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INTRODUCTION

1.1 Malaria:

Malaria is a vector-borne disease that occurs mainly in tropical and sub-tropical
regions of the world. The disease is manifested in humans and other animals by the
protozoan parasite Plasmodinm. Human beings are infected by five species of
Plasmodium, namely P. falciparum, P. vivax, P. malariae, P. ovale, and P. knowlesi. The
infection caused by P. falciparum is dreadful because it impacts the central nervous
system (cerebral malaria). In addition to cerebral malaria, it also accounts for renal
failure and severe anemia. As per the WHO (World Health Organization) report
2019, there were 228 million cases and 40 5000 deaths recorded due to malaria
worldwide in 2018. About nineteen countries in sub-Saharan Africa and India
account for almost 85% of the global malaria burden. Out of 40 5000 deaths, 67%
(27 2000) are children under the age group of 5 years [1].

1.1.1 Life cycle of Plasmodium falciparumnn:

Plasmodinm shuttles between mosquito and human to complete its life cycle. It enters
as sporozoite form in humans when an infected female anopheles' mosquito bites.
Initially, these sporozoites are transported to the liver from circulation and undergo
exo-erythrocytic schizogony in hepatocytes to produce multiple merozoites. These
merozoites enter the blood stream to infect red blood cells (RBC) and reproduce
asexually (erythrocytic schizogony). These parasites develop into ring, trophozoite,
and schizont stages, which also ruptures to produce merozoites. Few of the parasites
differentiate into male and female gametocytes in the erythrocytic stage taken up by
the mosquito during its blood meal to perpetuate the life cycle. In the mosquito,
sexual reproduction takes place to produce a diploid zygote. The zygote becomes
motile and elongated (ookinete), invading the midgut wall of the mosquito. In the
mosquito midgut, it develops into an oocyst and undergoes sporogony to release
sporozoites. These sporozoites reach salivary glands for further inoculation in

human beings.
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MOSQUITO : HUMAN

*Mitosis .
*Meiosis l‘

Figure 1: The life cycle of Plasmodium falciparum depicting the stages where

mitosis and meiosis takes place.
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1.1.2 Drug treatment for malaria:

Chloroquine (CQ) was introduced as an anti-malarial drug in 1934 and was used on
a large scale from 1955 during the global malaria eradication program conducted by
WHO. However, chloroquine resistance was observed in various parts of the world
at different time points beginning from 1957. The resistance was spread rapidly
throughout the world by the end of 1980 [2]. Although, other drugs like atovaquone,
mefloquine, pyrimethamine, sulfadoxine, and proguanil were introduced but their
cost-effectiveness and toxicity limited the usage. Later, artemisinin was used as an
anti-malarial drug in the year 1972. Artemisinin was also given in combination with
other anti-malarial drugs called as Artemisinin-based combination therapy (ACT).
ACT is an effective strategy because combining two drugs with a different mode of
action ensures the immediate and complete elimination of parasites. However,
artemisinin resistance was first reported in Pailin, western Cambodia, in 2009 [3].
Interestingly, resistance to chloroquine has also emerged from the same region [2].
On the other hand, antigenic variation in parasites makes vaccine development an
inefficient process. Because drug resistance is emerging at alarming rates in
Plasmodium, there is always a need for identifying new drug targets. To identify new
drug target, understanding Plasmodium biology is a pre-requisite. The cellular
pathways which are crucial for the survival of parasites at all the stages might serve
the purpose. Every cell frequently encounters damage to DNA from multiple
sources and DNA double strand break repair pathway (DSBR) is pivotal to repair
such damages. Plasmodinm being a unicellular organism cannot afford to skip the
repair process or else it will become detrimental to the cell. DSB repair is essential
during liver, blood and mosquito stages of parasite as it involves replication of DNA.
DSB repair pathway fulfils the major criteria of potential essentiality for a drug target.
Exploring key players of DSB repair pathway will guide us towards achieving the
goal.
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1.2 DNA DSB repair pathway as a reliable drug target:

Every cell experience multiple genomic assaults (DSB) during its life cycle. The
sources for such assaults might be exogenic, endogenic, or physiological stress. The
exogenic sources include radiomimetic drugs, radiation, and the endogenic sources
comprise reactive oxygen species (ROS) produced during metabolic activity of cell.
The physiological assault mainly due to replication errors. In addition to random
sources, some cells facilitate programmed DNA damage during V(D)
recombination, meiotic crossover, mating-type switching in yeast. Each of those
DSB needs to be appropriately mended to ensure proper genome stability. Mutations
in DSB repair genes accounts for genomic instability, ultimately resulting in human
diseases associated with developmental disorders, cancer predisposition, and

premature aging.
1.2.1 DNA DSB repair pathways:
Repair of DNA DSB carried in two pathways

a) Non-homologous end joining (NHE])

b) Homologous recombination (HR)
1.2.1a Non-homologous end joining (NHE]):

NHE]J is considered an "error-prone” method because it does not utilize the
homologous DNA sequence of sister chromatid or homologous chromosome.
Initially, DSB is recognized by the MRN (Mrel1-Rad51-Nbs1) complex, and in the
case of yeast, it s MRX (Mrell-Rad51-Xrs2) complex. MRN complex recruits
Ku70-Ku80 heterodimer complex, which helps in the protection of DNA ends from
degradation. Ku complex further recruits and activates DNA-PKcs, which exists in
a tight complex with the nuclease, artemis. The endonuclease, artemis chops the
broken ends. Further, poly X family polymerases (Pol u and Pol A) add nucleotides
to broken ends. Finally, the DSB end's ligation is carried out by DNA ligase IV
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complex along with XRCC4, XLF, and PAXX protein [4]. In addition to canonical
NHE], there is one more end-joining pathway called microhomology-mediated end
joining (MME]) or alternative end-joining (A-EJ). The A-E] pathway is independent
of Ku-or ligase IV and may or may not require microhomology (generally > 4bp) to
perform the repair function. The core proteins are MRN complex, Pol 6, PARP1,
ligase 111, XRCC1, and PNK [5].

1.2.1b Homologous recombination (HR):

As the name suggests, HR involves using a DNA template from a sister chromatid
or homologous chromosome to repair the broken DNA. HR is involved in the repair
of DSB, during meiosis, and it is necessary for the exchange of genetic material. HR
is initiated when MRN complex sense and binds to the DSB. Resection of DSB ends
to produce 3' ssDNA overhangs happens in two steps. In the first step, initial
resection or short-range resection (about 200bp) is performed by nuclease activity
of Mrell protein, activated by CtIP (Sae2 in yeast). In the second step, long-range
resection (1000bp) could happen in two different independent pathways carried out
by either Exol or Blm-Dna2-Rpa protein complex. The 3' ssDNA overhangs
generated after long-range resection are bound by ssDNA binding protein RPA. The
binding of RPA to ssDNA ends helps in protection from nucleases and in removing
secondary structures. The critical player of HR, Rad51, displaces RPA protein and
forms Rad51 nucleo-protein filament, also called a presynaptic complex. The loading
of Rad51 to ssDNA is mediated by BRCA2 in humans, whereas Rad52 in yeast.
Further, Rad51 performs a homology search and invades the strand onto the donor
template to form a loop-like structure called displacement loop (D-loop). In the post
synapsis phase, Rad51 dissociates from dsDNA when DNA synthesis is initiated
using the invading 3'-end as a primer. After the DNA synthesis, the DNA repair
intermediate can be resolved in three pathways: a) Double-strand break repair

(DSBR). b) Synthesis dependent strand annealing (SDSA). ¢) Break induce
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replication (BIR). DSBR involves forming a double-Holliday junction (dHJ) by
capturing the second end of the DSB. dH]J can be either dissolved by BTR complex
(Blm-Topolll-Rmil) to produce exclusively non-crossover products or resolved by
dHJ resolvases GEN1, MUS81/EME1 (YEN1, Mus81-Mms4 in yeast) to make
both cross over and non-crossover products. In SDSA, the invading strand anneals
with complementary strand associated with another end of DSB. SDSA results in
the formation of only non-crossover products. BIR occurs mainly during replication
tfork collapse or during telomere lengthening, which repairs one ended double-
stranded break. In addition to the above pathways, there is a Rad51 independent
pathway to repair DSB called single-strand annealing (SSA). SSA involves the
annealing and ligation of homologous sequences present in both sides of DSB. SSA

is often associated with the deletion of the intervening DNA sequence [6-9].
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\ DNA double strand break
EXOGENOUS ENDOGENOUS

* y-irradiations
* Radiomimetic drugs
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* Free radicals

* Replication errors * Meiosis

Figure 2: Multiple sources of DNA damage in a cellular environment.
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l MRN,CtIP,DNA2-BLM,EXO1 NHEJ
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e s e, D ‘ 7 BIR
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(crossover) (non-crossover)
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Figure 3: Models for distinct DNA DSB repair pathways in eukaryotes and

the important proteins involved in it. NHE] takes place by joining of the
broken ends without the involvement of donor template but HR mediated
repair requires sister chromatid or homologous chromosome sequence as

template. SSA is a Rad51 independent DSB repair pathway.
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1.3 DNA DSB repair in Plasmodium:
1.3a NHE] in Plasmodiumnn:

So far, there are no reports available for the canonical NHE] pathway in Plasmodium.
Moreover, the genome sequence did not reveal the presence of NHE] genes [10].
This is in contrast with another apicomplexan parasite Toxoplasma gondii [11]. It was
reported that Plasmodium utilizes an alternative end-joining pathway to a minor extent
to repair DSB [12]. However, the dominant repair pathway in Plasmodinm is found to

be homologous recombination [13].
1.3b HR in Plasmodium:

HR was established as a significant pathway to repair DSB, followed by A-EJ.
PfalMrell was identified, and its nuclease activity was found to be conserved in
Plasmodinm [14]. The key recombinase of HR, PfRad51, was characterized
biochemically and functionally [13, 15, 16]. Recent studies have shown that chemical
knockout of PfRad51 with small molecular inhibitor BO2 abrogates repair in
Plasmodium [17]. PfRpal variants were identified and established as single-stranded
binding proteins (SSB) [18]. Rad52 protein, essential for Rad51 nucleofilament
formation, was not identified in Plasmodium. However, BRCA2, which performs
similar functions in mammals, has been annotated [10]. The motor protein, Rad54,
which enhances the strand exchange activity of Rad51, has been identified, and
biochemical studies confirm its strand exchange activity [18]. PfDmcl, a meiotic
recombinase, has been identified, and its knockout negatively impacts oocyst
tormation in Plasmodium berghei [19]. Finally, two RecQ) helicases PfBlm and PfWrn,
have been identified and biochemically characterized [20, 21]. The essential
functions of Rec(QQ helicases in replication, transcription and clonal expression of var

gene has been characterized but not during the DNA repair [22, 23].
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1.4 RecQ helicases in DNA metabolism:

The RecQQ helicases of humans belong to the SF2 family of helicases. RecQ) helicases'
tunctions cover different DNA metabolic pathways, including DNA transcription,
replication, repair, and recombination [24]. In humans, there are five RecQ) helicases,
whereas, in bacteria (RecQ)) and yeast (SGS1), only one RecQ) helicase is present.
Germline mutations in human RecQ helicases (BLM, WRN, and RECQLA4) are
connected with genetic disorders, namely Bloom's syndrome (BS), Werner's
syndrome (WS), and Rothmund-Thomson syndrome (RTS) [25]. Out of five RecQ
helicases in humans, functions of BLM and WRN are well characterized. There are
multiple functions for RecQ) helicases in DNA metabolism; few of them are
discussed here. Some of the replication functions include: both BLM and WRN,
which are known to rescue stalled replication fork, whereas RECQL4 and RECQL1
help in the initiation of replication [26]. RECQL4 assist in loading DNA polymerase
o onto the replication origin [27]. BLM and WRN rescue replication fork by
resolving different structures such as hairpins and G-quadruplexes, which hinder the
fork movement [28-30]. In addition to this, BLM, along with TOPO3, dissolve
duplex structures for efficient termination of replication [31]. RECQLS5 inhibits
transcription by binding to the initiation and elongation form of RNA polymerase
II. Such inhibition is to prevent collision of replication machinery with transcription
[32-34]. Both BLM and WRN stimulate ribosomal transcription by interacting with
Topo 1 [35, 36]. It was reported that BLM and WRN regulate transcription by
targeting G-quadruplexes at the transcription start site (ISS) [37, 38]. BLM, WRN,
and RECQIL4 play a major role in telomere replication and repair by unwinding
telomeric forks and D-loops. This unwinding activity is stimulated by shelterin
proteins (TRF1, TRF2 and POT1 [39-42]. WRN and RECQL4 participates in the
base excision repair (BER) pathway in which WRN stimulates NEIL1 glycosylase
whereas RECQL4 stimulates APE1 enzyme [43, 44]. RecQ helicases have no direct
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role in nucleotide excision repair (NER) however XPG protein (NER protein)
stimulates WRN helicase activity [45].

1.4.1 Biochemical functions of RecQ helicases:

Members of the RecQ family are 3'-5° helicases. They have three domains in
common key helicase domain, RecQQ C-terminal (RQC) domain, helicase, and RNase
D-like C-terminal (HRDC) domain. All the domains have a unique function in DNA
metabolism. Helicase domain derives energy from ATP hydrolysis and participates
in the unwinding of different dsSDNA substrates. RQC domain helps stabilize the
protein, dsDNA binding, and in some cases, protein-protein interactions. RQC
domain mediates binding to G-quadruplexes [46]. HRDC has a supporting role in
DNA binding, and this domain is also present in some RNases [47]. Interestingly, in
humans the HRDC domain is least conserved since it is present only in RECQL2
and RECQLS3 [48]. WRN is unique among other helicases in having an exonuclease
domain. RecQ helicases unwind a broad variety of DNA substrates depending upon
the pathway they are involved. Some substrates include D-loops, Holliday junctions,
G-quadruplexes, fork duplexes, 3'tailed duplexes, bubble structures, and
heteroduplexes [49-53]. BLM and WRN have strong activity for unwinding G-
quadruplexes and Holliday junctions [49, 51, 53]. Bacterial RecQ) helicase (RecQ))
unwinds blunt-end DNA duplexes, whereas eukaryotic RecQQ helicases cannot
perform this function [54, 55]. In addition to their biochemical activity, RecQ
helicases interact with different proteins. This interaction can either stimulate or

inhibit the activity of partner proteins [50].
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Figure 4: Schematic diagram showing domain analysis of well-studied RecQ
helicases from different organisms. RQC: RecQ C-terminal domain; HRDC:
Helicase, and RNase D-like C-terminal domain; NLS: Nuclear localization

signal.
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1.5 RecQ helicases: implications in DNA repair:

RecQ helicases have major functions in DNA DSB repair, specifically in the HR
pathway. Most of the DNA substrates unwound by RecQ helicases mirror DNA
repair intermediates. RecQ helicases also have helicase independent regulatory
functions in DSB repair. Here, we discuss the role of RecQ) helicases in two DNA

DSB repair pathways.
1.5.1a RecQ helicases in NHE]:

The functions of RecQ) helicases in NHE] are not established thoroughly. However,
Reports have shown that Ku and XRCC4/LIG IV proteins augment exonuclease
activity of WRN but not helicase activity [57, 58]. Inversely, exonuclease activity of
WRN but not helicase activity stimulated by DNA-PKcs [59]. RECQL1 binds to
Ku70/80 complex and unwind partial duplex DNA substrate. In addition to this,
reduced end-joining activity was displayed by RECQL1 depleted cell extract [60].
There is no compelling evidence for the participation of RecQQ helicases in the NHE]
pathway. WRN seems to influence the A-E] pathway by forming a complex with
DNA ligase Il [61]. However, the functions of RecQ) helicases in the A-E] pathway

are dispensable.
1.5.1b RecQ helicases in HR:

RecQ helicases, more specifically BLM, have significant functions in the HR
pathway. BLM functions at various steps of the HR pathway. HR process starts with
nucleolytic degradation of DNA DSB ends to produce ssDNA tails, and this process
is called resection. The process of resection happens in two steps, short-range
resection, and long-range resection. The short-range resection is carried out by MRN
complex (MRX in yeast), which is stimulated by CtIP (Sae2 in yeast) [62-64]. CtIP
stimulates the cryptic endonuclease activity of Mrell to create nick around 200bp

away from DSB. Further, 3'-5” exonuclease activity of Mrell performs the short-
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range resection [65, 60]. To the site of nick, long-range resection machinery is
recruited [60]. The process of long-range resection happens in two independent
pathways involving Exol and Dna2-Blm-Rpa complexes [67]. Although Dna2 has
helicase and nuclease activity, its helicase activity is weak, relying on Blm for DNA
unwinding. On the other hand, Exol can perform the nucleolytic function on
dsDNA with no requirement of DNA unwinding [68]. In the Dna2-Blm-Rpa (Dna2-
Sgs1-Rpa in yeast) resection pathway, Blm unwinds the DNA, and Dna2 performs
the nucleolytic degradation [69]. Rpa stimulates helicase activity of the Blm and
exonuclease activity of Dna2 [67]. Rpa also promotes 5'-3 resection polarity of Dna2
by inhibiting degradation of 3'-terminated ssDNA [70]. TopollI-Rmil-Rmi2 and
MRN complex stimulates helicase activity of Blm and helps in recruiting Blm to
DSB site. This stimulatory effect of Topolll is independent of its catalytic activity
[67, 71, 72]. The primary function of TopollI-RMI1-RMI2 is to form a complex
with Blm (BTR complex) and assist in dissolving dHJ junctions. The second
resection pathway is carried out alone by Exol protein. However, Rpa, Blm, and
MRN (MRX in yeast) stimulate the resection activity of Exol [73-75], but their
activities are dispensable. Blm alone has a stimulatory effect on Exol mediated
resection compared to other RecQ helicases [73]. During the presynaptic step of
HR, Blm and RECQLS5 exhibit anti-recombinogenic activity by disrupting Rad51
nucleofilament [76, 77]. However, this effect is reversed in two cases. First, when
Blm gets SUMOylated, it facilitates the recruitment of Rad51 at the site of DSB [78].
Second, Blm stimulates strand exchange activity when Rad51 is in ATP-bound form
in place of ADP-bound form [79]. Conversely, WRN, and RECQL1 unable to
disrupt filaments of Rad51 [76, 77]. Displacement loop (D-loop) formed after strand
invasion can further proceed in three different pathways: a) double Holliday junction
tormation (dHJ) b) Synthesis dependent single-strand annealing (SDSA) c¢) Break
induced replication (BIR). Double Holliday junctions (dH]J) are resolved by either
resolvase GEN1, MUS81/EME1 (YEN1, Mus81-Mms4 in yeast) to generate
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crossover and non-crossover products or by dissolvosome complex (Blm-Topolll-
Rmil/BLAP75) to generate exclusively non-crossover products [80-82]. RECQLI
and WRN are also able to perform processing of Holliday junctions [83, 84]. BLM
has a definite role in SDSA, which results in the formation of non-crossover

products [85].
1.5.2 RecQ helicases in Plasmodium:

Two members of RecQ helicases (P/BLM and PfIRN) have been identified in
Plasmodinm. Biochemical experiments confirmed the conservation of helicase activity
in 3'-5 direction. Immunofluorescence data highlights the expression of both the
proteins in all intra-erythrocytic stages [20, 21]. Both the RecQQ helicases affect the
replication and transcription of genes. The rate of structural variant (SV), micro-
indel, and SNP increased near varlocus in case of PAIVRN knockdown parasites in
contrast to APfb/m strain emphasizing anti-recombinogenic activity of PRI but
not P/BLM [22]. Most importantly, P/BL.M was found to be having a significant
effect on the clonal expression of var genes but not PAIVRIN [23]. However, there are
no reports highlighting the DNA repair activity of either P/BI.M or PAIVRIN.
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Figure 5: Functions of RecQ helicases in different DSB repair pathways.

BLM has predominant functions in multiple steps of HR pathway compared
to other RecQ helicases. The functions of other RecQ helicases RECQLI1,
RECQLS5, and WRN in HR and NHE] pathway are dispensable.
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1.6 Artemisinin as a DNA DSB inducer in the Plasmodium genome:

The profound efficacy of artemisinin lies in its interference with multiple cellular
targets in parasite. Artemisinin alkylates parasite proteins and heme [86-88], Inhibits
PfATPG [89], abrogates functions of mitochondpria, and generates ROS to depolarize
parasite membranes [90]. Recent reports have shown that artemisinin also creates
ROS mediated DNA DSB in the Plasmodium genome [91]. Drug resistance for ART
is considerably increasing, so there is a need for a novel strategy to curb the disease
[92]. The generation of DSB may not be the primary mode of action for ART, but
it may affect parasite survival as it is a unicellular organism. Since WHO is currently
recommending Artemisinin-combination therapy (ACT), a combination of ART

with a DNA repair inhibitor may give promising results.
1.6.1 Artemisinin-based combination therapies (ACTSs):

Artemisinin-based combination therapy is the widely accepted anti-malarial regimen
by WHO. The half-life of artemisinin and its derivatives (artesunate, artemether, and
dihydro-artemisinin) is short when used as monotherapy. Therefore, artemisinin
derivatives are given in combination with another drug with different mode of action
and long-acting [93]. The biochemical target of the partner drug should be different
from the artemisinin derivative. The idea behind the ACT is that the synergistic
effect of two drugs will enhance the therapeutic efficiency, and the emergence of
drug resistance to each compound will be delayed. Currently, five WHO-approved
ACTs are used for the treatment of malaria: artesunate-amodiaquine (ASAQ),
artesunate-sulfadoxine-pyrimethamine (ASSP), artemether-lumefantrine (A.L.),
dihydro-artemisinin—piperaquine (D.P.), artesunate-mefloquine (ASMQ) [94].
Earlier reports have shown that the ART-mefloquine combination stopped the
mefloquine resistance progression. In addition to this, ACT also reduces malaria's
transmissibility by reducing gametocyte formation, which ultimately leads to less

carriage of gametocytes to peripheral blood [95, 96]. ACT even has an impact on
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malaria caused by P. vivax along with P.faliparum. However, recent reports have
shown the emergence of resistance to the available ACTs in different regions of the
wotld [97]. As there are no immediate alternatives for ACTs, it is necessatry to

develop new partner drugs for artemisinin, which interact synergistically.
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1.7 Significance of the study :

Genome integrity determines the fate of cells, and to maintain genomic integrity,
cells must be equipped with repair machinery. DNA DSB is one such damage that
leads to lethal consequences if ignored. Since Plasmodium is a unicellular organism,
unrepaired DSB will have a significant impact on cell survival. Earlier, it was reported
that the functional knockdown of essential repair protein of Plasmodium (PfRad51)
compromised parasites' survivability [13]. However, DNA repair genes that ate
characterized so far in Plasmodium share high sequence similarity with human
orthologues. This high similarity might be a barrier for aiming as a drug target.
Keeping this in mind, we selected RecQ) helicase (PfBlm) for our study since it shares
less homology with human counterparts. Here, we reported the importance of
PfBlm in Plasmodinm DNA repair. We observed the expression of PBLM induced
upon DNA damage and its ability to interact with well-known DNA repair proteins
of Plasmodinm. Using the yeast surrogate system, we deciphered the DNA repair
activity of P/BL.M and further confirmed it in parasite by performing overexpression
studies. We tested the effect of small molecule inhibitors of PfBlm (ML216 and
MIRA-1) on parasite growth and evaluated the impact of inhibitors on Plasmodium's
DNA repair. Finally, our studies have shown synergistic interaction of RecQQ helicase

inhibitor with clinically used anti-malarial drugs.

