bonds with the amino acids Asn40, Leu126 and Phe122.
Lys127 formed a carbon hydrogen bond; Glu36 formed an elec-
trostatic Pi-anion linkage; Leu126, Lys35 and Lys121 formed
hydrophobic interactions mostly of pi-alkyl type. Analog 7, on
the other hand, showed the highest number of hydrophobic
interactions, but with a different set of residues present in
PfTopoVIB namely Leu37, Asn40, Ala44, Cys90, Lys95, Leu126,
Val183 and lle185. Lys104 formed a Pi-donor hydrogen bond
and a hydrophobic interaction through the alkyl group of ana-
log 7. Asn48 also established a Pi-donor hydrogen bond and
Ser41 showed a Pi-lone pair interaction with analog 7. When
compared to ATP and Radicicol, the amino acids which retained
their contacts with analog 2 were Phe122, Glu36, Lys121, Leu

126 and Lys104. The interactions with the residues Lys35,
Glu36, Asn40, Lys121, Phe122, Leu126 and Ly127 were common
in the case of analog 6. But analog 7 showed contacts with
Leu126, Asn40 and Lys104 which were similar with those found
in Radicicol. There were no common contacts found between
ATP and analog 7. Phe122 was interacting with ATP, Radicicol,
analog 2 and analog 6, but not with analog 7, whereas Leu126
had contact with all others except ATP. The binding of
PfTopoVIB and the lead analogs within the Bergerat fold is illus-
trated (Figure 4). The 2D interaction diagrams of the lead ana-
logs docked to PfTopoVIB are presented (Figure S4(A-C)).

Molecular dynamic simulation of best docked protein-
analog complexes

The stability of analog 2-PfTopoVIB, analog 6-PfTopoVIB and
analog 7-PfTopoVIB complexes have been evaluated through
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Figure 4. lllustration of binding between PfTopoVIB and the lead analogs:
Analog 2 (pink), Analog 6 (purple) and Analog 7 (blue) binding with PfTopoVIB
Bergerat fold is represented.

50ns Molecular Dynamics (MD) simulation. The MD simula-
tions for each analog-PfTopoVIB complex were conducted in
triplicate. The RMSD values of all the complexes (Figure 5(A))
and the backbone RMSD are shown (Figure 5(B)). After 50 ns
run the analog 7-PfTopoVIB has shown fluctuation towards
the end of the simulation, which shows that the protein-ana-
log complex is not stable. In case of analog 6-PfTopoVIB,
unusual fluctuations were observed between the 30ns and
50 ns time points indicating weak stability of the complex. A
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steady RMSD plot is observed for the analog 2-PfTopoVIB
complex, indicating that this analog-protein complex is
highly stable throughout the run. We have performed three
independent simulations for each of the three analogs and
the RMSD of all replicates for each protein analog complex
are presented (Figure S5). In all the three runs, analog
2-PfTopoVIB was stable and uniform with an average RMSD
value of 0.2A, whereas analog 7-PfTopoVIB and analog
6-PfTopoVIB were fluctuating, which indicates that analog
2-PfTopoVIB was more stable as compared to the
other complexes.

We have calculated the binding free energy of each of
the three complexes; PfTopoVIB-analog 2, PfTopoVIB-analog
6 and PfTopoVIB-analog 7 at 10ns intervals (Ons, 10 ns, 20 ns,
30ns, 40ns, and 50ns), as described in the ‘Materials &
Methods’ section and it has been presented in Table 2. The
negative values obtained for our analogs show that they
have a tight binding with the receptor. The relative binding
energy of analog 2 is the lowest indicating strongest among
the studied complexes. A detailed flowchart for the steps of
virtual screening carried out in our study is given in Figure 6.