Our study enlightens the use of DNA repair inhibitors, more
specifically, RecQ) helicase inhibitors as anti-malarial drugs. Since RecQ helicases
have an essential role in most of the DNA metabolic activities, it will be beneficial
to target them. Our study also provided insights on the synergistic effect of
artemisinin and RecQ helicase inhibitor combination. This combination study sheds
light on the possibility of using RecQ helicase inhibitors as partner drugs for

artemisinin since ACTs are currently in application to treat malaria.
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1.8 Objectives of the study:

Parasite poses a threat to the complete elimination of malaria with the rapid
evolution of drug resistance. To avoid major crises, it is necessary to figure out new
drug targets and inhibitors for immediate use. DNA repair genes of Plasmodium are
entitled to targeting because earlier reports have shown that defective DSB repair
pathway culminates in parasite's death. In this work, we have asked two main
questions. Firstly, we wanted to check whether the RecQ helicase of Plasmodium has
any role in DNA repair. To that end, we utilized the yeast surrogate system and 7#
vitro parasite culture to establish the DNA repair functions of P/BLM. Secondly, we
wanted to try a chemical knockout approach for PfBlm to address the essentiality of
protein functions in parasite survival. To that end, we tested the effect of two known
RecQ helicase inhibitors on parasite and tried to establish its DNA repair inhibitory

activity when used in combination with artemisinin.
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1.9 Aims of Ph.D. work:

1. Implications of PfBLM in Plasmodium DNA response:
1) Stage specific expression of P/BLM

1)) DNA damage specific expression of P/BLM

iii) Interaction of PfBlm with key DNA repair proteins

iv) Complementation of DNA damage sensitivity of Asgs7 mutant by P/BL.M
v) Validation of DNA repair activity of P/BLM in parasite

2. Testing the effect of small molecule inhibitor of PfBlm on Plasmodium
growth:

1) In silico analysis of RecQ) helicase inhibitors
ii) Inhibition of iz vitro and 7n vivo growth of parasite with Rec(QQ helicase inhibitors
ii) Effect of MLL216 on DNA damaged cells

3. Checking the interaction of PfBlm inhibitor with current anti-malarial
drugs:

1) Interaction between MIL216 and artemisinin

i) Interaction between ML216 and chloroquine
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2.1 Recombinant DNA Methods:

2.1.1 Bacterial competent cell preparation :

For primary inoculum, 5 ml of LB medium with proper antibiotics were inoculated
with bacterial cells from a single colony and allowed it to grow overnight at 37°C,
200 rpm. From the primary inoculum, 1ml was taken and added into 50 ml LB media
with proper antibiotics and allowed to grow in the same conditions as the primary
inoculum until ODgw reaches 0.5-0.7. The harvesting of cells was done by
centrifuging cells for 8 minutes at 8000 rpm, 4°C. The obtained pellet was then re-
suspended in 25ml of 0.1M ice-cold CaClo. After re-suspension, centrifugation was
done for 8 minutes at 8000 rpm, 49C. Again, the pellet was re-suspended in 0.1M
ice-cold CaCl; solution (12.5 ml) and incubated for 4-8 hours. After the incubation,
cells were then centrifuged for 8 minutes at 8000 rpm, 4°C. Finally, the pellet was
re-suspended in 0.1M ice-cold CaCl; solution (1.07ml), and 170ul 100% glycerol was
added. Pre-chilled microfuge tubes were aliquoted with 100pl of suspension and
frozen in liquid nitrogen. After freezing, cells were shifted to -80°C for long term
storage.

2.1.2 Bacterial transformation:

The competent cell was taken from -80°C and thawed on ice before starting the
experiment. The plasmid DNA of interest (25-50ng) was added on the top of cells
and incubated on ice for 30 minutes. After incubation, the cells were given heat
shock for 30sec (TOP 10 cells) or 90sec (expression strains) and immediately shifted
the tube on ice for 2 minutes. LB medium (900pl) was added in the tube and
incubated in a shaker incubator at 37°C, 200 rpm, to allow cells to grow for 1 hour.
The cells were then pelleted down by spinning at 10000 rpm, 2 minutes, and most
of the supernatant was discarded. The pellet was re-suspended in the leftover
supernatant and spread on the LB-agar plate containing appropriate antibiotic. The

plate was incubated at 37°C till the appearance of colonies for 16 hours.
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2.1.3 Plasmid DINA isolation by alkaline lysis method:

The primary inoculum was given from the bacterial colony, harboring the desired
plasmid in 5 ml of LB medium with the proper antibiotic. The culture was grown
overnight at 37°C, 200 rpm. The harvesting of cells was done by centrifuging for 5
minutes at 4000 rpm, 4°C. The pellet was re-suspended in 200ul of pre-chilled
solution 1 (25 mM Tris pH 8.0, 10 mM EDTA pH 8.0) and transferred to a
microfuge tube. To this, 200ul of solution 2 (0.2 M NaOH, 1% SDS) was added and
inverted several times. The suspension was incubated at RT for 5 minutes. Then,
150ul of solution 3 (3 M NaOAc pH 5.2) was added and incubated on ice for 5
minutes with intermittent mixing. The centrifugation of the sample was done at
12000 rpm, 15 minutes, and the supernatant was collected. To this, 100% alcohol
was added in 2.2 volumes and incubated at -20°C for 90 minutes. The spinning of
the samples was done for 30 minutes at 12000 rpm, 4°C. This spinning precipitates
the DNA. Washing of the pellet was done with 70% alcohol and spun for 5 minutes
at 12000 rpm, 4°C. The air-dried pellet was re-suspended in 30ul of 1X TE (10 mM
Tris pH 8.0, 1 mM EDTA pH 8.0), and 5ul of RNase (10 mg/ml) was added and
incubated for 30 minutes at 37°C. The sample volume was made up to 400ul by
adding 1X TE, and 400ul of PCIA (Phenol: Chloroform: Isoamyl alcohol) solution
was added to it. The sample was vortexed for 3 minutes and spun at 12000 rpm for
15 minutes, RT. Out of three layers formed after centrifugation, the aqueous layer
was taken in a new tube, and 1/10th volume of solution 3, 2.2 volume of 100%
alcohol was added to precipitate DNA. The sample was incubated at -80°C for 4
hours. Final precipitation of plasmid DNA was done by centrifuging samples for
thirty minutes at 12000 rpm, 4°C. Pellet was washed by adding 70% alcohol (500 pl)
and spun at 12000 rpm, 4°C for 5 minutes. The pellet was air-dried and was re-
suspended in 30ul of 1X TE buffer. The integrity of plasmid DNA was checked by

agarose gel electrophoresis.
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2.1.4 Site-directed mutagenesis by splice overlap PCR method:

PfolmK83R mutant was generated by a splice overlap PCR method. ORF of P/BLM
was PCR amplified in two fragments bearing the desired mutation in each fragment.
The internal overlap sequence between two fragments allows them to anneal and act
as a template to amplify full-length ORF. Full-length ORF harboring desired point
mutation was amplified by employing the fusion PCR technique. The list of primers
used for the generation of Pfb/nKE3R mutant is listed in Table 1. The amplified PCR
fragment was cloned in InsTA vector pTZ57R/T (Thermo Scientific) and sent for
sequencing to confirm the point mutation. After sequence confirmation, the insert
was subcloned into pBFM and pARL vectors, respectively.

2.2 Yeast methods

2.2.1 Yeast competent cell preparation:

The primary inoculum was given by inoculating the desired yeast strain in 5 ml of
yeast growth medium and growing overnight at 30°C, 200 rpm. Next day, a certain
volume was taken from the primary inoculum and added in a 40 ml growth medium.
The volume of primary culture to be added in the secondary inoculum was calculated
using the formula:

Volume required = (Volume of secondary culture x 0.5 ODg0)/ (Overnight ODeoo
of primary culture x 2", n= no. of generations, generally 2 generations). The
secondary culture was allowed to grow until ODeoo reaches 0.6 to 0.8. The
centrifugation of cells was done at 3500 rpm, 4°C, and the pellet was washed with
10ml autoclaved Milli-QQ water to remove culture media remnants. Finally, cells were
re-suspended in 300ul Lithium acetate solution (1X Tris-EDTA, 1X Lithium
Acetate) to attain the competency.

2.2.2 Yeast transformation:

To the 200pl of competent yeast cells prepared, about 0.5-1pg of desired sample
DNA mixed with 10pg of carrier DNA (salmon sperm DNA) was added. PEG
solution [10X LiOAc (Sigma), 10X TE, 50% PEG 2000 (Sigma)] of about 1.2ml was

added, and it was incubated for 30 minutes, 200 rpm, 30°C. After incubation, heat
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shock was given at 42°C and placed on ice immediately for 2 minutes. The cells were
spun at 5000 rpm for 1 minute, and the supernatant was discarded completely. The
obtained pellet was re-suspended in 200ul 1X Tris-EDTA buffer and then spread
on the proper plate. The plates were kept in a 30°C incubator till the appearance of
colonies.

2.2.3 RNA isolation from yeast strains:

Yeast cells grown in 10ml of suitable media were taken at mid-log (ODeoo 1) for
RNA isolation. Cells were harvested by spinning them for 5 minutes at 3500 rpm.
The obtained pellet was re-suspended in 500ul of DEPC water. After re-suspension,
cells were given a short spin, and the supernatant was discarded. To the pellet, 400ul
of TES (10 mM Tris-Cl pH 7.5, 10 mM EDTA, and 0.5% SDS) solution, 400ul of
phenol (H2O buffered) was added and vortexed for 10 seconds. Then samples were
incubated for 60 minutes on a dry bath with temperature 65°C and vortexed in
between every 15 minutes. After that, samples were kept on ice for five minutes and
centrifuged for ten minutes at 14000 rpm, 4°C. The acquired aqueous layer was
aliquoted to a new tube, and to this, 400ul of chloroform was added. After
chloroform addition, samples were vortexed for ten seconds and spun for 10
minutes at 14000 rpm, 4°C. The acquired aqueous layer was transferred to a new
microfuge tube. Precipitation of RNA was done by adding 2.2 volume of pre-chilled
100% ethanol and 1/10th volume of 3M NaOAc pH 5.2. The samples were kept at
-80°C for 1 hour. After incubation, samples were centrifuged at 14000 rpm for ten
minutes, 4°C, and washed the pellet with 500ul of 70% alcohol (prepared with
DEPC water). After washing, cells were spun for 10 minutes at 14000 rpm, 4°C. The
air-dried pellet was re-suspended in 50ul of DEPC water. The RNA sample's
integrity was checked by FA gel electrophoresis, and the concentration by measuring

OD2s0 (OD2go of 1 is equal to a concentration of 40 ug/ml).
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2.2.4 Yeast two-hybrid analyses:

For yeast two-hybrid analysis, the P]69-4A strain was used. pPGBDUCI plasmid with
gene of interest was fused to the binding domain, and the second gene was fused to
the activation domain in pGADCI1 plasmid. The presence of both the plasmid was
confirmed by transforming them in PJ69-4A strain and selecting the colonies on
double dropout plates Sc-Ura-Leu. The interaction was determined by patching the
cells from double dropout plate to triple drop out plates SC-Ura-Leu-Ade/ SC-Ura-
Leu—His plates. The weak interaction was scored on SC-Ura-Leu—His plate, whereas
strong interaction was scored on the SC-Ura-Leu-Ade plate. Self-activation of the
gene was checked by transforming either empty bait or prey vectors and respective
plasmids containing the gene of interest. All bait fusion constructs were transformed
in the PJ694A strain to generate SNY10, SNY14. In PJ69-4A, as a control, empty
pGADC1 and empty pGBDUC1 were transformed to generate SNY16, SNY17.
Next, we transformed empty pGADCI in SNY10, SNY16, SNY14 to generate
SNY11 SNY12, and SNY15. Also, prey fusion was transformed in PJ69-4A to
generate SNY7. To SNY7, empty pGBDUCT and BD-RAD57 were transformed to
create SNY9 and SNY8. Finally, to SNY14, prey fusion was transformed to generate
SNY13. Yeast strains are listed in the Table 2.

2.2.5 DNA damage experiments in yeast:

To perform MMS sensitivity assay evaluated by spotting assay, the primary inoculum
was given with yeast strains SNY2-SNY06 in media lacking histidine. Next day,
secondary inoculum was given and grown till ODeoo reaches 0.5. The cells were
normalized, and 10-fold serial diluted and spotted on the SC-HIS plate containing
0.01% MMS. As a control, spotting was also done on the SC-HIS plate without
MMS. The plates were shifted to incubator (30°C), and comparison of the growth
was done. Return to growth assay was performed to check the efficiency of P/BLM
to complement MMS sensitivity. Yeast strains (SNY2-SNY6) were grown till they
reach the log phase and then divided into two equal portions. One portion was

exposed to 0.03% MMS for 2 hrs, whereas the other portion was incubated without

28| Page



CHAPTER Il
Materials and methodology

any treatment. After washing MMS, equal numbers of cells from both the parts for
each strain were spread on the SC-HIS plate and incubated for 48 hrs. at 30°C. The
percent survival was determined by calculating the number of colonies formed
between treated versus untreated cultures. Each assay was repeated three times
(n=3), and the The graph was plotted using GraphPad Prism software. Two tailed
t-test was used to calculate the p value (* represents P value <0.05; ** represents P
value < 0.01; *** represents P value <0.001; N.S. indicates not significant).

2.3 Recombinant protein expression:

PBI.M was cloned in bacterial expression vectors pET22b, pGEX6p2. These
constructs were individually transformed into bacterial expression strains, BL21
(DE3*), Codon plus, and Rosetta. The primary inoculum was given from
transformed samples directly and incubated at 37°C incubator, 200 rpm overnight.
From the overnight culture, the secondary inoculum was given and grown until
ODeoo reaches 0.6-0.8. Induction was given with 1mM isopropyl thiogalactoside
(IPTG, Sigma) incubating at different temperatures individually. Induction at 37°C
was kept for 4 hrs. incubation, whereas at 25°C was kept for overnight. After ODeoo
was measured, induced and un-induced samples were normalized, and the cell pellet
was collected. Finally, the pellet was dissolved in 1x laemmlli buffer. The
recombinant protein was visualized by SDS-PAGE.

2.4 Methods in Plasmodium falciparum culture:

2.4.1 Washing of red blood cells (RBCs):
From a healthy volunteer, 10 ml of blood was collected in a tube containing 1.5ml

of CPDA (2.63% Trisodium citrate, 0.32% citric acid, 3.19% dextrose, 0.22%
NaH2PO4.H20, and 0.02% adenine) and stored at 4°C till washing started. The
blood washing should be done within 6 hours of collection. Initially, the blood was
centrifuged at 1,500 rpm for 15 minutes at 4°C. The supernatant (serum) and the
white buffy layer at the junction were aspirated carefully with a Pasteur pipette. After
spinning, volume of the RBC layer obtained was evaluated, and to that an equal

volume of chilled incomplete medium was added and mixed them gently with
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pipette. Centrifugation of the sample was done at 2,500 rpm for 10 minutes at 4°C.
The supernatant was aspirated and rewashed with a pre-chilled incomplete medium.
The washing step was repeated once again, and the washed RBC was mixed with an
equal volume of incomplete medium to make hematocrit (hct) 50%. The washed
blood was stored at 4°C.

2.4.2 Thawing of Plasmodium parasites from liquid nitrogen:

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 content of the vial was transferred into a new 50ml
falcon tube, and 0.2ml of the solution 1 (12% NaCl) was added dropwise
(approximately one drop/second) by shaking gently. After adding solution 1, 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 centrifuged at
room temperature for ten minutes at 2000 rpm. 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
volumes of solutions added are calculated according to 1 ml of the sample.

2.4.3 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), equal volume of freezing
solution (5% Glycerol, 1.6% sodium lactate, 0.03% KCI, 25mM 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-proponal for gradual
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freezing. The freezing container was stored at -20°C overnight. Next day, for long-
term storage, the vials were shifted into a liquid nitrogen tank.

2.4.4 Maintenance of Plasmodium in vitro culture:

The candle jar method was followed to maintain strains of P. faliparum in vitro. The
culture was maintained in RPMI-1640 complete media containing Albumax-II
(5mg/ml), Hypoxanthine (0.5mg/ml). The hematocrit 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 5ml accordingly. Parasitemia was estimated by counting
the Giemsa stained blood smears.

2.4.5 Synchronization of Plasmodium parasites by sorbitol method:

The culture with early ring-stage parasites of 5 ml was transferred into a 15ml falcon
tube and centrifuged for 10 minutes at 2000 rpm, RT. The supernatant was aspirated,
and 0.5ml of pre-warmed 5% sorbitol solution was added to the pellet. The pellet
was incubated at 37°C in a water bath for 20 minutes with intermittent mixing for 5
minutes. After incubation, a pre-warmed incomplete medium was added to make up
the volume to 5 ml and centrifuged for ten minutes at 2500 rpm, RT. Supernatant
was aspirated, and washing was repeated thrice. Finally, the pellet was re-suspended
in complete medium, transferred into a new well in 6 well culture plate, and kept in
candle jar which was in a 37°C incubator.

2.4.6 Genomic DNA isolation from Plasmodiun:

The parasite culture of 10ml having 6-8 % parasitemia was harvested and centrifuged
for ten minutes at 3000 rpm, RT. To the pellet obtained, two PCV volumes of 0.15%
saponin was added and incubated for 30 minutes in a 37°C water bath with
intermittent vortexing. After that, five volumes of pre-warmed incomplete medium
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 pl of Milli-Q water and 25 pl of lysis buffer (10mM Tris-
HCI pH-8, 20mM EDTA pH-8, 0.5% SDS, and 0.1mg proteinase K) was added and
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incubated at 37°C for 3 hrs. with intermittent mixing at every 30 minutes. After
incubation, Milli-QQ water was added to make the volume to 400pl, and to this, an
equal volume of PCIA (phenol, chloroform, isoamyl alcohol) solution was added.
The sample was spun 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 Solution 3 (1/10 volume)
was added. The sample was incubated for overnight precipitation at -80°C. The next
day, the sample was centrifuged at 12000 rpm for 30 minutes, 4°C. Finally, 1xTE
buffer the pellet was dissolved, and the integrity of genomic DNA was checked by
running agarose gel electrophoresis.

2.4.7 Protein preparation from Plasmodium:

Parasite cultures of about 5-10ml were collected and centrifuged for 10 minutes at
3000 rpm, RT. Two PCV of 0.15% saponin was added to the pellet and was
incubated at 37°C water bath for twenty minutes with intermittent mixing. The
sample was mixed with 5 volumes of pre-warmed incomplete medium and spun at
4000 rpm for ten minutes at 4°C. The obtained parasite pellet was washed with 1x
PBS 3-4 times to remove the remnants of saponin. 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.

2.4.8 RNA isolation from Plasmodium:

The parasite culture of about 10ml was harvested and spun 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 added, and the sample was shaken vigorously.

The sample was allowed to settle for 2-3 minutes and centrifuged at 4°C for 30
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minutes at high speed. In a new microfuge tube, the obtained aqueous layer was
shifted, and 2-proponal (1ml) was added. At 4°C, the sample was kept for incubation
overnight. The samples were centrifuged next day at 14000 rpm, 4°C for 30 minutes.
The pellet was washed with 75% ethanol (prepared with DEPC waster) and spun at
14000 rpm for thirty minutes, 4°C. At last, air-dried pellet was re-suspended in 50ul
of DEPC water. The integrity of RNA was checked by running FA agarose gel
electrophoresis, and the concentration was determined by measuring OD2go.

2.4.9 Transfection in Plasmodium falciparum:

Synchronized eatly ring-stage parasites having parasitemia around 6-8% were taken
tor transfection. The desired plasmid (80-100ug) was resuspended in 50pl of cytomix
solution (10mM KoHPO, pH-7.6, 120mM KCI, 0.15mM CaCl,, 25mM HEPES pH-
7.6, 2mM EGTA pH-7.6, and 5mM MgCl) 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, 1250ul of pre-warmed cytomix was added and pipetted gently. From the
re-suspension, 350ul was taken and added to a microfuge tube containing 50pl of
cytomix re-suspended DNA. The contents from the microfuge tube were
transferred to the electroporator cuvette without generating any air bubbles. Then,
the cuvette was placed in the Bio-Rad Gene Pulsar, and pulse was given by selecting
the program having 0.31kV, 950uF, « resistance. After the pulse, the sample in the
cuvette was mixed with cold complete media and transferred to 6 well culture plate.
Pre-warmed complete media of about 3ml and 100ul 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.
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2.5 DNA damage experiments in parasites:

For the stage-specific DNA damage experiments the cells were treated with 0.05%
MMS for 6 hrs. and untreated cells were also grown simultaneously. Semi-
quantitative PCR and western blotting was performed after isolating RNA/protein
trom both the group of cells.

Return to growth assay was performed with 3D7 cells harboring pARL-P/BLM and
pARL-Pf/mKE3R  overexpression plasmids. Synchronized parasites of three IDC
stages were taken with parasitemia around 1% and treated with 0.002% or 0.005%
MMS for 2 hrs. After the treatment, cells were washed twice and allowed to grow in
complete media for 48 hrs. 3D7(wild type) parasites were also given MMS treatment,
as mentioned above, which acted as a control. Percentage survival was obtained by
taking the ratio of percentage survival between treated and untreated cultures. The
experiment was repeated thrice (n=3), and the graph was plotted using GraphPad
Prism software. Two tailed t-test was used to calculate the p value (* represents P
value <0.05; ** represents P value < 0.01; *** represents P value <0.001; N.S.
indicates not significant).

2.6 Drug studies in Plasmodium:

2.6.1 Inhibitory concentration determination assay in Plasmodium:
Synchronized trophozoite stage parasites (3D7 & Dd2) having parasitemia 1% were
used for the assays. The assay was performed with 1ml culture in 1.5ml microfuge
tubes. The culture was spun at 2500 rpm for five minutes, and the obtained
supernatant was discarded. To the cells in pellet, Iml complete media containing
varying concentrations of drugs was added and transferred to 24 well culture plates.
The plate was incubated for 48 hrs. in a 37°C incubator containing a candle jar. The
concentrations of MLL216 and MIRA-1 taken for assay ranged from 0.001uM to
1000uM. DMSO treated culture was taken as vehicle control. Cell survivability was
evaluated by both Giemsa staining method as well as SYBR Green-I based assay like

previously described [98]. Dose-response curves were plotted using Graph Pad
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Prism to obtain ICso values. Each assay was reproduced thrice for reproducibility
(n=3).

2.6.2 In vivo growth inhibition assay with ML.216:

The 7n vivo antimalarial activity of MLL216 was evaluated by performing Peters 4-day
suppressive test [99]. Two random group of mice were made with 4 individuals in
each group, and an equal number of pRBCs (P. berghei ANKA) was injected
intraperitoneally in mice. The animals in the test group were injected with 25mg/Kg
MI216 intraperitoneally after three hours of infection. The animals in negative-
control group were injected with 200ul of the vehicle (0.1% DMSO in water). The
drug treatment was given for 4 days beginning from day 0 of infection. Blood smears
were prepared from all the groups of mice from day 0, and Giemsa stained to assess
the parasitemia levels. The host survivability in all groups was monitored daily for a
period of 40 days following inoculation. The parasitemia of mice each group was
plotted against the days post infection and kaplan-meier survival curve was plotted
for the mice used in the experiment.

2.6.3 Effect of ML216 on DNA damaged cells:

The synchronized parasites from three blood stages, having parasitemia 1% was
taken for assay. The assay was performed with 1ml culture in a 24 well plate. The
cultures were split into 2 equal parts; to one half 0.005% MMS treatment was done
for 2 hrs. and MMS was washed after treatment. Complete medium containing
different concentrations of ML216 (0.1 nM to 1000 uM) was added to the cells and
allowed it to grow for 48 hours. The second part of the culture was grown in MI.216
without MMS treatment. Two controls were kept in this experiment, one in which
MMS treatment was done without the addition of M216 and the other in which both
MMS and MIL216 was added. Cell survivability was evaluated by Giemsa staining
method. Dose-response curves were plotted using Graph Pad Prism to obtain ICsg

values. Each assay was reproduced thrice for reproducibility (n=3).
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2.6.4 Fixed ratio method to determine the interaction between ML216 and
DHA/CQ/ATQ:

Trophozoite stage parasites were used to determine the interactions between ML216
and DHA/CQ/ATQ. ICso of DHA/CQ/ATQ was determined similarly like
MI216. For each drug, 8-fold of their ICso concentration was taken as 100% and 6
fixed ratios were prepared (5:0, 4:1, 3:2, 2:3, 1:4, and 0:5) based on that. Each
combination was 2-fold serial diluted six times so that in the 3™ and 4™ of a serial
dilution the ICso value falls. The inhibitory effect of 2-fold serial dilutions of each
drug combination on the parasite was determined in a 96-well plate in triplicates.
Each well contained 200ul culture, 1% parasitemia, and 2.5% hematocrit. Incubation
of the plate was done at 37 °C after drug treatment for 48hrs. After the incubation
period, smears were prepared for Giemsa staining based determination of
parasitemia. For each combination, semi-log graph was plotted to determine ICso
value using GraphPad Prism software. The fractional inhibitory concentration (FIC)
for each compound was determined using the equation: FIC=ICs of the drug in
combination/ICs of individual drug. The FIC values of both drugs were used to
determine the interaction between MIL.216 and DHA by using the equation.
YFIC= (ICso of DHA in combination /ICso of DHA) + (ICs0 of MI.216 in
combination/ICsy of MIL216). GraphPad Prism software was used to plot
isobologram. Y FIC <1 represents synergism; » FIC=1 and 2 represent additive
interaction, and Y FIC=2 represents antagonism. A similar equation was used for
CQ/ATQ and MI.216 combination.

2.7 Co-purification assay:

Rosetta (DE3) bacterial expression cells harboring pGEX6P2: P/BLM was induced
with 1mM Isopropyl thiogalactosidase IPTG) at 16°C overnight, whereas the same
cells harboring pET101D: PARAD57 was induced with IPTG (1mM) at 37°C for 4
hours. All the pellets were lysed using the standard laboratory protocol. Briefly, 0.5
gm of cell pellets were suspended in 2 ml lysis buffer (50% Glycerol, 50 mM
NaH,PO4, 20 mM imidazole, 20 mM B-mercaptoethanol, 200 mM NaCl and 2%
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Tween 20) containing 1 mg/ml lysozyme and protease inhibitor (PMSF). For each
pellet, sonication was done on ice separately to attain proper lysis. After sonication,
the pellets were spun at 10000g for 40 minutes at 4°C and supernatant was collected.
The supernatant of PfRad51 and PfBlm were mixed in equal volumes and incubated
for 1 hour in the rocking condition. The supernatant mixture was then added with
50% Ni-NTA slurry and incubated for 1 hour in a rocking position and 1 hour in
the column in a standing position. Initially, loading flow-through was collected, after
that the column was washed with the wash buffers I and II containing varied
concentrations of imidazole (20mM and 50mM). Elution was done with buffer
containing imidazole concentration 400mM. Co-purification was also performed
with supernatants of PfRad51 and an empty GST tag mixture, which acted as a
control. The eluted samples were further analyzed by western blotting technique.
2.8 Western blot analysis:

The protein samples of interest were separated on SDS-PAGE and transferred onto
the Poly Vinylidene di Fluoride (PVDF) membrane. 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.
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 hrs. RT. The
blot was added with the primary antibody and kept at 4°C overnight in a rocking
position. Next day, washing of the blot was done with 1xXTBST (0.2 M Tftis 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 hrs. and washed as
previously described. The blot was developed by the chemiluminescence system
(Pierce) substrate and visualized in a Bio-Rad chemidoc system. Quantification of
blot intensities was done by using the Image | software. For probing PfBlm peptide,
the antibody was generated for a unique sequence at the C-terminus of PfBlm

protein (KELEKREEELNEKTKNDQE). The peptide antibody was generated in
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rabbits. Anti-Blm antibody, anti-actin antibody, and anti-HIS antibody was used at
1:5,000 dilution. HRP-conjugated anti-rabbit secondary antibody (Calbiochem) was
used at 1:10,000 dilution for PfBlm protein, whereas anti-mouse secondary antibody
which was HRP-conjugated (Calbiochem) was used at 1:10,000 dilutions for actin
and histidine-tagged proteins.

2.9 Methods for bioinformatics analyses:

2.9.1 Docking and molecular dynamics simulations:

The PfBlm protein was modeled using the I-TASSER server [100, 101]. A quality
check of the predicted structural models was performed using the PROCHECK
program [102]. The model closest to HsBLLM structure (PDB ID: 4CGZ) [103] in
terms of root mean square deviation (RMSD) was chosen for further studies. A 10
ns equilibration of the model was carried out using the GROMACS program with
the CHARMMZ306 force field [104, 105]. In order to choose a representative structure
from the simulation trajectory, a clustering of structures from the last 5 ns of the
trajectory was performed using the GROMACS program. The structure at the center
of the largest cluster was chosen as a representative structure for docking studies.
The inhibitors MLL216 and MIRA-1 were docked on to PfBlm model using the
AutoDock Vina program [106]. Two independent docking runs were performed for
both the inhibitors: one with the ATP-binding site as the docking search space, and
one with the DNA-binding region as the docking search space. For each run, the
docking pose with the highest number of protein-inhibitor hydrogen bonds was
selected for molecular dynamics simulations. The protein-inhibitor complex was
simulated for 50 ns using the GROMACS program with the CHARMM36 force
tield [104, 105]. Force field parameters for the inhibitor molecules were obtained
using the Paramchem server [107, 108]. The binding free energy for the protein-
inhibitor complex was calculated using the molecular mechanics Poisson-Boltzmann

surface area (MM-PBSA) method [109, 110].
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Primer Primer Sequence Purpose

OMKB332 ATTCGAGATAAAGGAATTATTGAAG F.P. to amplify PfBLM for Semi quantitative PCR

OMKB333 ATGCTTCCTCTTTACATTCATAG R.P. to amplify PfBLM for Semi quantitative PCR

0SBY% CTGTAACACATAATAGATCCGAC F.P. to amplify PfARP for Semi quantitative PCR
and short-range PCR product

0OSB95 TTAACCATCGTTATCATCATTATTTC F.P. to amplify PfARP for Semi quantitative PCR
and long-range PCR product

OMKB394 TCAGGATCCATGGTGACGAAGCCGTCAC F.P. to amplify ScSGSL1 for cloning in pBFM vector

OMKB395 TCAGTCGACCTTTCTTCCTCTGTAGTGAC R.P. to amplify ScSGS1 for cloning in pBFM vector

OMKB372 TCAGGATCCATGAATGAAGATGCTATGAAAATTTTG F.P. to amplify PfBLM for cloning in pBFM,

pGEX-6P2 and pGADC1 vectors
OMKB373 TCAGTCGACAATTTTCCTTGGAATTTTAAATGAAG R.P. to amplify PfBLM for cloning in pBFM vector
OMBK382 CTAGTCGACTCAAATTTTCCTTGGAATTTTAAATG R.P. to amplify PfBLM for cloning in pGEX-6P2
and pGADC1 vectors

OMKB19 ATCGGATCCATGAAACAAGCAAATACAAAAG F.P. to amplify PfRAD51 for cloning in pGBDUC-
1 vector

OMKBL17 ATCGTCGACTTTATTTTTCCTCATAATCTGC R.P. to amplify PfRAD51 for cloning in pGBDUC-
1 vector

OMKB610 ATCGGTACCATGAATGAAGATGCTATGAAAATTTTG F.P. to amplify PfBLM for cloning in pARL vector

OMKB611 ATCCCTAGGAATTTTCCTTGGAATTTTAAATGAAG R.P. to amplify PfBLM for cloning in pARL vector

OMKBG666 AAATTAAGGATCTCCCACCACCTG Overlapping primer to create PfbhImK83R mutation

OMKB667 CAACAGGTGGTGGGAGATCC Overlapping primer to create PfbImK83R mutation

OMKB276 AAGAATTGGGACAACTCC R.P. to amplify GFP for confirming Transfection

OMKB463 TCAGTCGACATGTTGAATGATATGAATGATAAAAAAG F.P. to amplify long-range PCR product

OMKB464 TCAGTCGACTCAACCTATGTAACCTTTACACTTC R.P. to amplify long-range PCR product

F.P: Forward Primer: R.P: Reverse Primer
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List of yeast strains used in this study

Strain
name

Genotype

Source

PJ69-4A

MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal44 gal804
LYS2::GALI-HIS3 GAL2-ADE?2 met2::GAL7-lacZ

[14]

SNY1

MATa leu2-3,112 trpl-1 can1-100 ura3-1 ade2-1 his3-11,15,
sgsIA::KAN'

This study

SNY2

MATo leu2-3,112 trpl-1 can1-100 ura3-1 ade2-1 his3-11,15,
sgsIA::KAN"pBFM / ScSGS1

This study

SNY3

MATa leu2-3,112 trpl-1 canl-100 ura3-1 ade2-1 his3-11,15,
sgsIA::KAN'pBFM / PfBLM

This study

SNY4

MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15,
sgsIA::KAN"pBFEM / PfbimK83R

This study

SNY5

MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15,
sgsIA::KAN"pBFM / PFWRN

This study

SNY6

MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15,
sgsIA::KAN"pBFM

This study

SNY7

MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal44 gal804
LYS2::GALI-HIS3 GAL2-ADE2 met2::GAL7-lacZ
pGADC1/PfBLM

This study

SNY8

MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal44 gal804
LYS2::GALI-HIS3 GAL2-ADE2 met2::GAL7-lacZ
pGADC1/PfBLM pGBDUC1/PfRAD51

This study

SNY9

MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal44 gal804
LYS2::GALI-HIS3 GAL2-ADE2 met2::GAL7-lacZ
pGADC1/PfBLM pGBDUC1

This study

SNY10

MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal44 gal804
LYS2::GALI-HIS3 GAL2-ADE2 met2::GAL7-lacZ
pGBDUC1/PfRAD51

This study

SNY11

MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal44 gal804
LYS2::GALI-HIS3 GAL2-ADE2 met2::GAL7-lacZ
pGBDUC1/PfRAD51 pGADC1

This study

SNY12

MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal44 gal804
LYS2::GALI-HIS3 GAL2-ADE2 met2::GAL7-lacZ pGBDUC1
pGADC1

This study

SNY13

MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal44 gal804
LYS2::GALI-HIS3 GAL2-ADE2 met2::GAL7-lacZ
pGBDUC1/PfalMRE11 pGADC1/PfBLM

This study

SNY14

MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal44 gal804
LYS2::GALI-HIS3 GAL2-ADE2 met2::GAL7-lacZ
pGBDUC1/PfalMRE11

This study

SNY15

MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal44 gal804
LYS2::GALI-HIS3 GAL2-ADE2 met2::GAL7-lacZ
pGBDUC1/PfalMRE11 pGADC1

This study

SNY16

MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal44 gal804
LYS2::GALI-HIS3 GAL2-ADE2 met2::GAL7-lacZ pGBDUC1

This study

SNY17

MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal44 gal804
LYS2::GALI-HIS3 GAL2-ADE2 met2::GAL7-lacZ pAGDC1

This study
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Implications of PBLM in Plasmodium
DNA repair
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3. Introduction:

Resistance to the available drugs obstructs the process of malaria treatment. It is
necessary to be equipped with new drug molecules that target indispensable
pathways in the parasite. Farlier reports have shown that Plasmodium relies on the
homologous recombination (HR) pathway to repair DNA damage incurred during
cellular processes [13]. To regard HR as a drug target, we need to study molecules
of the pathway. RecQ helicases take part in different DNA metabolic pathways and
are very crucial for maintaining genome stability. However, RecQ helicases have a
critical role in homologous recombination since most of its substrates resemble
repair intermediates of the pathway [111]. Out of five RecQ) helicases in humans,
Bloom's syndrome helicase (BLM) and Werner's syndrome helicase (WRN) have a
crucial role in the HR pathway. BLM and WRN function at different steps to ensure
the proper repair of damaged DNA. BLM particularly has a significant role at critical
stages of the pathway. Extended resection of the broken ends prompts the cells to
undergo homologous template mediated repair instead of NHE]. BLM functions
during this long-range resection stage carried out by two independent proteins
DNA2 and EXO1. BLM's role in the DNA2 mediated pathway indispensable but
not in EXO1 mediated pathway [67]. During the pre-synaptic and synaptic HR
phase, BLM displays both pro and anti-recombinogenic activity depending upon its
post-translational modifications [112]. BLM enriches key recombinase protein
Rad51 to DSB ends when it is in SUMOylated state [78] and promotes strand
exchange activity when Rad51 is in active ATP-bound form [79]. Termination of
HR requires the resolution of the unusual DNA structures formed during the
process. Double Holliday junction (dHJ) is one such repair intermediates whose
resolution results in different end-product formation. Dissolution of dHJ by Blm
along Topolll-Rmil produces complete non-crossover products, an essential
process during mitotic HR. Earlier reports have shown that Plasmodium RecQ

helicases are required for normal replication and transcription, but none of them
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demonstrated their DNA repair activity. Keeping in mind, the critical functions of
BI.M in DSB repair, we chose to study the DNA repair activity of Plasmodinm BLM.
To this end, we investigated the expression of P/BLM under DNA damaging
conditions and its interaction with essential DNA repair proteins of Plasmodinm.
Next, we checked the DNA repair activity of P/BLLM using a yeast surrogate system.
Finally, we confirmed the DNA repair activity of P/BLM by performing

overexpression studies in the parasite.
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3.1 Results:

3.1.1 Expression of PfBLM and antibody generation:

To generate an antibody against PfBlm protein, we attempted to express and purify
the full-length protein. To this end, we cloned the P/BI.M gene in pET22b and
pGEX-6P2 bacterial expression vectors. We transformed the constructs in different
bacterial expression strains rosetta, BL21 DE3*, and codon plus, and subjected to
IPTG mediated induction at various conditions. Protein induction was not observed
with the pET22b:P/BLM construct (Fig. 6A & 6B), but with the pGEX-6P2: P/BLM
construct minimal expression was observed (Fig. 6C). However, protein induction
was too low to proceed for purification, and remained in insoluble pellet fraction
after sonication (Fig. 6D). We opted for peptide antibody generation and raised an

antibody against the unique C-terminal region of the protein (Fig. 6E).

3.1.2 PfBLM expression is maximum at the mitotically active schizont stage

of P.falciparumn:

To check the expression of P/BLM during blood stages of P. falciparum, we
performed real-time RT-PCR, semi-quantitative RT-PCR and western blotting.
Previous reports have shown that HsBILLM and SeSGS7T expression levels are at peak
during S-phase of cell cycle [113, 114]. Since intra-erythrocytic developmental stages
of Plasmodium tollow the pattern of regular cell cycle we sought to investigate its
expression level during different blood stages. For this purpose, from synchronous
parasites, we isolated RNA and protein at the ring, trophozoite and schizont stages
to perform quantitative RT-PCR, and western blotting. At the RNA level, expression
of P/BI.M was found to be high during schizont and trophozoite stage compared to
the ring stage. As a loading control, P£ARP (Asparagine rich protein) was used. In
quantitative RT-PCR, we observed five and eleven-fold up regulation of P/BL.M in
trophozoite and schizont stages in contrast to ring stage (Fig. 7A). Similar pattern of

upregulation was observed with semi-quantitative RT-PCR as well (Fig. 7B).
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Fig. 6: Expression of recombinant protein PfBlm in bacterial expression
vectors pET22b and pGEX-6P2: (A) SDS-PAGE shows no expression of PfBlm
as histidine tagged protein in Rosetta (R), BL21 DE3* (D) and codon plus (C) strains
at 25°C. (B) SDS-PAGE shows no expression of PfBlm as histidine tagged protein
in Rosetta (R), BL21 DE3* (D) and codon plus (C) strains at 37°C. C) SDS-PAGE
shows the expression of P/BL.M in pGEX-6P2 vector in Rosetta at 16°C. (D) SDS-
PAGE shows the expressed pGEX-6P2:P/BI.M clone after sonication where the
majority of the induced protein is seen in pellet fraction. (E) Specificity of anti-PfBlm
antibody that recognized a specific band of 80 kDa corresponding to PfBlm protein

versus the pre-immune sera.

The abbreviation of the tags used in A, B, C, and D are presented below:

RvUI : Rosetta vector uninduced RcUI : Rosetta clone uninduced

Rvl : Rosetta vector induced RcUI(0) : Rosetta clone uninduced 0 hr.

DvUI(0) : BL21 DE3* vector uninduced Ohr. Recl : Rosetta clone induced

DvUI  :BL21 DE3* vector uninduced DcUI(0) :BL21 DE3* clone uninduced Ohr.

Dvl : BL.21 DE3* vector induced DcUI : BL.21 DE3* clone uninduced

CvUI(0) : Codon plus vector uninduced Ohr. Dcl : BL21 DE3* clone induced

CvUI : Codon plus vector uninduced CcUI(0) :Codon plus clone uninduced Ohr.

Cvl : Codon plus vector induced CcUI : Codon plus clone uninduced
Ccl : Codon plus clone induced
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These findings are in good agreement with several high-throughput transcriptome
data available in the database [115, 116]. The schizont stage specific abundant
expression of PfBlm protein corroborated well with the mRNA expression data (Fig.
7C & 7D). PfActin was used as loading control for the western blotting experiments.
As the schizont stage is associated with replication and HR activities our results
suggest the likely involvement of PfBlm in these two conserved processes.

3.1.3 DNA damage induced up-regulation of PfBLM during IDC stages:

We investigated whether P/BIL.M is over-expressed in response to DNA damage.
Earlier reports have shown that Plasmodium proteins involved in DSB repair are
overproduced upon DNA damage [14, 15]. Hence, we sought to investigate stage
specific induction of P/BI.M under DNA damaging conditions. For this purpose, we
treated tightly synchronous parasites of the ring, trophozoite and schizont stages
with known DNA damaging agent methyl methane sulfonate (MMS) for 6 hrs. After
the treatment, total RNA/proteins were isolated from both the cultures (untreated
and treated). We performed quantitative RT-PCR to check the expression of P/BL.M
in both treated and untreated cultures. As a loading control, PEARP was used. At the
ring stage, we observed fourteen-fold up regulation of P/BLM under DNA damaging
conditions and at the trophozoite stage five-fold up-regulation, but its level remained
unchanged during the schizont stage (Fig. 8A). We examined induction of PfBlm
protein with western blotting in the three blood stages of the parasite. The
expression of PfBlm was increased almost three-fold under DNA damaging
condition in the ring and the trophozoite stage whereas no significant induction was
observed at the schizont stage (Fig. 8B & 8C) which correlates with the transcript
level. It could be possible that the steady-state level of P/BLM mRNA or protein is
already so high at the schizont stage that any further induction was not quantifiable.
Nonetheless, the over production of P/BL.M in response to DNA damage suggests

its likely involvement in DSB repair.
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FIG. 7: PfBLM expression is maximum at the mitotically active schizont
stage. (A) Relative abundance of P/BLM transcript during ring (12 hpi), trophozoite
(24 hpi) and schizont (38 hpi) stages quantified by Real-time RT-PCR analysis. Data
was normalized against PLARP. The mean values = SD from three independent
experiments are plotted. (B) Semiquantitative RT-PCR showing expression of
PBILM mRNA at the ring, trophozoite and schizont stages. PLARP was used as
loading control. PCR without reverse transcription (-RT) shows no amplification of
P/BILM. Representative microscopic images of different blood stages are shown
below the blot. (C) Stage specific expression of PfBlm protein. PfActin was used as
the loading control. The position of molecular markers is indicated on the left. (D)
The quantification of western blotting from three independent experiments. Data
was normalized against loading control PfActin. Each bar represents mean density
+SD (n=3). Two tailed t-test was used to calculate the p value (* indicates P value
<0.05; ** indicates P value < 0.01; N.S. indicates not significant). hpi: hours post-

invasion.
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FIG. 8: DNA damage induced up-regulation of PfBLM during intra
erythrocytic developmental stages. (A) Synchronized P. falciparum invitro cultures
at ring, trophozoite and schizont stages were either untreated (U) or treated (T) with
0.05% MMS for 6 hrs. Realtime RT-PCR from extracted RNA revealed up-
regulation of P/BLM mRNA during ring and trophozoite stages upon DNA damage
but its level was not changed during schizont stage. PEARP transcripts was used as
loading control. Each bar represents mean value =SD (n=3). (B) Western blots
showing MMS induced expression of PfBlm protein at the ring and trophozoite
stages but in case of schizont stage it remains unchanged. U: untreated; T: treated
with MMS. PfActin acted as loading control. The position of molecular markers is
indicated on the left. (C) The quantification of western blotting from three
independent experiments. Data was normalized against PfActin. Each bar represents
mean band intensity ¥SD (n=3). Two tailed t-test was used to calculate the p value

(* indicates P value <0.05; ** indicates P value < 0.01; N.S. indicates not significant).
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3.1.4 PfBIm interacts with key DNA repair proteins PfRad51 and PfalMrell:

We investigated whether PfBlm physically interacts with other bona fide DSB repair
proteins of P. falciparum. In order to function in the DSB repair pathway, PfBIm must
interact with proteins of the HR pathway. Previous studies have shown that HsBLM
interacts with both HsRad51 and HsMrell [117, 118]. We investigated whether
PfBlm interacts with PfRad51 and PfalMrell which were previously implicated as
DNA repair proteins in Plasmodium. For this purpose, we carried out yeast two hybrid
analysis. In the prey vector harboring GAI 4 activation domain and LLEUZ selectable
marker P/BL.M was cloned. In the bait vector having GAI 4 DNA binding domain
and URAJ as selectable marker PARAD57 or Pfa/MRETT were cloned. Doubly
transformed yeast cells were scored for the HIS3 or ADEZ2 reporter genes
expression. Growth was seen on SC-Leu-Ura-His triple dropout plate indicating the
interaction between PfBlm and PfRad51. The interaction between PfBlm and
PfalMrell was found to be much stronger as growth was detected not only on SC-
Leu-Ura-His plates but also on SC-Ura-Leu-Ade triple dropout plates (Fig. 9A). To
turther confirm the interaction between PfBlm and PfRad51, co-purification assay
was performed. To this end, we expressed recombinant PfRad51 with histidine tag
and PfBlm with GST tag in E. co/i. Both the cell lysates were mixed and passed
through Ni-NTA column and eluted. We detected both PfBlm and PfRad51 signal
in western blot of the elute suggesting their interaction whereas no signal was
detected when only PfBIm-GST lysate was passed through Ni-NTA column or
empty GST tag lysate was mixed with histidine tagged PfRad51 and passed through
Ni-NTA column (Fig. 9B). As full length P/a/MRET7 could not be expressed in
bacterial systems [14], such co-purification experiment could not be performed for
these pair of proteins. These observations that PfBlm associates itself with two well
established DSB repair proteins of P. faleiparum strongly suggests for a role of PfBlm

in the DSB repair pathway in this parasite.
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FIG. 9: PfBlm interacts with key DNA repair proteins PfRad51 and PfalMrell.
(A) Full length P/BI.M was fused to GAILA4 activation domain of pGADCI. Similarly,
tull length Pa/MRET7 and PRADS57 were fused to GALA4 binding domain of
pGBDUCI. Interaction was tested in yeast strain PJ69-4A which bears ADEZ2 and
HIS as reporter genes. Starting with same OD (1 OD/ml) ten-fold serial diluted cells
were spotted on plates lacking leucine and uracil for checking the presence of bait
and prey plasmids. Simultaneously cells were spotted on plates lacking histidine and
adenine to check the interaction. (B) Western blotting shows the interaction between
PfRad51 and PfBlm in Ni-NTA pull down (lane 3). The cell lysate of histidine tagged
PfRad51 mixed with empty GST cell lysate (lane 5) did not show signal with anti-
Blm antibody. The description of each lane is written at the bottom. The position of

molecular markers is indicated on the right.
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3.1.5 Interaction points between PfRad51 and PfBlm:

Since the interaction between PfRad51 and PfBlm is essential for functional HR
pathway. We reasoned that disruption of this interaction between these two proteins
might affect the HR pathway. To this end, we did an zn-siico analysis to predict
contact points in PfRad51 protein. This was a collaborative work with a
bioinformatics lab in our school and the data is not included in this thesis.
Nonetheless, the z-silico protein-protein docking studies predicted two contact
points in PfRad51 protein at 260™ and 325" positions necessaty for interaction with
PfBlm protein. We generated two single mutants and a double mutant of P/ARADS57
at those contact sites namely: Pfrad51R260A4, Pfrad51Y325A4, and
Pfrad51R260A&Y325.4. We cloned these mutants in bait vector pGBDUC1 and
performed a yeast two-hybrid assay to test their interaction with P/BLM.
Simultaneously, we also expressed these mutants in E. ¢/ and performed a co-
purification assay. To our surprise, both the single and double mutants interacted
with PfBlm in both yeast two-hybrid assay and co-purification assay (Fig. 10A, 10B,
10C & 10D). Hence, we did not proceed further with this project. It might be
possible that there are multiple contact points in PfRad51 protein, which are
essential for interaction with PfBlm protein.