The post-MD intermolecular interactions were monitored
for the most stable complex, PfTopoVIB-analog 2 (Figure 7).
Majority of the contacts formed between the analog and
protein residues in the docked complex were found to be
retained after 50ns MD simulation run. The residue Phel122
retained the interaction through halogen (Cl) and Phe105
retained the Pi-Pi T shaped hydrophobic interaction. Lys127
and Lys121 were found to maintain the carbon hydrogen
bonds; Lys127 also had a hydrophobic pi-alkyl bond. Leu126
was found to interact with a pi-sigma and a pi-alkyl bond
whereas Glu36 retained the two pi-anion interactions. The
residues Asn40, Ala44, Lys104, Phe105 and Leu126 which
showed strong interaction with Radicicol were found to
interact well with analog 2 and retained their interactions
post MD simulation as well. Though Lys113, Gly123, Val183
and lle185 didn't interact, the residues Met32, Lys35, Asp39,
Phe109, lle124, Gly120, Gly125 and Lys127 retained their
contacts with analog 2 during post MD simulation. The ana-
lysis of the interacting residues in post MD simulation sug-
gests stronger binding thereby stabilizing the complex.

Discussion

Plasmodium falciparum possesses this unique type Il topo-
isomerase TopoVIB, which acts as a novel target to treat mal-
aria. Our previous studies have shown, Radicicol treatment
inhibits the endoreduplication of the blood stage parasites,
indicating a functional role of PfTopoVIB at that stage.
Endoreduplication occurs in two other stages of the parasite
life cycle namely liver stage and mosquito stage (sexual
stage), and PfTopoVIB might be a critical determinant for
those stages as well. Apart from its role in mitotic replication,
it might be involved in meiotic recombination along with
PfTopoVIA, an ortholog of Spo11. Hence, finding a chemical
inhibitor that has specificity towards PfTopoVIB is the need
of the hour. Our work shortlists one chemical structure out
of 97 that predicts a stable exclusive binding with PfTopoVIB.
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Figure 5. RMSD versus time plots for MD simulated complexes of PfTopoVIB with the lead analogs: (A) RMSD versus time plots of Analog 2-PfTopoVIB (black);
Analog 6-PfTopoVIB (green) and Analog 7-PfTopoVIB (red) complexes during 50 ns simulation run. RMSD were plotted using alpha carbon atoms. (B) RMSD vs time
plots of backbone of Analog 2-PfTopoVIB (black), Analog 6-PfTopoVIB (green) and Analog 7-PfTopoVIB (red) complexes during 50 ns simulation run.

Table 2. The calculated energy parameters for each of the receptor-ligand complexes.

Binding free energy Binding free energy Binding free energy Binding free energy Binding free energy Binding free energy

Ons 10ns 20 ns 30ns 40 ns 50ns
Ligand name LibDock score (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
Analog 2 133.823 —-11.5 —12.65 —13.01 —10.43 —12.96 —13.7
Analog 6 108.647 —9.59 —10.47 —11.23 —7.53 —9.89 —7.05
Analog 7 77.5334 —5.23 —3.67 —6.09 —5.97 —6.73 —4.63

In analog 2, the two hydroxyl groups present at the C-17
and C-19 position of Radicicol are substituted by two
biphenyl groups and the resultant derivative is found to

dock with PfTopoVIB with more points of contact and hence
found to score better than that of Radicicol. Free energy cal-
culation and 50ns molecular dynamics simulations indicate
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Figure 6. A detailed flowchart for the virtual screening steps.
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Figure 7. Comparison of 2-dimensional interaction diagrams of Analog 2 with PfTopoVIB pre- and post-50ns MD simulation run: (A) Analog 2 interacting with
PfTopoVIB before MD simulation; (B) Analog 2 interacting with PfTopoVIB post 50 ns MD simulation; the essential amino acid residues at the Bergerat fold are
tagged in circles. The purple circles show the amino acids which participate in hydrogen bonding, electrostatic or polar interactions and the green circles show the
amino acids which participate in the van der Waals interactions, non-polar and others in grey.

that analog-2 forms a stable complex with PfTopoVIB. Hence simulation studies. The authors acknowledge the Campus Computing
analog 2 urge future experimental validation in the biochem- Facility (CCF) at the Central Laboratory for Instrumentation and
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carry out this research work.
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