3.1.6 PfBLM functionally complements MMS sensitivity of Asgs/ mutant of
S. cerevisiae:

We investigated whether P/BLM can functionally rescue the DNA repair defect of
the RecQQ mutant of budding yeast. . cerevisiae possesses a single RecQ) gene, namely
SGS1. The DSB repair properties of Sgs1 are well established. Previous studies have
shown that Asgs7 mutant strain is sensitive to genotoxic agent MMS [119] and the
tull length HsBI.M was able to complement the MMS sensitivity [120]. The
complementation was dependent on the helicase activity of HsBLM protein since
helicase dead mutant Hsb/mK695R was not able to perform the DNA repair function
[120]. In our study, we investigated whether full length P/BL.M and helicase dead
mutant of PBL.M
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FIG. 10: Interaction points between PfRad51 and PfBlm: (A) Full length P/BL.M
was fused to GALA4 activation domain of pGADCI. Similarly, mutants of P/RAD57:
Pfrad51R260A, Pfrad51Y325.4 and double mutant were fused to GAL4 binding
domain of pGBDUCI. Interaction was tested in yeast strain PJ694A which bears
ADE2 and HIS as reporter genes. Starting with same OD (1 OD/ml) ten-fold setial
diluted cells were spotted on plates lacking leucine and uracil for checking the
presence of bait and prey plasmids. Simultaneously cells were spotted on plates
lacking histidine and adenine to check the interaction. (B),(C) and (D) Western
blotting shows the interaction between mutants of PfRad51 and PfBlm in Ni-NTA

pull down. The description of each lane is written at the bottom.
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(PfoimK83K) can complement the DNA damage sensitivity of Asgs7 mutant strain.
Along with P/BL.M another identified RecQ helicase of Plasmodinm PAWRN was also
tested. To this end, we knocked out SGS7 gene from S. cerevisiae to generate SNY'1
strain. P/BL.M, PfbimKS83R and PAWRN cloned in pBFM vector were transformed in
SNY1 to generate SNY3, SNY4 and SNY5. We also transformed SaSGS7 cloned in
pBFM vector and empty pBFM vector to generate SNY2 and SNY6 which acted as
the positive and negative controls, respectively. Complementation studies were done
using return to growth assay and by growing strains on plate containing MMS. In
both the assays we observed that P/BI.M could partially complement the DNA
damage sensitivity of Asgs7 mutant whereas PfbimKS83R or PAWRIN were inefficient
to overcome the sensitivity (Fig. 11A & 11B). In return to growth assay the helicase
dead mutant behaved similar to the negative control indicating the importance of
helicase activity of PfBlm protein in performing DNA repair function. The
expression levels of P/BLM, P/imK83R and PWRIN were determined by semi-
quantitative RT-PCR method and the expression levels were found to be comparable
to that of SeSGS'7 (Fig. 11C). We used pBFM plasmid as it would enable us to detect
the protein expression of the cloned genes using anti-Myc antibody. However, we
failed to detect the expression of any Myc tagged proteins. These results strongly
suggest that the DSB repair function of RecQ) helicase is also conserved in P{Blm.
3.1.7 Over-expression of PBLM provides survival advantage to the parasites
under DNA damaging conditions:

In order to amplify the function of PfBlm in HR mediated DSB repair (if any) we
performed over-expression studies. The idea behind such experiment was that if
PfBlm is involved in the repair of DSB, over-expression of P/BI.M would confer a
better repair efficiency than the normal level of the protein. To this end, P. faleiparun:
3D7 cells were transfected separately with both wild type P/BLM and PfbimK83R
mutant cloned in pARL over-expression vector [121]. The transfected parasites at
all three intra- erythrocytic stages were treated with 0.002% and 0.005% MMS for 2

hrs and returned to grow for 48 hrs, after washing off MMS. Simultaneously,
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FIG. 11: P/BLM functionally complements MMS sensitivity of Asgs! mutant
of S. cerevisiae. (A) Spotting assay on SC-HIS plate without (control) or with 0.01%
MMS. The genotypes of each strain were mentioned on the left. (B) Return to
growth assay was performed where all the complementation strains were either
untreated or treated with 0.03% MMS for 2 hrs. and allowed to grow on SC-HIS
plate without MMS after washing. Percentage cell survival for each strain was
obtained by taking ratio of number of colonies formed between treated and
untreated cultures. Fach bar represents mean number £SD after normalizing with
untreated controls from three independent experiments (n=3). Two tailed t-test was
used to calculate the p value (* indicates P value <0.05; N.S. indicates not significant).
(C) Expression of P/BLM, PfblmK83R and PAIVRIN were confirmed by isolating RNA
and performing semi-quantitative RT-PCR from complementation strains. PC:
positive control (Plasmodinm genomic DNA was used as template); NTC: non
template control; T: test (cDNA from respective complementation strains used as

template).
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same experiment was performed with 3D7 culture which acted as control. In such
experiments parasites capable of repairing the DSBs would only survive. The
survivability of P/BLM over-expressing strain upon DNA damage was found to be
significantly better than the wild type 3D7 strain. Interestingly, such survival
advantages were observed only for the parasites where DNA damage was induced
at the trophozoite or schizont stages, but not at the ring stage (Fig. 12A, 12B & 12C).
No such survival advantage under DNA damaging condition was observed for
parasites over-expressing the helicase dead mutant version of the gene Pfb/mK§3R
(Fig. 12A, 12B & 12C). Expression of GFP tagged PfBlm and Pfblm"™** were
confirmed by performing western blotting (Fig. 12D & 12E). These findings provide
a direct evidence for the participation of PfBlm in DSB repair pathway of P.

Sfalciparum.
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FIG. 12: Over-expression of PfBLM provides survival advantage to the
parasites under DNA damaging conditions. (A), (B) and (C) Plasmodinm
falciparum 3D7 cells harboring P/BLM-GFP and Pfb/mKS3R-GFP were either
untreated or treated with 0.002% and 0.005% MMS for 2 hrs. and subsequently
allowed to grow for 48 hrs. after washing. The experiment was also performed with
3D7 cultures which acted as control. After 48 hrs. smears were prepared, and
infected erythrocytes were counted to obtain parasitemia. Experiment was
performed with three intra-erythrocytic stages of parasite. Stages are mentioned on
the top. Percent survival was plotted by taking the ratio of percent parasitemia
between treated and untreated cultures of respective strains. Each bar represents
mean survival values + SD (n=3). Significance was calculated with respect to wild
type strain (3D7). (D) Western blotting shows the expression of P/Blm protein. The
strain name is written on the top. OE indicates over-expression. Expression of
PfBlm (80 kDa) protein in 3D7 strain and the expression of GFP tagged PfBlm (107
kDa) protein (indicated by arrow) along with endogenous PfBlm (80kDa) are shown.
(E) Lett lane shows the expression of PfBlm (80 kDa) protein in 3D7 strain and the
right lane shows the expression of GFP tagged Pfblm*** (107 kDa) protein
(indicated by arrow) along with endogenous PfBlm (80 kDa). The position of
molecular markers is indicated on the left. Two tailed t-test was used to calculate
the p value (* indicates P value <0.05; ** indicates P value < 0.01; N.S. indicates not

significant).
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3.2 Summary of the results:

In this chapter, we have shown that P/BL.M was majorly expressed during the
trophozoite and schizont stages compared to the ring stage. P/BL.M was up-regulated
upon DNA damage suggesting its role in DNA repair. PfBlm interacted with
essential DNA repair proteins PfRad51 and PfalMrell. However, we failed to
establish interaction points between PfBlm and PfRad51. Using yeast as a surrogate
system, we have shown that P/BLM could complement the MMS sensitivity of Asgs7
strain, whereas helicase dead mutant Pfb/mK83R and PAVRN failed to do the
tunction. Finally, by carrying an overexpression study, we have shown that P/BI.M
can perform DNA repair function in parasite also. Altogether, our data suggest that

the DNA repair activity of PfBL.M is conserved in Plasmodinm.
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CHAPTER IV

Studying the effect of small molecule
inhibitor of RecQ helicase on Plasmodium

growth
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4. Introduction:

RecQ helicases regulate significant genome events by functioning at replication,
recombination, and repair processes of the cell. In humans, germline mutations of
BLM, WRN, and RECQL4 accounts for heritable genetic diseases. Previous studies
have reported small molecule inhibitors for human BLM and WRN. These inhibitors
are specific to their respective proteins and have a cytotoxic effect on human cell
lines [122, 123]. Targeting RecQ helicases in Plasmodium is a viable approach since
they share less homology with their human counterparts. Earlier studies have
reported that knockout of RecQ helicases in Plasmodium significantly impacted
replication and transcription of parasites. Complete loss of function of RecQ
helicases might disturb parasites' genome stability, ultimately leading to death. In this
study, we did chemical inhibition of RecQ) helicase and studied its impact on parasite
growth. As a proof of the concept, we used two commercially available chemical
inhibitors: ML216 and MIRA-1 [122, 123]. Initially, we did 7z silico docking analysis
to predict the binding affinities of human RecQ helicase inhibitors ML216 and
MIRA-1 to PfBlm protein. Next, we investigated the impact of those inhibitors on
in vivo and in vitro growth of Plasmodium. Finally, we evaluated the efficacy of the drug

in the presence of external DNA damage.
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4.1 Results:

4.1.1 In silico analysis of the binding poses and binding affinity of inhibitors
against PfBlm:

We investigated whether the chemical inhibitors of RecQ helicases, namely ML216
and MIRA-1 [122, 123], could potentially bind to PfBlm. To this end we have taken
in silico approach. Since the crystal structure for PfBlm is not available, we have
modeled the protein based on the crystal structure of Homo sapiens BLM (HsBlm),
details of which are described in the Methods section. The inhibitor molecules were
first docked on to the PfBlm structure. It was seen that ML.216 can bind either at
the ATP-binding site or the DNA-binding region, whereas MIRA-1 can bind only
in the vicinity of the ATP-binding site (Fig. 13A). In order to evaluate the stability
of the docking poses, molecular dynamics simulations of the docked complexes were
performed. It was seen that MLL216 interacts with two residues GIn111 and Arg407
in the ATP binding site of PfBlm (Fig. 13B), but when it is bound to the DNA-
binding region of PfBlm it is seen to bind with two poses at the same binding site:
one in which it interacts with Arg404, and the other in which it interacts with Trp191
(Fig. 13C). MIRA-1 interacts with the residues Gly80 and Arg282 in the vicinity of
the ATP-binding site (Fig. 13D). An estimate of the binding affinity between PfBlm
and the inhibitors was made by calculating the free energy of binding (Table 3). The
values show that MLL216 has greater affinity towards PfBlm, compared to MIRA-1.
These results predicted that MI.216 could be a potent inhibitor of PfBlm and hence
a chemical inhibition strategy could be employed to elucidate the function of PfBlm
during DSB repair in this parasite.

4.1.2 Compared to MIRA-1, ML216 is a more potent inhibitor of the intra-
erythrocytic growth of P. falciparum:

To study the effect of RecQ helicase inhibitors (ML.216 and MIRA-1) on Plasnodinm

growth we performed growth inhibition assay in the presence of different
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FIG. 13: In silico analysis of the binding poses and binding affinity of
inhibitors against PfBlm. (A) Two binding poses for ML.216 and single binding
pose for MIRA-1 are shown here. MLL216 can bind either at the ATP-binding site or
the DNA-binding region whereas MIRA-1 binds only in the vicinity of the ATP-
binding site. (B) ML216 interacts with Gln111 and Arg407 in the ATP-binding site.
(C) ML216 bound near the DNA-binding region is seen to exist in two poses: one
in which it interacts with Arg404, and one in which it interacts with Trp191. (D)
MIRA-1 interacts with the residues Gly80 and Arg282 near the ATP-binding site.
Hydrogen bonds between the protein and the inhibitor are shown as dotted lines.

This work was done in collaboration with S. Padhi, G. Bulusu, and A. Roy from

TCS, Hyderabad.

Table 3.

Free energies of binding for inhibitors bound to PfBlm

Inhibitor name and = AEwmum (kcal/mol) AGgot, polar AGgoly, non-polar AGyinding
binding site (kcal/mol) (kcal/mol) (kcal/mol)

MIL.216 at ATP-binding -56.6 33.2 -4.5 -27.9
site

MIL.216 in DNA-binding -51.9 32.8 -3.7 -22.7

region

MIRA-1 at ATP-binding -36.7 27.0 2.7 -12.4

site
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concentrations of both the drugs. RecQ helicases are involved in replication and
DSB repair in a variety of organisms. Malaria parasites undergo several rounds of
replication during the erythrocytic schizogony and repair of endogenous DNA
damage is a common occurrence in the life cycle of Plasmodinm. We investigated
whether any of the aforementioned RecQ inhibitors actually inhibit the blood stage
development of the parasite. We treated trophozoite culture with ML216 or MIRA-
1 at varying concentrations (1 nM to 1000 uM) for 48 hrs. and evaluated the
parasitemia by staining the smears with Giemsa stain. Both ML.216 and MIRA-1
were able to inhibit the intra-erythrocytic developmental cycle (IDC) of the parasites.
However, MLL216 was more potent when compared to MIRA-1. The ICsy value
obtained from the dose response curve was 3.28 pM and 67.6 uM for MLL216 and
MIRA-1 (giemsa staining), respectively (Fig. 14A & 14G). We also employed
fluorescence based SYBR Green-I method to estimate the survivability. This method
yielded an ICso value of 6.31 pM for ML216 and 55.2 pM for MIRA-1 (Fig. 14B &
14H). We further tested the effect of MLL216 and MIRA-1 on drug resistant strains
Dd2. We observed that the ICso values are in the similar range, albeit lower than
what was observed for the drug sensitive 3D7 strain. For MIL216 the observed ICso
value was 1.01 uM and for MIRA-1 the value was 44 uM (Giemsa staining) (Fig. 14C
& 14]). SYBR Green-I method yielded an I1Cso value of 3.24 uM for ML.216 and 58
uM for MIRA-I (Fig. 14D & 141). In addition, we also examined the inhibitory effect
of ML216 on artemisinin resistant strain PfK13R539T [124]. Giemsa staining
method yielded an ICso value of 1.26 pM (Fig. 14E) and in SYBR Green-I method
I1Cso value was 2.19 pM (Fig. 14F). The I1Cso values obtained by both giemsa staining
method and SYBR Green-I method are in similar range. Thus, MI.216 was found to
be more potent inhibitor of IDC than MIRA-1.
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FIG. 14: Compared to MIRA-1, ML216 is a more potent inhibitor of the intra
erythrocytic growth of P. falciparum.

(A) & (B) Synchronous trophozoite stage parasites (3D7) were grown for 48hrs. in
the presence of various concentrations of MLL216 and parasitemia was assessed by
Giemsa staining method and SYBR Green-I method. Parasite growth inhibition at
various concentrations of drug was plotted to obtain I1Csg value. (C) & (D) Growth
inhibition with ML.216 evaluated by Giemsa staining method and SYBR Green-I
method in Dd2 parasites was plotted to obtain ICsovalue. (E) & () The effect of
MIL216 was tested in artemisinin resistant strain PfK13R539T by Giemsa staining
and SYBR Green-I method. Percentage inhibition was plotted against various
concentrations of drug to obtain ICsy value. (G) & (H) Growth inhibition with
MIRA-1 in 3D7 parasites by Giemsa staining and SYBR Green-I method.
Percentage inhibition was plotted against various concentrations of drug to obtain
ICso value. (I) & (J) Growth inhibition with MIRA-1 in Dd2 parasites assessed by
Giemsa staining and SYBR Green-I method. Percentage inhibition was plotted
against various concentrations of drug to obtain 1Cso value. Each assay was repeated

thrice for reproducibility (n=3).
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4.1.3 ML216 inhibits in vivo growth of Plasmodium berghei:

We performed Petet's 4-day suppressive test to investigate the 7z vivo anti-malarial
activity of MLL216 on rodent malaria parasite Plasmodium berghei. To this end, two
groups (4 mice in each group) of Swiss albino mice were taken and infected with an
equal number of parasites. After that, to one group of mice, we injected ML216
(25mg/kg body weight) intraperitoneally for four consecutive days beginning from
day O of infection. The second group of mice, we injected 0.1% DMSO, which acted
as vehicle control since the drug was dissolved in DMSO. Blood smears were
prepared from the tail of each mice and stained with Giemsa to count the
parasitemia. Percentage parasitemia was plotted with days post-infection. We
monitored the survivability of the host for a period of 40 days from the beginning
of the infection. We found that, in contrast, to the control group, the parasitemia of
drug-treated group reduced drastically, and the host survived for a long time (Fig.
15A & 15B). These results imply that MLL216 has a profound effect on 7 vivo growth

of parasites.
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Fig. 15: ML216 inhibits in vivo growth of Plasmodium berghei (A) Graph
depicts the parasitemia of mice at different days post infection for both placebo
and ML216 treated group (25mg/kg). (B) The survival curve for mice in both
placebo and ML216 treated group.
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4.1.4 Parasites treated with ML216 become hypersensitive to DNA damaging
agent MMS:

To investigate the effect of MLL216 on DNA damaged cells, we performed growth
inhibition assay with MMS treated cells. Previous studies have shown that MMS
creates numerous double strand breaks and such breaks are repaired over the period
[18]. However, if such breaks are not successfully repaired, cells bearing the un-
repaired breaks succumb to death. Thus, MMS sensitivity assay is a good measure of
the DSB repair capability of the cells. We reasoned that inhibition of PfBlm with
MIL216 would render parasites more sensitive to MMS treatment. To this end, we
treated synchronized parasite cells of all the stages with varying concentrations of
ML216 (1 nM to 1000 uM) in the presence or in the absence of MMS. The assay was
performed in both drug sensitive (3D7) and drug resistant strains (Dd2). MMS
treatment drastically lowered down the ICso value of MLL216 for both 3D7 and Dd2
parasite strains (Table 4). The effect was most prominent when DSBs were induced
at the trophozoite stage. The drop in the ICso values at trophozoite stage was 264-
told and 218-fold for 3D7 and Dd2, respectively. Creation of DSBs at the schizont
stage also has profound effect on the ICso value of MLL.216. There were about 185-
fold and 40-fold reduction in the ICsy value for the 3D7 and Dd2 strains,
respectively. The effect on the ring stage was very minimal: only 2 to 2.5-fold
reduction. Such dramatic drop in the ICso values are not due to an additive effect of
MMS toxicity, as the survival of the ring-, trophozoite-and schizont-stage parasites
to MMS are 97%, 65% and 60%, respectively (Fig. 12A, 12B, & 12C). These results
indicate that treating with external DNA damaging agents ML216 could be an

effective inhibitor of parasite growth as it works at the nano-molar range.
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Table 4:
ICso values of ML216 with or without MMS treated cultures at different IDC stages
in 3D7 and Dd2 strains

Stage Treatment ICs (uM)
Ring
3D7 MI.216 (alone) 3.49
MI216 + MMS 1.42
Dd2 MI216 (alone) 1.85
MI216 + MMS 0.96
Trophozoite
3D7 MIL.216 (alone) 2.8
MIL216 + MMS 0.0106
Dd2 MIL216 (alone) 0.871
MI.216 + MMS 0.004
Schizont
3D7 MIL216 (alone) 3.21
MIL.216 + MMS 0.0174
Dd2 MI216 (alone) 1.49
MI216 + MMS 0.0374

78| Page



CHAPTER IV

4.2 Summary of the results:

In this chapter, through 7 silico analysis we have shown that out of two Rec(QQ helicase
inhibitors, MLL216 and MIRA-1, ML.216 binds to PfBlm with more affinity. ML.216
has profound growth inhibitory etfect on Plasmodium both in vitro and in vive in
contrast to MIRA-1. The 1Cso value of MLL216 reduced drastically during trophozoite

and schizont stages in the presence of external DNA damage.
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CHAPTER YV

Studying the interaction of RecQ helicase

inhibitor with current anti-malarial drugs
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CHAPTER V

5. Introduction :

Combination therapies are known to be effective in the treatment of malaria. In
artemisinin-based combination therapy (ACT), artemisinin combined with
synergistically acting partner drugs increases the anti-parasitic effect rather than
monotherapy. Previous reports have shown that chronic treatment with artesunate
in cancer cells induces double-strand breaks [125]. Similatly, in Plasmodium,
artesunate is known to create DSBs during its course of action [91]. Failure in the
repair of such DSBs might be detrimental to the cells. Likewise, chloroquine inhibits
polymerization of heme, resulting in free radicals, which might lead to the creation
of DSBs [120]. In our study, we reasoned that DSB inducers DHA/CQ combined
with DNA repair inhibitor (ML216) as a partner drug might intensify the parasite
killing effect. Here, we determined the mode of interaction between ML216 and
DHA/CQ by petforming a fixed ratio isobologram method. We have also checked
whether DHA/CQ can potentiate the action of MI.216 and vice versa.
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5.1 Results:

5.1.1 ML216 interacts synergistically with ART and CQ:

We studied the interaction of MLL216 with the known anti-malarial drugs ART. Since
ART creates DSBs [91] and in the presence of ML216 the repair of such breaks is
inhibited, we hypothesized that MLL216 and ART might potentiate each other’s
action. We have used a derivative of ART, name by dihydroartemisinin (DHA) in
our study. To that end, we performed fixed ratio drug combination assay. Dose
response curves were plotted for each combination and FIC values were calculated
trom the graphs. The 2FIC values are tabulated in Table 5. Finally, isobologram was
constructed based on the calculated XFIC values. As depicted in the isobologram
the interaction between ML216 and DHA is synergistic in nature (Fig. 16A). A
similar result of synergistic relationship was observed for the drug resistant strains
Dd2 and PfK13R539T (Fig. 16B & 16C). As CQ treatment inhibits heme
polymerization leading to generation of free radicals, it is speculated that treatment
of parasites with CQ is also likely to create DSBs in the parasite [126]. As expected,
we observed that MLL216 also synergizes with CQ in both drug sensitive and drug
resistant strains (Fig. 16D & 16E). We also tested the interaction of ML216 with
atovaquone (ATQ) whose mode of action does not interfere with DNA metabolism.
As expected, we did not observe any synergistic action between these two drugs (Fig.
16F & 16G). These results suggest that the action of both DHA and CQ can be
potentiated by RecQ inhibitor ML.216.

5.1.2 ML216 lowers the ICs of anti-malarial drugs and vice versa:

We have investigated the potentiation effect of MLL216 on anti-malarial drugs DHA
and CQ. To this end, we performed standard growth inhibition assays with
DHA/CQ in two sets: one in the presence of ICsy concentration of MLL216 and the
second set without any addition of ML.216. We observed that in the presence of ICso
concentration of MLL216 (3.28 pM), the action of DHA was potentiated 5.5-folds,
and CQ by 3.5- folds (Table 6). A similar experiment was performed with a fixed
ICso concentration of ART/CQ and varying concentrations of ML.216. In the
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Table. 5 FIC values of drug combinations

(n.d: not determined)

CHAPTER V

Strain DHA:ML216 | FICbHA | FICmL216 | D FIC | CQ:ML216 | FICcq | FICmL216 | D FIC | ATQ:ML216 | FICATQ | FICmL216 | D FIC
3D7 5:0 1 0 1 5:0 1 0 1 5:0 1 0 1
4:1 0.64 0.22 0.86 4:1 0.56 0.31 0.87 4:1 0.73 0.27 1
3:2 0.52 0.48 1.0 3:2 0.34 0.50 0.84 3:2 0.54 0.55 1.09
2:1 0.27 0.64 0.91 2:1 0.17 0.60 0.77 2:1 0.37 0.87 1.24
1:4 0.08 0.48 0.56 1:2 0.09 0.63 0.72 1:2 0.18 0.98 1.16
0:5 0 1 1 0:5 0 1 1 0:5 0 1 1
Dd2 5:0 1.0 0 1 5:0 1.0 0 1 5:0 1 0 1
4:1 0.23 0.13 0.36 4:1 0.28 0.12 0.40 4:1 0.85 0.17 1.02
3:2 0.40 0.29 0.69 3:2 0.21 0.16 0.37 3:2 0.63 0.34 0.97
2:1 0.25 0.42 0.67 2:1 0.20 0.34 0.54 2:1 0.52 0.54 1.06
1:4 0.25 0.64 0.89 1:4 0.03 0.21 0.24 1:4 0.28 0.88 1.16
0:5 0 1 1 0:5 0 1 1 0:5 0 1 1
PfK13R539T 5:0 1 0 1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
4:1 0.5 0.08 0.58 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
3:2 0.55 0.25 0.8 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
2:1 0.26 0.29 0.55 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
1:4 0.11 0.32 0.43 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
0:5 0 1 1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
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Fig. 16: ML216 interacts synergistically with DHA and CQ. (A), (B) and (C)
Isobologram of DHA-ML216 in 3D7, Dd2 and PfK13R539T strains, respectively.
(D) and (E) Isobologram of CQ-ML216 in 3D7 and Dd2 strains, respectively. (F)
and (G) Isobologram of ATQ-ML216 in 3D7 and Dd2 strains, respectively. Fixed-
ratio drug combination assay was performed. FIC: Fraction inhibitory concentration.
Each point represents the mean ICso of drug combination from three independent
experiments. The solid line is plotted between the ICsy values of each drug when

used alone. DHA: Dihydroartemisinin, CQ: Chloroquine, ATQ: Atovaquone.
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presence of ICso concentration of DHA (50nM), the anti-malarial action of ML.216
was potentiated by 2.26-folds, whereas in the presence of 26nM CQ (ICso
concentration), the activity of MLL216 was potentiated by 1.3-folds (Table 4). These
results indicate that MLL216 boosts the anti-parasitic effect of current anti-malarial

drugs.
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ICso of ML.216 in combination with ART/CQ and vice versa

CHAPTER V

Strain Combination of ICso Potentiation factor
drugs
3D7 ML216 (Alone) 3.39uM 1
ML216 (DHA) 1.5uM 2.26
DHA (Alone) 36.5nM 1
DHA (ML216) 6.59nM 5.5
ML216 (Alone) 2.54uM 1
ML216 (CQ) 1.83uM 1.38
CQ (Alone) 20.1nM 1
cQ (ML216) 5.65nM 3.55
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5.2 Summary of the results:

In this chapter, we have shown that ML216 exhibited synergistic relation with
artemisinin in both drug sensitive (3D7) and drug resistant strains (Dd2 and
PfK13R539). The anti-malarial action of artemisinin was potentiated in the presence
of ML216 and vice versa. A similar synergistic relation was observed between
MI216 and chloroquine in drug sensitive (3D7) and chloroquine resistant strain
(Dd2). The anti- parasitic effect of chloroquine was intensified in the presence of

MI.216 and vice versa.
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DISCUSSION
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6. Discussion:

In this study, we established one of the RecQ helicases of Plasmodinm, PfBlm as a
DNA repair protein and we have shown that RecQ helicase inhibitor blocks the
repair of ART generated DSB in Plasmodinm genome. Firstly, the expression PBLM
was maximum during the schizont stage and over produced in response to DNA
damage. Secondly, it was was able to complement the MMS sensitivity of Asgs7
mutant of . cerevisiae and interacts with DNA repair proteins of Plasmodium. Thirdly,
over-expression of this protein increased the survivability of parasites upon DNA
damage. Finally, a chemical inhibition of this protein: MIL216 impaired the growth
of parasite and the inhibitor interacted synergistically with first line anti-malarial
drugs.

The expression of PfBlm was at the peak during replicative stage (schizont)
compared to the trophozoite and the ring stages. A possible interpretation of this
result is that RecQ helicases play a critical role in rescuing the stalled replication forks
[127] and in a recent study of Plasmodium, it has been shown that replication fork
stalled at elevated rates in APfbly strain [22] indicating the active role of PfBlm in
replication and repair. The up-regulation of this protein in the presence of external
DNA damaging agent implies its role in DNA repair and it is in congruence with
earlier reports in which DNA repair proteins PfRad51 and PfalMrell were also up-
regulated [14, 15]. We observed that PfBlm associates itself with PfRad51 and
PfalMrell. The interaction with PfRad51 as scored by yeast-two-hybrid assay was
found to be weaker in nature. It could be possible that within the parasites certain
post-translation modifications may modulate the strength of such interaction, which
is absent in the surrogate model. It is known from studies in other organisms that
depending upon the post translation modification of HsBLLM, the consequence of
its interaction with Rad51 can be either pro or anti recombinogenic [78]. Earlier
reports suggest that Mrel1 helps in the recruitment of HsBLLM to DNA ends thereby
stimulating BLM-DNAZ2-RPA mediated resection of DSB [67]. PIRPA has been

characterized [18] and from the genome information the putative ortholog of DNA2
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has been annotated in P. faliparum (Gene 1D:PF3D7_1106700) [10]. Future
experiments in Plasmodinm may enlighten us about the importance of PfBLM-
PfDNA2-PfRPA interaction.

In the current study, using yeast surrogate system we have shown that P/BLM
rescued the MMS sensitivity phenotype of Asgs7 strain. However, helicase dead
mutant of P/BLM (PfbimK83K) and PAWRIN were unable to perform the function. In
model organisms the DNA unwinding activity of BLM is required in two steps of
HR: one during resectioning of DSB ends through DNAZ2 mediated pathway and
other during dissolution of Holliday junction along with Topolll. Although, the
orthologs of all these genes are annotated in Plasmodinm genome, whether PfBlm can
engage itself with PEDNAZ2 or PfTopolll and participates at these two distinct steps
of HR needs to be experimentally tested. Nonetheless, our results suggest that the
helicase activity of P/BLM is important in repairing the damaged DNA. Earlier
reports have shown that human RN failed to rescue MMS sensitivity of Aggs?
strain indicating its function is dispensable in DSB repair [128]. This holds true even
tor PAVRIN which was also unable to complement MMS sensitivity phenotype in
AsgsT strain. In model organisms, it was found that the RecQ helicases possess both
pro-recombination and anti-recombination functions [24, 111]. An earlier study has
observed increased recombination frequency among the sub-telomeric var genes in
a Pfwm knockdown parasite line but not in a Pfb/m knockout parasite line [22],
emphasizing an anti-recombination activity of PfWrn protein. Our study provides
an evidence of pro-recombination activity of PfBlm protein. Thus, it could be
possible that the two RecQ) paralogs of Plasmodium may have opposing roles in HR.
It is also possible that as observed in the model organisms the pro-and anti-
recombination function of these two proteins may be regulated via post-translation
modifications |78, 112, 129-131]. Such possibilities need to be explored in future.
We observed that over-expression of P/BLM reduced the MMS sensitivity of
parasites. This finding indicates the DNA repair activity of P/BL.M in the parasite. A

plausible explanation for increase in repair efficiency of PfBlm might be its
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involvement in unwinding different substrates of HR pathway as over-expression of
the helicase dead mutant did not provide any advantage. BLM also possesses helicase
independent stimulatory function in Exol mediated resection step during HR.
Although P/EXOT7 has been annotated (PF3D7_0725000), we currently do not
know whether over-expression of PfBlm also stimulates such pathway in Plasmodinm.
Here, we reported binding affinities of known RecQ) helicase inhibitors MI.216 and
MIRA-1 to PfBlm by performing docking and molecular dynamics simulations. Our
results demonstrated that ML216 binds efficiently to PfBlm when compared with
MIRA-1. This result is in accordance with IDC inhibition of parasites with both the
drugs. The parasites are more sensitive to ML216 in contrast to MIRA-I.
Interestingly, MIL.216 mediated inhibition seems to be more selective towards
Plasmodium rather than human fibroblast cell lines where the half inhibitory
concentration was more than 50 uM after 48 hr incubation [122]. Given the strong
selectivity of MLL216 towards Plasmodinm, we believe that chemical modification of
the lead compound may bring anti-parasitic activity to nanomolar range. Notably,
Dd2 (multi-drug-resistant strain) was more sensitive to MLL.216 and similar effect was
observed with PfRad51 inhibitor BO2 [17]. The likely explanation for this result
could be that the Dd2 strain might have a compromised DNA repair system and
recent reports have shown that the Dd2 strain has failed to respond to DNA damage
induced by MMS [132].

The failure in repair of DSB inflicted by various endogenous sources like
metabolites, reactive oxygen species (ROS) and replication errors during schizogony
lead to death of parasites. The possible mechanism for anti-parasitic activity of
MI216 is to hinder the repair of such endogenous damage. Consistent with this
interpretation, the effect of drug should intensify in the presence of external DNA
damage. Our growth inhibition experiment with MMS treated cells confirmed this
hypothesis, with the parasite being hypersensitive to lower concentrations of drug.
The known anti-malarial drug, ART inhibits different cellular pathways of parasite

and creating DSB is one such established mode of action among them. Our
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laboratory has taken particular interest in blocking the repair of such ART generated
DSB [91] with ML216. Indeed, ML.216 was able to inhibit the repair of DSB offering
a ray of hope for Artemisinin based combination therapy (ACT). Finally, our results
demonstrated that ML216 interacts synergistically with first line anti-malarial drugs
ART and CQ. The plausible explanation for CQ-ML216 synergistic action might be
that CQ) inhibits the heme polymerization resulting in generation of free radicals that
potentially creates DSB. However, there is no experimental evidence for this
hypothesis.

Altogether our data provide compelling evidence for PfBlm’s participation in
Plasmodium DNA repair. In addition, we have shown that RecQ helicase in
Plasmodinm can be targeted given their functions in different DNA metabolic
pathways. This study raises the possibility of using RecQ helicase inhibitors in

combination with first line anti-malarial drugs ART and CQ.
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Synopsis

The expanding severity of malaria disease is mainly because of unsuccessful vaccine
development efforts and emerging resistance to available drugs. Complete
eradication of malaria became a difficult process. Artemisinin-based combination
therapies (ACTs) introduced in the year 1994 are still in use to treat malaria. There
are five types of WHO adopted ACTs, namely: artesunate-amodiaquine (ASAQ),
artesunate-sulfadoxine-pyrimethamine (ASSP), artemether-lumefantrine (AL),
dihydro-artemisinin-piperaquine (DP), and artesunate-mefloquine (ASMQ) [1].
Recent reports suggest that resistance has emerged to all the five types of ACT's, and

hence there is an immediate need to develop a partner drug for artemisinin [2].

In a cellular environment, DNA double-strand breaks (DSB) occur from multiple
sources throughout the cell cycle [3]. Each of that double-strand break needs to be
appropriately repaired to maintain genome stability. There are two main pathways
to repair such DSBs: “error-free” homologous recombination (HR) and “error-
prone” non-homologous end joining (NHE]). In addition to these pathways, there
are two other minor pathways called Rad51 independent single-strand annealing
(SSA) and alternative non-homologous end joining (Alt-NHE]) [4]. HR pathway
requires a homologous template to repair the break, whereas NHE] does not require
any homologous sequence; instead, it ligates the broken ends. In mammalian cells,
NHE] is the primary pathway to repair DSBs compared to lower organisms, where
HR pathway is frequent. In the NHE] pathway, DSB is recognized by MRN (Mrel1-
Rad51-Nbs1) complex which recruits Ku70-Ku80 heterodimer protecting DNA
ends from degradation. Ku complex further recruit’'s DNA-PKcs which exists in a
tight complex with nuclease, artemis. The endonuclease, artemis chops the broken
ends. Poly X family polymerases (Pol p and Pol A) add nucleotides to broken ends.
Finally, ligation of the DSB end is carried out by DNA ligase IV complex along with
XRCC4, XLF and PAXX protein [5].
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HR pathway utilizes an undamaged template to repair DSBs, which restores lost
sequence information. HR pathway starts with the resection of broken ends to
generate 3’ single-stranded DNA. Resection takes place in two steps: short-range
resection and long-range resection. Short-range resection is carried out by MRN
(Mre11-Rad50-Nbs1) complex together with CtIP [6-8]. Long-range resection is
mediated by either the Dna2-Blm-Rpa complex or Exol mediated pathway [9]. After
resection, the overhanging 3’ single-stranded DNA is bound by Rad51, forming a
Rad51-ssDNA complex capable of homologous pairing. Rad51 nucleofilament
complex invades into a donor template to yield a DNA joint known as a
displacement loop or D-loop. Further, D-loop captures the second end of the break
to form double Holliday junctions (HJs). The HJs are resolved by either
dissolvosome complex (Blm-Topo3-Rmil) to form exclusively non-crossover
products or by resolvases (Genl, Mus81-Emel) to generate both crossover and non-

crossover product [10-12].

In Plasmodium, genome sequence analysis revealed that genes for c-NHE] are absent
[13]. However, Alt-NHE] is functional, but it is a rare event [14]. The primary
pathway to repair DSBs in Plasmodium is HR [14, 15] and the essential proteins of
this pathway PfRad51, PfalMrel1l have been identified and characterized [15-19].

RecQ) helicases are the genome gatekeepers considering their functions in different
DNA metabolic pathways [20]. There are five types of RecQ) helicases in humans,
whereas in yeast (§GS'7) and bacteria (RecQ), there is only one type of RecQ helicase.
RecQ helicases' functions are prominent during the DNA repair pathway since most
of their substrates resemble DNA repair intermediates. Apart from helicase-
dependent DNA repair activities, they also have helicase independent regulatory
functions during the HR pathway. Out of five RecQ helicases in humans, the
functions of RECQL2 (BLM) are well known in the HR pathway. To begin with,
the long-range resection during HR can happen in two independent ways involving
Exol and Dna2-Blm-Rpa complexes [9]. In the Dna2-Blm-Rpa complex-mediated
pathway, Dna?2 relies on helicase activity of Blm for DNA unwinding, whereas in
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Exol mediated pathway, Blm, Rpa, Blm, and MRN complex has stimulatory
tunction [21-23]. Out of five RecQ helicases in humans, this stimulatory function is
exclusive to BLM [21]. During the strand invasion step of HR, Blm exhibits anti-
recombinogenic activity by disrupting Rad51 nucleofilament [24]. However, in two
cases this effect is reversed. When Blm gets SUMOylated, it facilitates the
recruitment of Rad51 at the site of DSB [25]. Second, Blm stimulates strand
exchange activity when Rad51 is in ATP-bound form in place of ADP-bound form
[26]. After strand invasion, D-loop captures the second end of the break to form
double Holliday junctions (dHJ). The dHJ can be resolved by either resolvases
GEN1, MUS81/EME1 (YEN1, Mus81-Mms4 in yeast) to generate crossover and
non-crossover products or by dissolvosome complex (Blm-Topolll-Rmil/Blap75)
to generate exclusively non-crossover products [10-12]. RECQL1 and WRN are also
able to perform processing of Holliday junctions [27, 28].

Two RecQ helicases have been identified in Plasnodinn, namely PBL.M and PAWRN.
Previous reports have shown that the helicase activity of PfBlm and PfWrn is
conserved in Plasmodium [29, 30]. Both the helicases are required for normal
transcription and replication [31]. Also, it has been shown that PRI knockout
increased the recombination rates underscoring its anti-recombination activity.
However, there are no reports highlighting the DNA repair functions of P/BL.M or
PAVRN. Since in model organisms, it is reported that BLM has significant HR
pathway functions compared to WRN, here we focused on studying the DNA repair
tunctions of P/BLM.

In this work, we have addressed three questions. Firstly, whether DNA repair
tunctions of BLM are conserved in Plasmodiun?  Secondly, how the inhibitors of
RecQ helicase affect the 7z vitro and in vive growth of Plasmodiunz? Finally, how the
inhibitor of RecQ helicase interacts with current anti-malarial drugs artemisinin and

chloroquine?
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In the first part, we investigated the DNA repair activity of P/BL.M. For this purpose,
we tried to express full-length PfBlm protein to raise an antibody against it. The
protein expression was too low; as a result, we could not proceed with purification.
We raised a peptide antibody against the unique C-terminal region of PfBlm protein
and checked whether it could detect it. The peptide antibody could detect PfBlm
protein at the appropriate size, and the pre-immune serum was clean. We used this
peptide antibody for our protein expression studies. Firstly, we investigated the
expression of P/BLM in all the intra-erythrocytic stages at both RNA and protein
levels. At the RNA level, the expression of P/BL.M was high during the trophozoite
and schizont stages compared to the ring stage. A similar result was obtained at the
protein level as well. Next, we studied the expression of P/BLM upon DNA damage.
For this purpose, we treated ring, trophozoite, and schizont stage parasites with
DNA damaging agent methyl methane sulfonate (MMS) and examined
RNA/protein level expression. Here, we found that the expression of P/BLLM was
up regulated upon DNA damage during ring and trophozoite stages, whereas its
expression was unchanged during the schizont stage. The expression of P/BI.M
during the schizont stage was high in control; any further up-regulation upon DNA
damage was not quantifiable. A similar pattern of up-regulation was observed at the
protein level, suggesting the likely implications of P/BLM in the DNA repair
pathway. In model organisms, it has been shown that to function in HR pathway,
Blm interacts with Rad51 and Mrell during resection and strand invasion steps [32,
33]. Here, we checked the interaction of PfBlm with PfRad51/PfalMrell. For this
purpose, we did a yeast two-hybrid assay in which we cloned P/BL.M in prey vector
(pGADC1) and PARADS51/ Pfa/MRET71 in bait vector (pGBDUCT1). We observed
weak interaction between PBL.M and P/RADS5T as the growth was seen only on the
SC-Lue-Ura-His plate, whereas strong interaction was observed between P/BI.M and
PfalMRET1 as growth was seen on both SC-Lue-Ura-His and SC-Lue-Ura-Ade
plates. The co-purification assay further confirmed the interaction between PfBlm

and PfRad51. We planned to disrupt the interaction between PfBlm and PfRad51
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with a small molecule inhibitor. For this purpose, an 7 si/ico analysis was done that
predicted two contact points on PfRad51 through which it is supposed to interact
with PfBlm. We have generated both single and double mutants in those regions.
We expressed these mutants and performed a co-purification assay to check their
interaction with PfBlm protein. To our surprise, both single and double mutants
interacted with PfBlm protein, so we did not proceed further with this project. Next,
we examined the DNA repair activity of P/BILM using yeast as a surrogate system.
We generated helicase dead mutant of PBLM (PfblmK83R) and used this mutant as
a negative control for the complementation assay. To perform complementation
assay, we knocked out the only RecQ) helicase of yeast (§GS7) and generated Asgs?
strain, which was sensitive to MMS. We transformed P/BLM, Pfb/mKS3K, and
another RecQ helicase PAWRN into Asgsistrain. MMS sensitivity assay was
performed with the generated strains, where we observed that P/BL.M was able to
complement the MMS sensitivity of Asgs7 strain partially. However, Pfb/mKS3R and
PAVRN failed to do the function. Finally, to inspect the DNA repair activity of
PfBIM in the parasite, we did overexpression studies. To this end, we cloned P/BI.M
and P/imKS3R in overexpression vector pARL and transfected these clones into
Plasmodinm falciparum 3D7 to generate overexpression strains. MMS sensitivity assay
was performed with these strains at three intra-erythrocytic stages of the parasite.
Here, we observed an increase in survivability of P/BLLM overexpression strain
compared to wild type 3D7 during trophozoite and schizont stages but not during
the ring stage. However, we did not notice such a type of survival advantage with
PfolmK83R overexpression strain. This data suggests that the DNA repair function
of P/BLM is conserved in Plasnodium.

In the second part, we tested the effect of RecQ helicase inhibitors on Plasmodiun:
growth. Initially, we did an 7z silico docking study to predict the binding affinities of
two known human RecQ) helicase inhibitors MI.216 and MIRA-1 [34, 35] to P{Blm
protein. Our bioinformatics study predicted that ML.216 is like to bind with more
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affinity to PfBlm protein compared to MIRA-1. Next, we tested the effect of this
inhibitor on Plasmodium growth for which we have done standard growth inhibition
assay with these two inhibitors MLL216 and MIRA-1. To this end, we treated the
trophozoite stage parasites with varying concentrations of ML216 and MIRA-1
(0.1nM to 1000uM) for 48 hrs. We evaluated the survivability of parasites by the
Giemsa staining method and the fluorescence-based SYBR Green-I method. Here,
we found that the ICs value of MLL216 was ten times lesser than MIRA-1, indicating
it to be a more potent inhibitor of Plasmodium growth. A similar result was obtained
with multidrug-resistant strain Dd2 and artemisinin-resistant strain PfK13R539T.
Likewise, we tested the effect of MLL216 on 7 vivo growth of mouse malarial parasite
Plasmodium berghei. To this end, we performed Peter’s 4-day suppressive test with a
single dose of MLL216 (25mg/kg body weight). Here, we observed gradual decrement
in percentage parasitemia and increased survivability of host in the drug-treated mice
group compared to the untreated group. Finally, we studied the effect of ML216 on
DNA damaged cells. To this end, we performed a growth inhibition assay with cells
treated with MMS. In the presence of external DNA damage, the I1Cso value of
MI216 was reduced drastically to the nanomolar range during the trophozoite and
schizont stages. However, such decrement in ICso value was not observed with ring-
stage parasites. This data suggests the growth inhibitory as well as the DNA repair
inhibitory effect of ML216.

In the final part, we investigated whether a RecQ helicase inhibitor can be used as a
partner drug in combination therapies. Previous reports have shown that artemisinin
and chloroquine create double-strand breaks during their course of action [306, 37].
Here, we combined DNA repair inhibitor (ML216) with DSB inducers (artemisinin
and chloroquine) and checked their mode of interaction. To this end, we performed
a fixed ratio method with drugs MLL216 and DHA (dihydroartemisinin) in 3D7, Dd2,
and PfK13R539T strains. We found that ML216 interacts synergistically with
artemisinin in both 3D7 and drug-resistant strains. Similar synergistic relation was

observed between ML216 and chloroquine in 3D7 and chloroquine resistant Dd2
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strain. Atovaquone was used as a negative control for drug interaction studies
because of its non-interference with DNA metabolic pathways during its course of
action. We did not observe any such synergistic relation between ML216 and
atovaquone. Also, we have performed a potentiation assay where we found that the
anti-malarial activity of ML216 was potentiated in the presence of ICs
concentrations of DHA/CQ and vice versa. This data suggests that the RecQ

helicase inhibitor can be a potent partner drug for combination therapies.

Altogether our data suggest that the DNA repair activity of P/BL.M is conserved in
Plasmodinm. The RecQ helicase inhibitor MIL216 can inhibit 7z vitro and in vivo growth
of Plasmodium. The growth inhibitory effect of ML.216 intensified in DNA damaged
cells. Finally, ML.216 exhibited a synergistic relation with well-known anti-malarial

drugs, artemisinin, and chloroquine, encouraging its use in combination therapies.
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ABSTRACT Artemisinin (ART)-based combination therapies are recommended as
first- and second-line treatments for Plasmodium falciparum malaria. Here, we investi-
gated the impact of the RecQ inhibitor ML216 on the repair of ART-mediated dam-
age in the genome of P. falciparum. PfBLM and PfWRN were identified as members
of the RecQ helicase family in P. falciparum. However, the role of these RecQ heli-
cases in DNA double-strand break (DSB) repair in this parasite has not been
explored. Here, we provide several lines of evidence to establish the involvement of
PfBIm in DSB repair in P. falciparum. First, we demonstrate that PfBIm interacts with
two well-characterized DSB repair proteins of this parasite, namely, PfRad51 and
PfalMre11. Second, we found that PfBLM expression was upregulated in response to
DNA-damaging agents. Third, through yeast complementation studies, we demon-
strated that PfBLM could complement the DNA damage sensitivity of a Asgs7 mutant
of Saccharomyces cerevisiae, in contrast to the helicase-dead mutant PfbImK83R.
Finally, we observe that the overexpression of PfBLM induces resistance to DNA-dam-
aging agents and offers a survival advantage to the parasites. Most importantly, we
found that the RecQ inhibitor ML216 inhibits the repair of DSBs and thereby renders
parasites more sensitive to ART. Such synergism between ART and ML216 actions
was observed for both drug-sensitive and multidrug-resistant strains of P. falciparum.
Taken together, these findings establish the implications of PfBIm in the Plasmodium
DSB repair pathway and provide insights into the antiparasitic activity of the ART-
ML216 combination.

IMPORTANCE Malaria continues to be a serious threat to humankind not only
because of the morbidity and mortality associated with the disease but also due to
the huge economic burden that it imparts. Resistance to all available drugs and the
unavailability of an effective vaccine cry for an urgent discovery of newer drug tar-
gets. Here, we uncovered a role of the PfBIm helicase in Plasmodium DNA double-
strand break repair and established that the parasitic DNA repair mechanism can be
targeted to curb malaria. The small-molecule inhibitor of PfBIm tested in this study
acts synergistically with two first-line malaria drugs, artemisinin (ART) and chloro-
quine, in both drug-sensitive and multidrug-resistant strains of P. falciparum, thus
qualifying this chemical as a potential partner in ART-based combination therapy.
Additionally, the identification of this new specific inhibitor of the Plasmodium ho-
mologous recombination (HR) mechanism will now allow us to investigate the role
of HR in Plasmodium biology.

KEYWORDS PfBIm, PfWrn, DNA repair, homologous recombination, Plasmodium
falciparum, yeast complementation, molecular docking
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alaria is a deadly disease that accounts for major deaths across the world.

Plasmodium falciparum is the most virulent among the five species of Plasmodium
known to cause malarial pathology. Moreover, complete eradication of malaria has been
difficult because of the continuous emergence of resistance to available drugs (1) and
unsuccessful vaccine development efforts. Consequently, there is a pressing need to
explore the pathways implicated in pathogenicity to ensure better understanding and tar-
geted drug discovery.

The DNA double-strand break (DSB) repair pathway is one such reliable pathway in
unicellular organisms since a single unrepaired DSB leads to the death of the organism
(2). P. falciparum, being a unicellular organism, becomes vulnerable if not repaired.
Previous reports have shown homologous recombination (HR) to be one of the primary
pathways for DSB repair in Plasmodium (3). Although there is a possibility of an alterna-
tive end-joining pathway, it is a rare event (4). Key proteins of the HR pathway, such as
PfRad51 and PfalMre1, have been identified and characterized (5, 6). Since these genes
share high homology with their human counterparts, it is reasonable that we explore
less-conserved genes.

RecQ family DNA helicases are considered the gatekeepers of the genome owing to
their predominant roles in various DNA metabolic processes (7). In humans, five RecQ
helicases have been characterized; however, in yeast (SGST) and bacteria (RecQ), only
one RecQ helicase has been identified. Bloom’s syndrome helicase (BLM) is one such
RecQ helicase among five RecQ helicases in humans, known for its pro- and antirecom-
binogenic activities to maintain genome stability (8). BLM helicase exhibits its prore-
combinogenic activity at various steps of the HR pathway. The first step in HR involves
the resectioning of the 5’ terminus of the DSB to produce 3’-single-stranded DNA
(ssDNA) overhangs, mediated by either DNA2 or EXO1. The helicase activity of BLM is
essential for the DNA2-mediated resectioning pathway (9), where it serves a helicase-
independent stimulatory function in the Exo1-mediated pathway (10). Among all other
RecQ helicases, the ability to stimulate resection is specific for BLM (9, 10). Previous
research has shown that the SUMOylation of BLM facilitates the enrichment of the key
HR protein Rad51 at the site of DNA damage (11). BLM stimulates the strand exchange
activity of Rad51 when it is in the active ATP-bound form instead of the inactive ADP-
bound form (12). BLM, along with Topolll and Rmil, forms the dissolvasome complex to
resolve double Holliday junctions, which results in the formation of noncrossover prod-
ucts, and this process is critical in somatic cells (13).

In Plasmodium, only two RecQ helicases, PfBLM and PfWRN, have been identified
(14-16). Apart from the limited sequence similarity of their helicase domains, PfBIm
and PfWrn are very divergent from their human orthologs (22.5% and 23.7% sequence
similarity, respectively). Nonetheless, it was shown with purified PfBIm and PfWrn pro-
teins that their helicase activities are conserved. Both proteins are found to be
expressed during all intraerythrocytic stages of Plasmodium (15, 16). Recent studies
have shown that PfBIm is essential for maintaining the clonal expression of var genes,
and the rate of recombination at the var locus was unchanged in a APfbim strain (17,
18). Owing to the fact that Plasmodium solely relies on HR to repair DSBs, it is of the
utmost importance to explore the functional roles of these RecQ proteins of the para-
site during DSB repair. In this study, we implicate PfBIm in Plasmodium DSB repair. We
demonstrate that a RecQ helicase inhibitor abrogates the repair of DNA damage.
Finally, we provide compelling evidence that the synergistic interaction between the
RecQ inhibitor and the DNA-damaging agent artemisinin (ART) holds true in both
drug-sensitive and multidrug-resistant parasites.

RESULTS

PfBLM expression is maximal at the mitotically active schizont stage. To check
the expression of PfBLM during blood stages of P. falciparum, we performed real-time
reverse transcription-PCR (RT-PCR) and Western blotting. Previous reports have shown
that HsBLM and ScSGS1 expression levels are at their peak during the S phase of the
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FIG1 PfBLM expression is maximal at the mitotically active schizont stage. (A) Relative abundances of PfBLM
transcripts during the ring (12 h postinvasion [hpil), trophozoite (24 hpi), and schizont (38 hpi) stages quantified by
real-time RT-PCR analysis. Data were normalized against PfARP. The mean values *+ standard deviations (SD) from
three independent experiments are plotted. (B) Specificity of anti-PfBIm antibody versus the preimmune sera. (C)
Stage-specific expression of the PfBIm protein. PfActin was used as the loading control. The position of molecular
markers is indicated on the left. Representative microscopic images of different blood stages are shown below the
blot. (D) Quantification of Western blot data from three independent experiments. Data were normalized against
loading control PfActin. Each bar represents mean density = SD (n=3). The P value was calculated using the two-

tailed t test (* means a P value of <0.05, ** means a P value of <0.01, and N.S. means not significant).

cell cycle (19, 20). Since intraerythrocytic developmental stages of Plasmodium follow
the pattern of the regular cell cycle, we sought to investigate its expression level dur-
ing different blood stages. To this end, we isolated RNA and protein from synchronous
parasites at the ring, trophozoite, and schizont stages to perform real-time RT-PCR and
Western blotting. At the RNA level, the expression of PfBLM was found to be high dur-
ing the schizont and trophozoite stages compared to the ring stage. PfARP (aspara-
gine-rich protein) was used as a loading control. By real-time RT-PCR, we observed 5-
and 11-fold upregulations of PBLM in the trophozoite and schizont stages compared
to the ring stage (Fig. 1A). These findings are in good agreement with several high-
throughput transcriptome data sets available in the PlasmoDB database (21, 22). For
Western blot experiments, we used an antipeptide antibody that recognized a specific
band of 80 kDa corresponding to PfBIm (Fig. 1B). The schizont-stage-specific abundant
expression of the PfBIm protein corroborated well with the mRNA expression data
(Fig. 1C and D). PfActin was used as a loading control for the Western blot experiments.
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FIG 2 DNA damage-induced upregulation of PfBLM during intraerythrocytic developmental stages. (A) Synchronized P.
falciparum in vitro cultures at the ring, trophozoite, and schizont stages were either untreated (U) or treated (T) with
0.05% MMS for 6 h. Real-time RT-PCR on extracted RNA revealed the upregulation of PfBLM mRNA during the ring and
trophozoite stages upon DNA damage, but its level was not changed during the schizont stage. PfARP transcripts
were used as a loading control. Each bar represents the mean value = SD (n=3). (B) Western blots show that MMS
induced the expression of the PfBIm protein at the ring and trophozoite stages, but in the case of the schizont stage,
it remained unchanged. PfActin acted as a loading control. The position of molecular markers is indicated on the left.
(C) Quantification of Western blot data from three independent experiments. Data were normalized against PfActin.
Each bar represents the mean band intensity = SD (n=3). The P value was calculated using the two-tailed t test

(* means a P value of <0.05, ** means a P value of <0.01, and N.S. means not significant).

As the schizont stage is associated with replication and HR activities, our results sug-
gest the likely involvement of PfBIm in these two conserved processes.

DNA damage-induced upregulation of PfBLM during intraerythrocytic
developmental stages. We investigated whether PfBLM is overexpressed in response
to DNA damage. Previous reports have shown that Plasmodium proteins involved in DSB
repair are overproduced upon DNA damage (5, 6). Hence, we sought to investigate the
stage-specific induction of PfBLM under DNA-damaging conditions. To this end, we took
tightly synchronous parasites of the ring, trophozoite, and schizont stages and treated
them with the known DNA-damaging agent methyl methanesulfonate (MMS) for 6 h.
Following this, total RNAs/proteins were isolated from both untreated and treated cul-
tures. We performed real-time RT-PCR to check the expression of PfBLM in both treated
and untreated cultures. PfARP was used as a loading control. We observed a 14-fold up-
regulation of PBLM under DNA-damaging conditions at the ring stage and a 5-fold up-
regulation at the trophozoite stage, but its level remained unchanged during the schiz-
ont stage (Fig. 2A). We examined the induction of the PfBIm protein by Western blotting
in the three blood stages of the parasite. The expression of PfBIm was increased almost
3-fold under DNA-damaging conditions in the ring and the trophozoite stages, whereas
no significant induction was observed at the schizont stage (Fig. 2B and C), which corre-
lates with the transcript level. It could be possible that the steady-state level of PfBLM
mRNA or protein is already so high at the schizont stage that any further induction was
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FIG 3 PfBIm interacts with the key DNA repair proteins PfRad51 and PfalMre11. (A) Full-length PfBLM
was fused to the GAL4 activation domain (GAL4-AD) of pGADCI. Similarly, full-length PfalMRE11 and
PfRAD51 were fused to the GAL4 binding domain (GAL4-BD) of pGBDUCI1. The interaction was tested
in yeast strain PJ69-4A, which bears ADE2 and HIS as reporter genes. Starting with the same OD (1
OD/ml), 10-fold serially diluted cells were spotted onto plates lacking leucine and uracil to check for
the presence of bait and prey plasmids. Simultaneously, cells were spotted onto plates lacking
histidine and adenine to check the interaction. (B) Western blotting shows the interaction between
PfRad51 and PfBIm in the Ni-NTA pulldown (lane 3). The cell lysate of histidine-tagged PfRad51 mixed
with the empty GST cell lysate (lane 5) did not show a signal with anti-BIm antibody. The description
of each lane is shown at the bottom. The position of molecular markers is indicated on the right.

not quantifiable. Nonetheless, the upregulation of PfBLM in response to DNA damage
suggests its likely involvement in DSB repair.

PfBIm interacts with the key DNA repair proteins PfRad51 and PfalMre11. We
investigated whether PfBIm physically interacts with other bona fide DSB repair pro-
teins of P. falciparum. In order to function in the DSB repair pathway, PfBIm must inter-
act with proteins of the HR pathway. Previous studies have shown that HsBLM interacts
with both HsRad51 and HsMre11 (23, 24). We investigated whether PfBIm interacts
with PfRad51 and PfalMre11, which were previously implicated as DNA repair proteins
in Plasmodium (5, 6). To this end, we performed a yeast two-hybrid analysis. PfBLM was
cloned into the prey vector harboring the GAL4 activation domain and the LEU2 select-
able marker. PFRAD51 or PfalMRE11 was cloned into the bait vector having the GAL4
DNA binding domain and URA3 as a selectable marker. Doubly transformed yeast cells
were scored for HIS3 or ADE2 reporter gene expression. We observed an interaction
between PfBIm and PfRad51 as growth was seen on SC—Leu—Ura—His (synthetic com-
plete medium minus leucine, minus uracil, minus histidine) triple-dropout plates. The
interaction with PfalMre11 was found to be much stronger as growth was observed not
only on SC—Leu—Ura—His plates but also on SC—Ura—Leu—Ade (synthetic complete
medium minus leucine, minus uracil, minus adenine) triple-dropout plates (Fig. 3A). To fur-
ther confirm the interaction between PfBIm and PfRad51, a copurification assay was
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performed. To this end, we expressed recombinant PfRad51 with a histidine tag and
PfBIm with a glutathione S-transferase (GST) tag in Escherichia coli. Both cell lysates were
mixed, passed through a Ni-nitrilotriacetic acid (NTA) column, and eluted. We detected
both PfBIm and PfRad51 signals in Western blots of the eluates, suggesting their interac-
tion, whereas no signal was detected when only the PfBIm-GST lysate was passed through
a Ni-NTA column or the empty GST tag lysate was mixed with histidine-tagged PfRad51
and passed through a Ni-NTA column (Fig. 3B). As full-length PfalMRE11 could not be
expressed in bacterial systems (6), such copurification experiments could not be per-
formed for these pairs of proteins. These observations that PfBIm associates with two
well-established DSB repair proteins of P. falciparum strongly suggest a role of PfBIm in
the DSB repair pathway in this parasite.

PfBLM functionally complements the MMS sensitivity of an Asgs7 mutant of S.
cerevisiae. We investigated whether PBLM can functionally rescue the DNA repair
defect of the RecQ mutant of budding yeast. Saccharomyces cerevisiae possesses a sin-
gle RecQ gene, namely, SGS1. The DSB repair properties of Sgs1 are well established.
Previous studies have shown that an Asgs7 mutant strain is sensitive to the genotoxic
agent MMS (25), and full-length HsBLM was able to complement the MMS sensitivity
(26). Complementation was dependent on the helicase activity of the HsBLM protein
since the helicase-dead mutant HsbImK695R was not able to perform the DNA repair
function (26). In our study, we investigated whether full-length PfBLM and a helicase-
dead mutant of PfBLM (PfbImK83R) can complement the DNA damage sensitivity of the
Asgs1 mutant strain. Along with PBLM, another identified RecQ helicase of Plasmodium,
PWRN, was also tested. To this end, we knocked out the SGS7 gene from S. cerevisiae to
generate the SNY1 strain. PBLM, PfblmK83R, and PAWRN cloned into the pBFM vector
were transformed into SNY1 to generate SNY3, SNY4, and SNY5. We also transformed
5cSGST cloned into the pBFM vector and the empty pBFM vector to generate SNY2 and
SNY6, which acted as the positive and negative controls, respectively. Complementation
studies were done using a return-to-growth assay and by growing strains on plates con-
taining MMS. In both assays, we observed that PfBLM could partially complement the
DNA damage sensitivity of the AsgsT mutant, whereas PfblmK83R or PAWRN was ineffi-
cient to overcome the sensitivity (Fig. 4A and B). In the return-to-growth assay, the heli-
case-dead mutant behaved similarly to the negative control, indicating the importance
of the helicase activity of the PfBIm protein in performing the DNA repair function. The
expression levels of PBLM, PfbImK83R, and PWRN were determined by a semiquantita-
tive RT-PCR method, and the expression levels were found to be comparable to that of
ScSGS1T (Fig. 4C). We used the pBFM plasmid as it would enable us to detect the protein
expression of the cloned genes using anti-Myc antibody. However, we failed to detect
the expression of any Myc-tagged proteins. These results strongly suggest that the DSB
repair function of RecQ helicase is also conserved in PfBIm.

Overexpression of PfBLM provides a survival advantage to the parasites under
DNA-damaging conditions. In order to amplify the function of PfBIm in HR-mediated
DSB repair (if any), we performed overexpression studies. The idea behind such experi-
ments was that if PfBIm is involved in the repair of DSBs, the overexpression of PfBLM
would confer a better repair efficiency than the normal level of the protein. To this
end, P. falciparum 3D7 cells were transfected separately with both wild-type PfBLM and
the PfbImK83R mutant cloned into the pARL overexpression vector (27). The trans-
fected parasites at all three intraerythrocytic stages were treated with 0.002% and
0.005% MMS for 2h and returned to growth for 48h, after washing off MMS.
Simultaneously, the same experiment was performed with a 3D7 culture, which acted
as a control. In such experiments, only parasites capable of repairing the DSBs would
survive. The survival of the PfBLM-overexpressing strain upon DNA damage was found
to be significantly better than that of the wild-type 3D7 strain. Interestingly, such sur-
vival advantages were observed only for the parasites where DNA damage was
induced at the trophozoite or schizont stage but not at the ring stage (Fig. 5A to C). No
such survival advantage under DNA-damaging conditions was observed for parasites
overexpressing the helicase-dead mutant version of the gene PfbImK83R (Fig. 5A to C).
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FIG 4 PfBLM functionally complements the MMS sensitivity of the AsgsT mutant of S. cerevisiae. (A)
Spotting assay on SC—His plates without (control) or with 0.01% MMS. The genotype of each strain is
shown on the left. (B) A return-to-growth assay was performed, where all the complementation
strains were either untreated or treated with 0.03% MMS for 2h and allowed to grow on SC—His
plates without MMS after washing. The percentage of cell survival for each strain was obtained by
taking the ratio of the numbers of colonies formed between treated and untreated cultures. Each bar
represents the mean number = SD after normalization with untreated controls from three independent
experiments (n=3). The P value was calculated using the two-tailed t test (* means a P value of <0.05,
and N.S. means not significant). (C) The expression of PfBLM, PfbImK83R, and PWRN was confirmed by
isolating RNA and performing semiquantitative RT-PCR from complementation strains. PC, positive control
(Plasmodium genomic DNA used as the template); NTC, nontemplate control; T, test (cDNA from the
respective complementation strains used as the template).

The expression of green fluorescent protein (GFP)-tagged PfBIm and PfbImK83R was
confirmed by performing Western blotting (Fig. 5D and E). These experiments provide
direct evidence for the involvement of PfBIm in the DSB repair pathway of P.
falciparum.

In silico analysis of the binding poses and binding affinity of inhibitors against
PfBIm. We investigated whether chemical inhibitors of RecQ helicases, namely, ML216
and MIRA-1 (28, 29), could potentially bind to PfBIm. To this end, we have taken an in
silico approach. Since the crystal structure of PfBIm is not available, we have modeled
the protein based on the crystal structure of Homo sapiens BLM (HsBIm), the details of
which are described in Materials and Methods (see also Fig. S1 in the supplemental
material). The inhibitor molecules were first docked onto the PfBIm structure. It was
seen that ML216 can bind at either the ATP binding site or the DNA binding region,
whereas MIRA-1 can bind only in the vicinity of the ATP binding site (Fig. 6A). In order
to evaluate the stability of the docking poses, molecular dynamics simulations of the
docked complexes were performed. It was seen that ML216 interacts with two resi-
dues, GIn111 and Arg407, in the ATP binding site of PfBIm (Fig. 6B), but when it is
bound to the DNA binding region of PfBIm, it is seen to bind with two poses at the
same binding site: one in which it interacts with Arg404 and the other in which it inter-
acts with Trp191 (Fig. 6C). MIRA-1 interacts with the residues Gly80 and Arg282 in the
vicinity of the ATP binding site (Fig. 6D). An estimate of the binding affinity between
PfBIm and the inhibitors was made by calculating the free energy of binding
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FIG 5 Overexpression of PfBLM provides a survival advantage to the parasites under DNA-damaging conditions.
(A to C) Plasmodium falciparum 3D7 cells harboring PfBLM-GFP and PfblmK83R-GFP were either untreated or
treated with 0.002% and 0.005% MMS for 2h and subsequently allowed to grow for 48 h after washing. The
experiment was also performed with 3D7 cultures, which acted as a control. After 48 h, smears were prepared,
and infected erythrocytes were counted to obtain parasitemia data. The experiment was performed with three
intraerythrocytic stages of parasites. Stages are indicated at the top. Percent survival was plotted by taking the
ratio of the percentages of parasitemia between the treated and untreated cultures of the respective strains.
Each bar represents the mean survival value = SD (n=3). Significance was calculated with respect to the wild-
type strain (3D7). (D) Western blotting shows the expression of the PBIm protein. The strains are indicated at
the top. The expression of the PfBIm (80 kDa) protein in the 3D7 strain and the expression of GFP-tagged PfBIm
(107 kDa) protein along with endogenous PfBIm (80kDa) are shown. OE, overexpression. (E) Expression of the
PfBIm (80kDa) protein in the 3D7 strain (left) and expression of the GFP-tagged PfbImK83R (107 kDa) protein
along with endogenous PfBIm (80 kDa) (right). The positions of molecular markers are indicated on the left. The
P value was calculated using the two-tailed t test (* means a P value of <0.05, ** means a P value of <0.01,
and N.S. means not significant).

(Table S1). The values show that ML216 has a high affinity for PfBIm, compared to
MIRA-1. These results predicted that ML216 could be a potent inhibitor of PfBIm, and
hence, a chemical inhibition strategy could be employed to elucidate the function of
PfBIm during DSB repair in this parasite.

Compared to MIRA-1, ML216 is a potent inhibitor of the intraerythrocytic
growth of P. falciparum. To study the effect of RecQ helicase inhibitors (ML216 and
MIRA-1) on Plasmodium growth, we performed a growth inhibition assay in the pres-
ence of different concentrations of both drugs. RecQ helicases are involved in replica-
tion and DSB repair in a variety of organisms. Malaria parasites undergo several rounds
of replication during erythrocytic schizogony, and repair of endogenous DNA damage
is a common occurrence in the life cycle of Plasmodium. We investigated whether any
of the above-mentioned RecQ inhibitors actually inhibit the blood-stage development
of the parasite. We treated trophozoite cultures with ML216 or MIRA-1 at various con-
centrations (1nM to 1,000 M) for 48h and assessed parasitemia by staining the
smears with Giemsa stain. Both ML216 and MIRA-1 were able to inhibit the intraery-
throcytic developmental cycle (IDC) of the parasites. However, ML216 was more potent
than MIRA-1. The dose-response curve yielded 50% inhibitory concentration (IC,,) val-
ues of 3.28 uM and 67.6 uM for ML216 and MIRA-1 (Giemsa staining), respectively
(Fig. 7A and D). We also employed a fluorescence-based SYBR green | method to esti-
mate survival. This method yielded IC,, values of 6.31 uM for ML216 and 55.2 uM for
MIRA-1 (Fig. S2A and D). We further tested the effects of ML216 and MIRA-1 on the
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FIG 6 In silico analysis of the binding poses and binding affinities of inhibitors against PfBIm. (A) Two
binding poses for ML216 and a single binding pose for MIRA-1. ML216 can bind at either the ATP
binding site or the DNA binding region, whereas MIRA-1 binds only in the vicinity of the ATP binding
site. (B) ML216 interacts with GIn111 and Arg407 in the ATP binding site. (C) ML216 bound near the
DNA binding region is seen to exist in two poses: one in which it interacts with Arg404 and one in
which it interacts with Trp191. (D) MIRA-1 interacts with the residues Gly80 and Arg282 near the ATP
binding site. Hydrogen bonds between the protein and the inhibitor are shown as dotted lines.

drug-resistant strain Dd2. We observed that the IC., values are in similar ranges albeit
lower than what was observed for the drug-sensitive 3D7 strain. For ML216, the
observed IC;, value was 1.01 uM, and for MIRA-1, the value was 44 uM (Giemsa stain-
ing) (Fig. 7B and E). The SYBR green | method yielded ICs, values of 3.24 uM for ML216
and 58 uM for MIRA-I (Fig. S2B and E). In addition, we also examined the inhibitory
effect of ML216 on the artemisinin-resistant strain PfK13R539T (30). The Giemsa stain-
ing method yielded an ICs, value of 1.26 uM (Fig. 7C), and with the SYBR green |
method, the IC,, value was 2.19 uM (Fig. S2C). The ICs, values obtained by both the
Giemsa staining method and the SYBR green | method are in similar ranges. Thus,
ML216 was found to be a more potent inhibitor of the IDC than MIRA-1.

Parasites treated with ML216 become hypersensitive to the DNA-damaging
agent MMS. To investigate the effect of ML216 on DNA-damaged cells, we performed
a growth inhibition assay with MMS-treated cells. Previous studies have shown that
MMS creates numerous double-strand breaks and that such breaks are repaired over
the period (31). However, if such breaks are not successfully repaired, cells bearing the
unrepaired breaks succumb to death. Thus, the MMS sensitivity assay is a good mea-
sure of the DSB repair capability of the cells. We reasoned that inhibition of PfBIm with
ML216 would render parasites more sensitive to MMS treatment. To this end, we
treated synchronized parasite cells of all stages with various concentrations of ML216
(1nM to 1,000 uM) in the presence or absence of MMS. The assay was performed in
both drug-sensitive (3D7) and drug-resistant (Dd2) strains. MMS treatment drastically
lowered the IC;, value of ML216 for both the 3D7 and Dd2 parasite strains (Table 1).
The effect was most prominent when DSBs were induced at the trophozoite stage. The
drops in the IC,, values at the trophozoite stage were 264-fold and 218-fold for 3D7
and Dd2, respectively. The creation of DSBs at the schizont stage also had a profound
effect on the IC, value of ML216. There were about 185-fold and 40-fold reductions in
the IC;, values for the 3D7 and Dd2 strains, respectively. The effect on the ring stage
was very minimal, with only a 2- to 2.5-fold reduction. Such dramatic drops in the 1Cy,
values are not due to an additive effect of MMS toxicity as the survival rates of the
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FIG 7 Compared to MIRA-1, ML216 is a potent inhibitor of the intraerythrocytic growth of P. falciparum. We employed a
Giemsa staining method to evaluate percent parasitemia and deduced percent inhibition from the obtained parasitemia

values. (A) Synchronous trophozoite-stage parasites (3D7) were grown for 48h in the presence of various concentrations of

ML216. Parasite growth inhibition at various concentrations of the drug was plotted to obtain the IC,, values. (B) Growth

inhibition with ML216 in Dd2 parasites was plotted to obtain IC;, values. (C) Growth inhibition with ML216 in PfK13R539T

parasites was plotted to obtain IC,, values. (D) The effect of MIRA-1 on 3D7 parasites was tested according to the same
protocol as the one for ML216 treatment. Percent inhibition was plotted against various concentrations of the drug to obtain
the IC,, values. (E) Growth inhibition with MIRA-1 in Dd2 parasites was plotted to obtain the IC,, values. Each assay was

repeated three times for reproducibility (n=3).

ring-, trophozoite-, and schizont-stage parasites against MMS are 97%, 65%, and 60%,
respectively (Fig. 5A to C). These results imply that in the presence of external DNA-
damaging agents, ML216 could be an effective inhibitor of parasite growth as it works
at the nanomolar range.

ML216 blocks the repair of UV-induced DNA damage in the nuclear genome
of the parasite. Next, we investigated the effect of ML216 on the repair of DNA breaks
in the parasite genome. To this end, we employed a PCR-based technique to estimate
the amount of UV-induced damage at a particular region of the parasite genome as
defined by the position of PCR primers (32). This method relies on the fact that a longer
stretch of genomic DNA is more likely to experience UV-induced damage, and for a
very short stretch of the genome, such a probability is negligible. Thus, a decrease in
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TABLE 1 IC,, values of ML216 with or without MMS in treated cultures at different IDC stages
in the 3D7 and Dd2 strains

Stage and strain Treatment 1C5, (uM)
Ring
3D7 ML216 (alone) 3.49
ML216 + MMS 1.42
Dd2 ML216 (alone) 1.85
ML216 + MMS 0.96

Trophozoite

3D7 ML216 (alone) 2.8
ML216 + MMS 0.0106

Dd2 ML216 (alone) 0.871
ML216 + MMS 0.004

Schizont

3D7 ML216 (alone) 3.21
ML216 + MMS 0.0174

Dd2 ML216 (alone) 1.49
ML216 + MMS 0.0374

the long-range PCR product would indicate the accumulation of DNA damage in the
template DNA. As the amount of the short-range PCR product is expected to remain
unchanged before and after DNA damage, this can be used to normalize the data. We
treated the cultures with a sublethal concentration of ML216, monitored the repair ki-
netic of UV-induced DNA damage, and compared it with the repair kinetic of the
untreated parasites. As a positive control, we used B02, a known small-molecule inhibi-
tor of the Plasmodium DSB repair pathway. BO2 is a potent inhibitor of PfRad51, and
hence, it blocks the repair of DSBs in the Plasmodium genome (33). As a negative con-
trol, we included atovaquone (ATQ) in our study, as this chemical is not related to DSB
damage or repair. We observed that in the untreated parasites, DNA damage is
repaired by 24 h, but in the parasites treated with ML216, the damage remained unre-
paired even after 48h (Fig. 8). Similar kinetics were observed with parasites treated
with B02. Atovaquone treatment did not have any inhibitory effect on the repair of UV-
induced DNA damage. Thus, these results strongly suggest that the BIm inhibitor
ML216 is also a potent inhibitor of Plasmodium DSB repair.

ML216 interacts synergistically with ART and CQ. We studied the interaction of
ML216 with the known antimalarial drug ART. Since ART creates DSBs (34), and in the
presence of ML216, the repair of such breaks is inhibited, we hypothesized that ML216

Repair kinetics of UV-damaged genome
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FIG 8 ML216 blocks the repair of UV-induced DNA damage in the nuclear genome of the parasite.
ML216-, B02-, and atovaquone-pretreated and mock-treated cultures were UV irradiated at 100 J/m? at
the trophozoite stage. After UV treatment, cells were grown in the presence of sublethal doses of the
respective drugs (ML216, B02, or atovaquone) for 48h. The mock-treated culture was also grown in
parallel in normal complete medium, which acted as the control. Genomic DNA was isolated before
and after treatment (untreated and Oh posttreatment) and at 12-h intervals until 48 h. The percentage
of unrepaired damage was plotted at the indicated time points using GraphPad Prism software.
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and ART might potentiate each other’s action. To that end, we performed a fixed-ratio
drug combination assay. Dose-response curves were plotted for each combination,
and fractional inhibitory concentration (FIC) values were calculated from the graphs.
The ZFIC values are tabulated in Table S2. Finally, an isobologram was constructed
based on the calculated ZFIC values. As depicted in the isobologram, the interaction
between ML216 and ART is synergistic in nature (Fig. 9A). A similar result of a synergis-
tic relationship was observed for the drug-resistant strains Dd2 and PfK13R539T
(Fig. 9B and Q). As chloroquine (CQ) treatment inhibits heme polymerization leading to
the generation of free radicals, it is speculated that the treatment of parasites with CQ
is also likely to create DSBs in the parasite (35). As expected, we observed that ML216
also synergizes with CQ in both drug-sensitive and drug-resistant strains (Fig. 9D and
E). We also tested the interaction of ML216 with ATQ, whose mode of action does not
interfere with DNA metabolism. As expected, we did not observe any synergistic action
between these two drugs (Fig. 9F and G). These results suggest that the action of both
ART and CQ can be potentiated by the RecQ inhibitor ML216.

DISCUSSION

In this study, we established one of the RecQ helicases of Plasmodium, PfBIm, as a
DNA repair protein, and we have shown that a RecQ helicase inhibitor blocks the repair
of ART-generated DSBs in the Plasmodium genome. First, the expression level of PfBLM
was high during the schizont stage and upregulated in response to DNA damage.
Second, this protein is able to complement the MMS sensitivity of an AsgsT mutant of
S. cerevisiae and interacts with DNA repair proteins of Plasmodium. Third, the overex-
pression of this protein increased the survival of parasites upon DNA damage. Finally, a
chemical inhibitor of this protein, ML216, impaired the growth of parasites, and the in-
hibitor interacted synergistically with first-line antimalarial drugs.

The expression of PfBIm was at its peak during the replicative stage (schizont) com-
pared to the trophozoite and ring stages. A possible interpretation of this result is that
RecQ helicases play a crucial role in rescuing stalled replication forks (36), and in a recent
study of Plasmodium, it has been shown that replication forks stalled at elevated rates in a
APfblm strain (18), indicating the active role of PfBIm in replication and repair. The upregu-
lation of this protein in the presence of an external DNA-damaging agent implies its role
in DNA repair, and it is in congruence with previous reports in which the DNA repair pro-
teins PfRad51 and PfalMre11 were also upregulated (5, 6). We observed that PfBIm associ-
ates with PfRad51 and PfalMre11. The interaction with PfRad51 as scored by yeast two-
hybrid assays was found to be weak. It could be possible that within the parasites, certain
posttranslational modifications may modulate the strength of such an interaction, which is
absent in yeast. It is known from studies in other organisms that depending upon the
posttranslational modification of HsBLM, the consequence of its interaction with Rad51
can be either pro- or antirecombinogenic (11). Previous reports suggest that Mre11 helps
in the recruitment of HsBLM to DNA ends, thereby stimulating BLM-DNA2-RPA-mediated
resection of DSBs (9). PfRPA has been characterized (31), and from the genome informa-
tion, the putative ortholog of DNA2 has been annotated in P. falciparum (gene identifier
PF3D7_1106700) (37). Future experiments in Plasmodium may enlighten us about the im-
portance of the PfBLM-PfDNA2-PfRPA interaction.

In the current study, using a yeast surrogate system, we have shown that PfBLM res-
cued the MMS sensitivity phenotype of the Asgs? strain. However, the helicase-dead
mutants of PfBLM (PfbImK83R) and PAWRN were unable to perform this function. In model
organisms, the helicase activity of BLM is required for two steps of HR: one during the
resectioning of DSB ends through the DNA2-mediated pathway and the other during the
dissolution of Holliday junctions along with Topolll. Although the orthologs of all these
genes are annotated in the Plasmodium genome, whether PfBIm can engage with PADNA2
or PfTopolll and participates at these two distinct steps of HR needs to be experimentally
tested. Nonetheless, our results indicate that the helicase activity of PfBLM is important in
repairing damaged DNA. Previous reports have shown that human WRN failed to rescue
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FIG 9 ML216 interacts synergistically with ART and CQ. (A to C) Isobolograms of dihydroartemisinin (DHA)-
ML216 in the 3D7 (A), Dd2 (B), and PfK13R539T (C) strains. (D and E) Isobolograms of chloroquine (CQ)-ML216
in the 3D7 (D) and Dd2 (E) strains. (F and G) Isobolograms of atovaquone (ATQ)-ML216 in the 3D7 (F) and Dd2
(G) strains. Fixed-ratio drug combination assay. Each point represents the mean IC,, of the drug combination
from three independent experiments. A solid line is plotted between the IC;, values of each drug when used
alone. FIC, fractional inhibitory concentration.

the MMS sensitivity of the Asgs1 strain, indicating that its function is dispensable for DSB
repair (38). This holds true even for PAWRN, which was also unable to complement the
MMS sensitivity phenotype of the AsgsT strain. In model organisms, it was found that the
RecQ helicases possess both prorecombination and antirecombination functions (7, 8). A
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previous study observed increased recombination frequencies among the subtelomeric
var genes in a Pfwrn knockdown parasite line but not in a Pfbim knockout parasite line
(18), emphasizing the antirecombination activity of the PfWrn protein. Our study provides
evidence of the prorecombination activity of the PfBIm protein. Thus, it is possible that the
two RecQ paralogs of Plasmodium may have opposing roles in HR. It is also possible that
as observed in model organisms, the pro- and antirecombination functions of these two
proteins may be regulated via posttranslational modifications (11, 39-42). Such possibilities
need to be explored in the future,

We observed that the overexpression of PBLM reduced the MMS sensitivity of para-
sites. This finding indicates the DNA repair activity of PfBLM in the parasite. A plausible
explanation for the increase in the repair efficiency of PfBIm might be its involvement
in the unwinding of different substrates of the HR pathway as the overexpression of
the helicase-dead mutant did not provide any advantage. BLM also possesses a heli-
case-independent stimulatory function in the Exo1-mediated resection step during HR.
Although PfEXO1 has been annotated (PF3D7_0725000), we currently do not know
whether the overexpression of PfBIm also stimulates such a pathway in Plasmodium.

Here, we report the binding affinities of the known RecQ helicase inhibitors ML216
and MIRA-1 for PfBIm by performing docking and molecular dynamics simulations. Our
results demonstrated that ML216 binds efficiently to PfBIm compared with MIRA-1.
This result is in accordance with the IDC inhibition of parasites with both drugs. The
parasites are more sensitive to ML216 than to MIRA-1. Interestingly, ML216-mediated
inhibition seems to be more selective toward Plasmodium than human fibroblast cell
lines, where the half-maximal inhibitory concentration was more than 50 uM after 48 h
of incubation (28). Given the strong selectivity of ML216 toward Plasmodium, we
believe that chemical modification of the lead compound may bring antiparasitic activ-
ity in the nanomolar range. Notably, multidrug-resistant strain Dd2 was more sensitive
to ML216, and a similar effect was observed with the PfRad51 inhibitor B02 (33). The
likely explanation for this result could be that the Dd2 strain might have a compro-
mised DNA repair system, and recent reports have shown that the Dd2 strain failed to
respond to DNA damage induced by MMS (43).

Failure in the repair of DSBs inflicted by various endogenous sources such as
metabolites and reactive oxygen species (ROS) and replication errors during schizog-
ony lead to the death of parasites. The possible mechanism for the antiparasitic activity
of ML216 is to hinder the repair of such endogenous damage. Consistent with this
interpretation, the effect of the drug should intensify in the presence of external DNA
damage. Our growth inhibition experiment with MMS-treated cells confirmed this hy-
pothesis, with the parasite being hypersensitive to lower concentrations of the drug.
The known antimalarial drug ART inhibits different cellular pathways of parasites, and
creating DSBs is one such established mode of action among them. Our laboratory has
taken a particular interest in blocking the repair of such ART-generated DSBs (34) with
ML216. Indeed, ML216 was able to inhibit the repair of DSBs, offering a ray of hope for
artemisinin-based combination therapy (ACT). Finally, our results demonstrated that
ML216 interacts synergistically with the first-line antimalarial drugs ART and CQ. The
plausible explanation for the CQ-ML216 synergistic action might be that CQ inhibits
heme polymerization resulting in the generation of free radicals, which potentially cre-
ates DSBs. However, there is no experimental evidence for this hypothesis.

Altogether, our data provide compelling evidence for PfBIm'’s participation in
Plasmodium DNA repair. In addition, we have shown that RecQ helicases in Plasmodium
can be targeted given their functions in different DNA metabolic pathways. This study
raises the possibility of using RecQ helicase inhibitors in combination with the first-line
antimalarial drugs ART and CQ.

MATERIALS AND METHODS

Dihydroartemisinin (DHA) was used as an artemisinin (ART) derivative. DHA, CQ, ML216, and MIRA-1
were purchased from Sigma-Aldrich. DHA, ML216, and MIRA-1 were dissolved in dimethyl sulfoxide
(DMSO0). CQ was dissolved in MilliQ water.
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Plasmodium culture. The 3D7 or Dd2 strain of P. falciparum was grown in human erythrocytes
(RBCs) in RPMI 1640 medium supplemented with 0.005% hypoxanthine and 1% Albumax. The hemato-
crit of RBCs was maintained at 5%.

Plasmids. For complementation assays, PfBLM, PfblmK83R, and PfWRN were cloned into the yeast
expression vector pBFM. pBFM is a 2u yeast expression vector prepared by fusing the promoter region
of the pTA vector (44) and the vector backbone from the pESC-HIS plasmid (Agilent Technologies). P. fal-
ciparum 3D7 genomic DNA was used as the template for the amplification of Plasmodium genes. The
PfbImK83R mutant was generated by splicing by overlap extension PCR. A list of primers used in this
study is given in Table S3 in the supplemental material.

For yeast two-hybrid analyses, pGBDU-C1 was used as the bait vector, and pGAD-C1 was used as the
prey vector, which are 2u plasmids having URA3 and LEU2 markers, respectively (3). PfRAD51 and
PfalMRE11 were cloned into the bait vector containing the N-terminal GAL4 DNA binding domain, gener-
ating the PfRAD51-BD and PfalMRET1-BD fusions, respectively. PfBLM and PWRN were cloned into the
prey vector containing the N-terminal GAL4 activation domain, generating the PfBLM-AD and PfWRN-AD
fusions, respectively.

For copurification assays, PfBLM was cloned into the pGEX-6P2 vector (GE Healthcare Life Sciences),
and PfRAD51 was cloned into the pET101D vector (45).

For overexpression studies in Plasmodium, PBLM and PfbImK83R were cloned into the pARL-GFP vec-
tor (27).

Yeast strains. Vector pBFM harboring ScSGS1, PfBLM, PWRN, or PfbImK83R was transformed into the
Asgs1 strain SNY1 to generate the SNY2, SNY3, SNY4, and SNY5 strains. The empty pBFM vector was
transformed into SNY1 to generate SNY6. Yeast two-hybrid analysis was performed using the PJ69-4A
strain. Bait and prey plasmids were transformed into this strain to check the interaction of proteins. A list
of yeast strains with genotypes is given in Table S4.

RNA isolation and RT-PCR. Synchronous P. falciparum cultures were harvested at the ring, tropho-
zoite, or schizont stage when parasitemia was between 8 and 10%. For stage-specific DNA damage
experiments, cells were harvested from untreated and MMS-treated cultures. RNA isolation was done as
mentioned previously (6). Similarly, total RNA was isolated from yeast strains SNY3 to SNY5 after incuba-
tion at 30°C using an acid-phenol method as described previously (44). Equal amounts of RNA were
taken after estimating the concentration by spectroscopic analysis (EMC-709 spectrophotometer;
JASCO) and subjected to DNase | (Fermentas) treatment to eliminate genomic DNA contamination. PCR
was performed to confirm the absence of genomic DNA. The synthesis of cDNA was performed as
described previously (44). Briefly, 10 ug of total RNA was reverse transcribed using reverse transcriptase
(Qiagen), and the cDNA product was then subjected to real-time RT-PCR. cDNA was diluted 1:10 and
subjected to real-time PCR using SYBR Premix ExTaq (TaKaRa) and the Applied Biosystems 7500 Fast
real-time PCR system. The threshold cycle (C;) value of PfARP for each sample was normalized to the cor-
responding C; value of PfBLM transcripts. After normalization, C; values of PfBLM for different samples
were compared to obtain AC; values. The 22" formula was used to determine the relative levels of
PfBLM mRNA. Each experiment was repeated three times (n=3), and the P value was calculated using
the two-tailed t test (* means a P value of <0.05, ** means a P value of <0.01, *** means a P value of
<0.001, and N.S. means not significant).

Antibodies and Western blotting. The anti-PfBIm antibody was generated by selecting a unique
peptide at the C terminus of the PfBIm protein (KELEKREEELNEKTKNDQE), and antibody was raised
against the peptide in rabbit. Anti-PfBIm antibody, anti-hAct1 antibody (Abcam), and anti-His tag anti-
body (Invitrogen) were used at a 1:5,000 dilution. Horseradish peroxidase (HRP)-conjugated anti-rabbit
secondary antibody (Calbiochem) was used at a 1:10,000 dilution. HRP-conjugated anti-mouse second-
ary antibody (Calbiochem) was used at a 1:10,000 dilution for actin and His-tagged proteins. Western
blotting was performed as previously described (3). The Western blots were developed using a chemilu-
minescence system (Thermo Scientific), and the band intensities were quantified using ImageJ software.
Each experiment was repeated three times (n=3), and the P value was calculated using the two-tailed t
test (* means a P value of <0.05, ** means a P value of <0.01, *** means a P value of <0.001, and N.S.
means not significant).

DNA damage experiments in yeast. Spotting assays with yeast strains SNY2 to SN6 were performed
according to a previously mentioned protocol (6). Briefly, complementation strains were grown in me-
dium lacking histidine at 30°C to an optical density at 600 nm (ODy,,) of 0.5. After normalization and se-
rial dilution of the cells, spotting was done on an SC—His plate containing 0.01% MMS and an SC—His
plate without MMS, which acted as the untreated control. The plates were incubated at 30°C, and their
growth was compared. A return-to-growth assay with yeast strains SNY2 to SNY6 was performed as pre-
viously described (3). Briefly, yeast strains SNY2 to SNY6 were grown until the logarithmic phase and
then divided into two equal parts. One part was exposed to 0.03% MMS for 2 h, whereas the other part
was incubated without any treatment. The MMS was then washed off, and equal numbers of cells from
both parts for each strain were spread on an SC—His plate and incubated for 48 h at 30°C. Percent sur-
vival was determined by taking the ratio of the numbers of colonies formed in treated versus untreated
cultures. Each experiment was repeated three times (n=3), and a graph was plotted using GraphPad
Prism software. The P value was calculated using the two-tailed t test (* means a P value of <0.05, **
means a P value of <0.01, *** means a P value of <0.001, and N.S. means not significant).

Yeast two-hybrid analyses. A yeast two-hybrid analysis was performed as described previously (3).
Briefly, the interaction between bait and prey fusion constructs was analyzed by assessing the growth of
the SNY8, SNY11, SNY9, SNY12, SNY13, and SNY15 strains on SC—Ura—Leu—His and SC—Ura—Leu—Ade
triple-dropout plates. The plates were incubated at 30°C for 5 days.
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Copurification assay. For performing copurification assays, Rosetta(DE3) cells harboring pGEX6P2:
PfBLM were induced with 1 mM isopropyl-thiogalactosidase (IPTG) at 16°C overnight, whereas the same
cells harboring pET101D:PfRAD51 were induced with T mM IPTG at 37°C for 4 h. Lysis and Ni-NTA purifi-
cation were performed as described previously (46). Similarly, extracts of cells expressing recombinant
PfRad51 and an empty GST tag were also processed in the same manner, which acted as controls. The
eluted samples were further analyzed by Western blot techniques.

Transfection in P. falciparum. Tightly synchronized ring-stage Plasmodium parasites having a para-
sitemia of around 6% were transfected with 100 ug of the PfBLM-pARL and PfbImK83R-pARL constructs
according to a protocol described previously (47). Briefly, 1 day before transfection, both plasmids were
resuspended in 50 ul of a Cytomix solution (10 mM K,HPO, [pH 7.6], 120 mM KCl, 0.15 mM CaCl,, 25 mM
HEPES [pH 7.6], 2mM EGTA [pH 7.6], and 5mM MgCl,) and kept at 4°C overnight. Electroporation was
done using a Bio-Rad gene pulser. After transfection, cells were allowed to grow in the absence of the
drug until parasitemia reached 4%. Later, cells were maintained in drug medium until transfectants
appeared. Pyrimethamine was used as a selectable drug.

DNA damage experiments in parasites. DNA damage-specific expression of PfBLM was done by
treating cells with 0.05% MMS for 6 h, and untreated cells were grown simultaneously. RNA/protein was
isolated from both groups of cells for real-time RT-PCR and Western blotting.

For survival assays with the overexpression of PfBLM and PfbImK83R, parasites were synchronized,
and parasites having a parasitemia of around 1% were taken for treatment with 0.002% or 0.005% MMS
for 2 h. After 2 h of treatment with MMS, cells were washed twice and allowed to grow for 48 h in com-
plete medium. Wild-type parasites (3D7) were also given MMS treatment in a similar manner, which
served as controls. The ratio of the percentages of survival between the transfectant and the wild type
was taken to plot the fold survival advantage. Each experiment was repeated three times, and the graph
was plotted using GraphPad Prism software. The P value was calculated using the two-tailed t test
(* means a P value of <0.05, ** means a P value of <0.01, *** means a P value of <0.001, and N.S. means
not significant).

Docking and molecular dynamics simulations. The PfBIm protein was modeled using the I-TASSER
server (48, 49). A quality check of the predicted structural models was performed using the PROCHECK
program (50). The model closest to the HsBLM structure (PDB accession number 4CGZ) (51) in terms of
the root mean square deviation (RMSD) was chosen for further studies. A 10-ns equilibration of the
model was carried out using the GROMACS program with the CHARMM36 force field (52, 53). In order to
choose a representative structure from the simulation trajectory, clustering of structures from the last
5ns of the trajectory was performed using the GROMACS program. The structure at the center of the
largest cluster was chosen as a representative structure for docking studies. The inhibitors ML216 and
MIRA-1 were docked onto the PfBIm model using the AutoDock Vina program (54). Two independent
docking runs were performed for both inhibitors: one with the ATP binding site as the docking search
space and one with the DNA binding region as the docking search space. For each run, the docking
pose with the highest number of protein-inhibitor hydrogen bonds was selected for molecular dynamics
simulations. The protein-inhibitor complex was simulated for 50 ns using the GROMACS program with
the CHARMMS36 force field (52, 53). Force field parameters for the inhibitor molecules were obtained
using the Paramchem server (55, 56). The binding free energy for the protein-inhibitor complex was cal-
culated using the molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) method (57, 58).

Inhibition of Plasmodium growth by ML216 and MIRA-1. Drug inhibition assays with ML216 and
MIRA-1 were performed as previously described (33). Both Giemsa staining and SYBR green I-based eval-
uation of parasite survival were done as previously described (59). The semilog graph was plotted for
the concentration of the drug versus the percent inhibition to determine the 50% inhibitory concentra-
tions (ICs,s) of ML216 and MIRA-1 using GraphPad Prism software. Each assay was repeated three times
for reproducibility (n=3).

Effect of ML216 on DNA-damaged cells. To check the effect of ML216 on DNA-damaged cells, the
cultures were divided into two equal parts. One part was treated with 0.005% MMS for 2 h, and MMS
was washed off after treatment. The cells were allowed to grow in complete medium containing various
concentrations of ML216 (0.1 nM to 1,000 wM) for one generation (48 h). The second aliquot of the cul-
ture was maintained in the presence of ML216 without MMS treatment. In the positive control, MMS
and ML216 were not added. Each assay was repeated three times for reproducibility (n=3).

PCR-based method to quantify DNA damage. An amplification-based technique was performed to
measure nuclear DNA damage as previously described, with modifications (32). Briefly, ring-stage para-
sites were pretreated with sublethal doses of the drug atovaquone (0.3nM), ML216 (1 wM), or B02
(1 uM), followed by exposure to UV light (100 J/m?) at the trophozoite stage to induce DNA damage.
After treatment, the mock-treated or the drug-treated cultures were grown in the presence of the re-
spective drug-containing media for 48 h. Genomic DNA was collected before (untreated sample) and im-
mediately after (0-h sample) UV treatment and every 12 h until 48 h. The isolated genomic DNA was
quantified using a SYBR green | dye-based standard plot method. An equal amount of genomic DNA
was taken to set up PCR for amplifying long- and short-range fragments (7,200 bp and 269 bp). Primer
sets OMKB463 and -464 and OSB94 and -95 were used to amplify the long-range PCR and short-range
PCR products, respectively. The PCR products were quantified using SYBR green | dye, and the fluores-
cence readings of the long-range PCR product were normalized using the readings of the short-range
product. The amount of damaged DNA at any given time point was deduced from the following equa-
tion: damaged DNA =1 — (fluorescence intensity of the long PCR product/fluorescence intensity of the
short PCR product x 26.76), where the factor 26.76 represents the ratio of the long-range PCR amplicon
size to the short-range PCR amplicon size. The amounts of damaged DNA from the untreated sample
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and the 0-h sample were considered 0 and 100%, respectively. The amount of residual damage at each
time point was plotted using GraphPad Prism software. The P value was calculated using the two-tailed
t test (* means a P value of <0.05, ** means a P value of <0.01, *** means a P value of <0.001, and N.S.
means not significant).
Fixed-ratio method to determine the interaction between ML216 and DHA/CQ. Synchronous P.
falciparum cultures of the trophozoite stage were used to determine the interactions between ML216
and DHA/CQ/ATQ. A fixed-ratio method was performed as previously mentioned (33). A Giemsa stain-
based evaluation of parasitemia was done to estimate percent inhibition. A semilog graph was plotted
for each combination to determine the IC,, value using GraphPad Prism software. The fractional inhibi-
tory concentration (FIC) for each drug was determined by using the equation FIC = IC, of the drug in
the mixture/IC,, of the drug alone. The FIC values of both drugs were used to determine the interaction
between ML216 and DHA by using the following equation: ZFIC = (IC,, of DHA in the mixture/IC,, of
DHA alone) + (IC;, of ML216 in the mixture/IC;, of ML216 alone). An isobologram was plotted by using
GraphPad Prism software. An FIC of <1 represents synergism, XFICs of =1 and 2 represent an additive
interaction, and an XFIC of =2 represents antagonism. A similar equation was used for the CQ/ATQ and
ML216 combination.
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Malaria parasites repair DNA double-strand breaks (DSBs)
primarily through homologous recombination (HR). Here,
because the unrepaired DSBs lead to the death of the unicellular
parasite Plasmodium falciparum, we investigated its recombi-
nase, PfRad51, as a potential drug target. Undertaking an in
silico screening approach, we identified a compound, B02, that
docks to the predicted tertiary structure of PfRad51 with high
affinity. BO2 inhibited a drug-sensitive P.falciparum strain
(3D7) and multidrug-resistant parasite (Dd2) in culture, with
IC;, values of 8 and 3 uMm, respectively. We found that B02 is
more potent against these P. falciparum strains than against
mammalian cell lines. Our findings also revealed that the anti-
malarial activity of B02 synergizes with those of two first-line
malaria drugs, artemisinin (ART) and chloroquine (CQ), lower-
ing the IC;, values of ART and CQ by 15- and 8-fold, respec-
tively. Our results also provide mechanistic insights into the
anti-parasitic activity of B02, indicating that it blocks the
ATPase and strand-exchange activities of PfRad51 and abro-
gates the formation of PfRad51 foci on damaged DNA at chro-
mosomal sites, probably by blocking homomeric interactions of
PfRad51 proteins. The B02-mediated PfRad51 disruption led to
the accumulation of unrepaired parasitic DNA and rendered
parasites more sensitive to DNA-damaging agents, including
ART. Our findings provide a rationale for targeting the Plasmo-
dium DSB repair pathway in combination with ART. We pro-
pose that identification of a specific inhibitor of HR in Plasmo-
dium may enable investigations of HR’s role in Plasmodium
biology, including generation of antigenic diversity.

Malaria continues to be one of the biggest public health prob-
lems in this era. Up to 303 million new malaria cases are
reported each year with almost a half-million of them resulting
in death (1). Although artemisinin (ART)?-based combination
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break; HR, homologous recombination; CQ, chloroquine; PY, pyrimetham-
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therapies have helped reduce the World’s malaria burden, the
parasite’s ability to develop resistance has overcome our efforts
to curb this disease. Thus, there is an urgent need to come up
with new anti-malaria drugs. To that end, one of the ap-
proaches could be the identification of novel drug targets. Here,
we propose that targeting the DNA double-strand break (DSB)
repair pathway of the malaria parasites could be a viable
approach.

DSBs are inevitable in the life cycle of Plasmodium falcipa-
rum. Their sources could be endogenous, exogenous, or even
physiologic. Whatever the source of DSBs, each DSB needs to
be mended to ensure viability of a unicellular organism (2). In
Plasmodium, DSBs are repaired primarily by the HR pathway.
Parasites lacking functional HR machinery fail to repair DSBs
and succumb to death (3), suggesting that the HR pathway can-
not be compensated by any other DSB repair mechanisms in
these parasites. Mice infected with parasites with defective HR
live longer with significantly lower parasite burden (3).

In eukaryotes, Rad51 protein plays a central role during HR.
Rad51 coats the ssDNA and forms nucleoprotein filament dur-
ing strand invasion (4). Its ATP hydrolysis activity is required
for product release during the synapsis step (5). The two
Walker motifs (A and B) are responsible for its ATP-binding
and hydrolysis activities (6). The ortholog of Rad51 from P. fal-
ciparum has been identified (7). PfRad51 shows ssDNA-depen-
dent ATP hydrolysis activity and strand-exchange activity (8).
A mutation in the Walker-A motif (PfRad51'**®) not only
abrogates its ATPase activity but also exhorts a dominant-neg-
ative effect by inhibiting the ATPase activity of WT PfRad51
proteins (3). Yeast two-hybrid data indicate that PfRad51 inter-
acts with itself (3), suggesting that PfRad51 also forms multim-
eric complexes like other eukaryotic Rad51 proteins. Using
yeast as a surrogate model, it has been demonstrated that
PfRad51 can repair DSBs, perform gene conversions, and facil-
itate gene targeting at the correct genomic locus (3).

A large-scale screening of the NCBI chemical library using
a high-throughput fluorescence resonance energy transfer
(FRET) assay, for identification of inhibitors of human Rad51
(hRad51)-mediated DNA strand exchange, has identified 17

ine; PDB, Protein Data Bank; FIC, fractional inhibitory concentration;
ssDNA, single-strand DNA; MMS, methyl methanesulfonate; IFA, immuno-
fluorescence assay; DAPI, 4,6-diamidino-2-phenylindole; RBC, red blood
cell; MEF, mouse embryonic fibroblast; IDC, intra-erythrocytic develop-
mental cycle; Y2H, yeast two-hybrid; DHA, dihydroartemisinin.
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Dimerization
Surface 1

Dimerization
Surface 2

Figure 1. Docking of B02 onto the predicted tertiary structure of
PfRad51. Front view (A) and rear view (B) of the homology model of PfRad51.
C, docked conformation of BO2 at the Walker site. D, docked conformation of
B02 at the dimerization site.

compounds (9). Few of them were very specific to hRad51 as
they did not inhibit the bacterial RecA, which is the structural
and functional ortholog of Rad51 (9). Separate studies have
identified additional inhibitors of hRad51 (10, 11), and some of
them were further chemically modified to increase their speci-
ficity (12). Here, we report the in silico screening of small mol-
ecules for docking onto the predicted three-dimensional struc-
ture of PfRad51. One of the top-scoring ligands (B02) inhibits
the ATPase activity of purified recombinant PfRad51 protein
and its self-interaction. We further provide mechanistic
insights for the anti-parasitic activity of B02 that it abrogates
the formation of PfRad51 foci on the damaged DNA at chro-
mosomal sites, probably by blocking the self-interaction of the
PfRad51 proteins. This leads to the failure to repair damaged
parasitic DNA and renders the parasites more sensitive toward
DNA-damaging agents. B02 inhibits parasite growth more
selectively than that of mammalian cell lines. We found out that
the anti-parasitic activity of B02 can be potentiated by anti-
malarial drugs chloroquine (CQ) and ART. Furthermore, we
report that the anti-parasitic activity of B02 synergizes with
ART and CQ but not with pyrimethamine (PY).

Results

Homology modeling of PfRad51 and in silico screening of
small-molecule inhibitors

Because the X-ray crystal structure of PfRad51 is unavailable,
we wished to develop an in silico 3D structure of PfRad51 by
homology modeling. To achieve this, we have used the available
crystal structure of the yeast Rad51 (ScRad51) as a template.
The modeled structure of PfRad51 revealed the presence of all
the characteristic features of the ScRad51 structure, namely the
Walker motifs, the L1 site, the L2 site, and the dimerization
surfaces 1 and 2 (Fig. 1, A and B). This is in corroboration with
the sequence identity observed between PfRad51 and ScRad51
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(Fig. S1). To predict the chemical compounds that might have
anti-PfRad51 activity, we have prepared a virtual ligand library
of small molecules that have previously established anti-Rad51/
RecA activity (9—-11). Seventeen ligands were chosen (Fig. S2)
that inhibit the activity of eukaryotic Rad51 or Escherichia coli
RecA proteins. With each of the 17 ligands, we performed
blindfold docking, by setting the entire protein as the search
space. This allowed us to identify the most preferred sites for
binding, namely the Walker site and the dimerization site. The
binding affinities of each ligand as predicted by different mod-
els are listed in Table 1. The docking scores from each of the
models were totaled for each docking site to represent a mea-
sure of total affinity of ligand binding. A cutoff value of —30
kcal/mol was set because the binding affinity of ATP, which is
the natural ligand of PfRad51, was found to be near this value.
At the Walker site five ligands showed maximum affinity. These
ligands are as follows: A04, A08, A07, A05, and BO2. Similarly, at
the dimerization site eight ligands showed maximum affinity.
These ligands are as follows: A04, A08, A07, A05, B02, A10,
A03, and RI-2. Interestingly, two well-characterized inhibitors
of human Rad51, RI-1 and RI-2, exhibited weak docking at
the Walker site of PfRad51. The binding affinity of RI-1 to the
dimerization site of PfRad51 was also found to be below the
cutoff value. Such differential binding affinity of RI-1 can be
explained by the fact that the sequence of the ATP-binding
site of PfRad51 and hRad51 are similar but not identical (Fig.
S1) (13). Overall, A04, A08, A07, A05, and BO2 showed high
affinity toward docking at both the sites. Of these five ligands,
B02 is commercially available, and hence it was used for the
experimental validation of our bioinformatics prediction. The
docking of B02 on PfRad51 is depicted in Fig. 1, C and D.
The docking of the other top-scoring ligands (A04, A07, and
A08) at the Walker A site is shown in Fig. S3A. The docking of
the three top-scoring ligands (A04, A08, and A10) at the
dimerization face is shown in Fig. S3B.

BO02 binds to PfRad51 and inhibits its ATP hydrolysis and
three-strand exchange activities

To study the effect of BO2 on PfRad51’s activity, we measured
the inhibition of ssDNA-dependent ATPase activity and
strand-exchange activity of PfRad51 in the presence of B02.
Our docking study has predicted that BO2 binds at the Walker A
motif of Rad51, a site for ATP binding (Fig. S3A). To test this
prediction, we have done binding assays using a fluorescence
quenching experiment. PfRad51 has a single tryptophan resi-
due (Trp-170) that, when excited at 295 nm, emits fluorescence
with an emission wavelength maximum at 332 nm (Fig. S3C). In
the presence of increasing concentrations of B02, a dose-depen-
dent quenching of the intrinsic fluorescence was observed (Fig.
S3C). From the Stern-Volmer plot, the association constant
(K,) value was calculated as 0.8 um ' (Fig. 2A). As ATP is the
natural substrate that binds to the Rad51 protein, we have also
calculated the K, value of ATP binding, which was determined
as 0.22 uM~'. Thus, the association of BO2 with PfRad51 is
greater than the association of ATP and PfRad51. We have
used radicicol as a negative control in our experiment as it
did not show any quenching of the intrinsic fluorescence of
the PfRad51 protein.
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Table 1

Binding affinities of docked ligands (in —kcal/mol)

A = 3LDA, B = 3LDA_MIN, C = 1SZP, and D = ITASSER_AUTO.

Synergism between ART and PfRad51 inhibitor

Walker A site Walker adjacent site Dimerization site Dimerization adjacent site

Ligand | A B C D |[SUM |[A |B C SUM |A |[B C D SUM (A |B C SUM
A03 -6.6 |-6.6 [-7.1 [-73 |-27.6 |-6.6 |-7.1 |-6.4 [-20.1 |[-7.8 [-7.8 |-8 -88 |-324 |-6.6 |-7.1 [-7.6 |-21.3
A04 -89 [-7.8|-88|-86 |-341 (-89 |-72|-7.6 |-23.7 |-88 [-94 |-10.1|-94 |-37.7 |-89 |-8.6 |-8.7 | -26.2
A05 -73 |-6.8|-87|-73 |-30.1 |-73 |-73|-73 [-219 |-86 |-84 |-84 |-88 |-342 |-73 (-66 |-7.5|-21.4
A06 -6.5 [-6.7 |-7.3 |-7.5 |-28 -6.5 [-6.3 |-6.7 [-19.5 |-7.5 -7 |-7 -84 [-299 |-65[-6.7 |-7.1 [-20.3
A07 87 [(-73 |92 |-7 |-322 |-87|-76|-9 [-253 |-97|-87|-85 |-94 |-363 |-87 |-8.1 |-8.5|-253
A08 -83 [-771-93|-79 |-332 |-83 |-7.6 |-7.6 |-235 |-7.9 |-11 |-82 |-10.9|-38 -83 [ -8.1 |-8.7 | -25.1
A09 -59 |-62|-77 [-57 |-255 |-59 |-6.2 |-6.1 [-182 |-7.1 [-68 |-64 |[-7.1 |-274 |-59 |-69 |-7 |[-19.8
Al0 -68 |-6.8|-7.7 [-69 |-282 |-68 |-7 |-72|-2] -7.6 [-83 |-7.8 [-88 |-32.5 |-6.8 |-7.6 |-8.1 |[-22.5
All -6.5 [-62|-69 |-72 |-26.8 [-6.5|-6.3 |-62 |-19 -74 (-72|-75 |-82 |-303 |-6.5 |-68 |-7.5|-20.8
Al2 -6.7 |-63[-78 [-68 |-27.6 |-6.7 | -6.6 |-6.6 |-19.9 |-7.6 [-7.1 [-7.8 |-7.1 |-29.6 |-6.7 |-6.7 |-7.7 | -21.1
Al3 -74 |-64|-8.1 (-62 |-281 |-74|-7 |-7.1 |-215 |-73 |-7.5|-72 |-85 |-30.5 |-74|-64 |-7 |[-20.8
Al4 -6.7 |-6.1 |-87|-64 |-279 |-67 |-73|-68 [-208 |-7 |[-7.6|-69 |-89 |-304 |-6.7 [-6.5 |-6.7 |-19.9
AlS -6.7 |-54(-83(-64 |-268 |-67|-72|-6.8 [-20.7 |-6.7 [-7.3 |-7.1 [-88 |-29.9 |-6.7 |-6.4 |-6.7 |-19.8
ATP <72 |-7.1 |-8.6 | -84 |-31.3 |-6.7 |-6.8 | -6.5 | -20 73 [-74 |-75 |-7.7 |-299 |-6.7 [-6.5 |-6.8 | -20

B01 -86 [-7.71-79|-6.7 |-309 |-68 [-6.7 |-62 [-19.7 |-7 [-6.7 |-69 |-74 |-28 -6.8 [-7.1 |-6.9 | -20.8
B02 <17 (-72|-88|-75|-312 |-7.7 |-5.8 |-69 |-204 |-7.8 |-8.1 |-7.8 |-8.6 |-323 |-7.7 |-74 |-1.5|-22.6
B04 -64 |[-64|-82|-55|-265 |-64 [-6.2 |-64 |-19 74 [-71 |7 -74 |-289 |-64 |-73 [-69 |-20.6
B0S -6.1 [-7.1 |-7.1 |-72 |-27.5 |-6.1 |-5.8 |-6.1 |-18 -6.6 |-6.9 |-69 |-73 |-27.7 |-6.1 [-6 |-6.9 |-19

RI-1 -63 |-5.7(-74 (-57 |-251 |-63|-63|-59 |-185 |-7 |[-68 |-69 |-7.7 |-284 |-63 |-7.1 |-6.7 |-20.1
RI-2 -6.6 |-6.8 | -84 |-67 |-285 |-6.6|-6.1 |-6.6[-193 |-79 [-72 |-74 [-89 |-314 |-6.6|-72 |-7 |-208

Because ATP binding is a prerequisite for the ATP hydrolysis
activity of Rad51, we hypothesized that BO2 might inhibit the
ATPase activity of PfRad51. We performed the ATPase assay
with purified PfRad51 proteins in the presence of varying con-
centrations (0.01-40 um) of B02, and we measured the percent
activity by taking the activity of PfRad51 in the absence of any
inhibitor as 100%. We observed a sharp decline in the ATPase
activity of the protein with an increasing concentration of B02
(Fig. 2A). To ascertain whether such an inhibitory effect is spe-
cific to B02, we included two more chemical compounds,
namely RI-1 and radicicol, and we investigated their effect on
the ATPase activity of PfRad51. RI-1 has previously been found
to inhibit the strand-exchange activity of hRad51 (10). How-
ever, radicicol has been reported to bind to the Bergerat fold
and inhibit the ATPase activity of Hsp90 and TopoVIB proteins
(14). In our experiments, RI-1 exhibited moderate inhibition to
the ATPase activity of PfRad51 (Fig. 2A4). This finding is consis-
tent with our docking study, which predicted a weaker binding
affinity of RI-1 with PfRad51. However, radicicol did not show
any inhibitory effect to the ATPase activity of PfRad51 (Fig. 2B).
This corroborates well with the prediction that radicicol does
not bind to PfRad51 (data not shown). Thus, radicicol has acted
as a negative control in our experiment. To obtain the ICg,
value of B02 inhibition on the ATPase activity of PfRad51, we
have plotted the percent inhibition of the ATPase activity in the
presence of various concentrations of B02. The IC, of PfRad51
inhibition by B02 was determined to be 8.48 um (Fig. 2C). We
further investigated the effect of BO2 on the three-strand
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exchange activity of PfRad51 using circular single-stranded
X174 DNA and linear double-stranded ¢X174 DNA as sub-
strates. As observed earlier (8), PfRad51 generated the inter-
mediate joint molecules at the end of 30 min and the product
nicked circular DNA at the end of 90 min (Fig. S3D). How-
ever, in the presence of B02, a dramatic inhibition of the
product formation was observed in the presence of 20 um
B02 (Fig. S3E). The IC,, of such inhibition was determined to
be 7.96 um (Fig. 2D). In a previous study, the IC, of B02
against hRad51-mediated strand-exchange reaction was
found to be 27.4 um (9). Thus, it seems that BO2 has a higher
specificity toward PfRad51.

BO02 inhibits the repair of damaged Plasmodium DNA

Because HR is the primary DSB repair mechanism of Plas-
modium, we hypothesized that B02 could block the repair of
damaged Plasmodium DNA, thereby impairing parasite
growth. To this end, we performed an MMS sensitivity assay.
MMS creates numerous single-stranded and dsDNA breaks
(DSB) in the Plasmodium genome (15). Each of the DSBs need
to be repaired to ensure parasite survival. Thus, a decrease in
parasite survival upon MMS treatment reflects a lack of DSB
repair. We observed that parasites that are not exposed to B02
do not show MMS hypersensitivity, suggesting that these par-
asites are able to repair MMS-induced DSBs. This result is con-
sistent with previous reports (7, 15, 16). Parasites, if treated with
lower concentrations of B02 (10 nm), also do not show any sig-
nificant hypersensitivity to MMS. However, treatment of para-
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Figure 2. B02 binds to PfRad51 and inhibits its ATP hydrolysis activity. A, quenching of intrinsic fluorescence of Trp-170 of PfRad51 upon B02 binding.

Stern-Volmer plots showing the ratio of intrinsic fluorescence (F,) and quenched
excitation was at 295 nm, and the emission was recorded at 332 nm. Data are the

fluorescence (F;) at different concentrations of ligand binding are shown. The
mean = S.D. from three experiments. B, ssDNA-dependent ATPase activity of

PfRad51 in the presence of various concentrations of drugs (as indicated on the x axis) as indicated. C, at 200 um ATP concentration and 60 um ssDNA, the
activity of 1 um PfRad51 is inhibited by B02 with an ICs, value of 8.48 um. Mean and standard errors from three independent experiments are plotted. D,

three-strand exchange activity of PfRad51 is inhibited by B02 with an IC,, value o
plotted. LD, linear dsDNA (substrate); NC, nicked circular DNA (product).

sites with higher concentrations of B02 (100 nM to 10 um)
results in significant hyper-sensitivity toward MMS (Fig. 34).
Such effects cannot be scored at a much higher B02 concentra-
tion (20 or 50 uM) due to excessive toxicity.

To visualize and quantify the persistence of damaged para-
sitic DNA in the presence of B02, we performed the comet
assay. Treatment with MMS creates DSBs, and the extent of
damaged DNA can be quantified as a function of the tail length
in a comet assay. Under normal circumstances, P. falciparum
DNA repair machinery takes between 10 and 20 h to repair
DSBs, and as a result, the tail length decreases (15). We
treated P. falciparum in vitro culture with 0.05% MMS for
6 h to generate damaged DNA. Because such treatment was
not lethal for the parasites (Fig. S4), the parasites were
allowed to recover for 40 h in the presence or absence of B02
(10 um). The extent of damaged DNA was measured at dif-
ferent time intervals (10, 20, and 40 h post-MMS treatment).
Comets with long tails were observed upon MMS treatment.
Such comets were absent in the control samples. In the
absence of B02, the tail length of the comets was found to
decrease with time. An initial rapid recovery was observed
(at the end of 10 h) followed by a slower recovery. At the end
of 40 h, the tail length of the comets was comparable with the
untreated control samples (Fig. 3B, upper panel). In the pres-
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f 7.96 um. Mean and standard errors from three independent experiments are

ence of B02, an initial rapid recovery (10 h) was observed,
albeit to a lesser extent. Interestingly, no further recovery
was observed even until the last time point (40 h) (Fig. 3B,
lower panel). Our data indicate an inefficient repair of dam-
aged parasitic DNA in the presence of B02. Fig. 3C illustrates
the graphical representation of the mean value of tail length
(displacement of the tail’s center of mass relative to the cen-
ter of the head) with a recovery period in the presence and
absence of B02. Taken together, our results suggest that B02
inhibits the repair of MMS-induced DSB repair in the para-
site genome by inhibiting the activity of PfRad51.

BO02 inhibits the formation of PfRad51 foci upon DNA damage

To gain further mechanistic insights into the mode of action
of B02, we investigated whether PfRad51 foci formation is
affected in the presence of B02. The cytoplasmic Rad51 pro-
teins enter the nucleus upon DNA damage and oligomerize to
form a nucleoprotein filament on ssDNA, which is generated
due to the nucleolytic processing of a DSB. Such oligomeriza-
tion of Rad51 onto the ssDNA represents the accumulation of
numerous Rad51 proteins at the broken junctions that appear
as foci under a fluorescent microscope (17). These foci are
known as Rad51 foci and are crucial for the repair of DSB by the
HR mechanism. It should be noted that other DSB repair pro-
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Figure 3. B02 inhibits the repair of damaged Plasmodium DNA. A, MMS sensitivity of parasites treated with BO2 as determined by return-to-growth
assay. Growth of parasites that are neither treated with BO2 nor with MMS represents 100% survival. Error bars indicate S.D. (n = 3 experiments); asterisks
indicate values significantly different from the control, as follows: **, p < 0.01; NS, not significant. B, comet assay visualization of the persistence of
damaged DNA upon MMS treatment in the presence or absence of B02 (8 um). Control represents undamaged DNA. Shortening of the comet length
indicates the repair of damaged DNA during recovery time. C, quantitative measurement of comet tail length at different time points ranging from
pre-DNA damage to post-DNA damage. The average tail length of comets at each time point (n >50) was calculated. The mean of the averages from six
independent experiments is plotted. Asterisks indicate values significantly different from the control, as follows: ***, p < 0.001; **, p < 0.01; NS, not

significant.

teins are also recruited at these DNA damaged sites. Formation
of such a DNA damage-induced foci has been reported in P. fal-
ciparum as well (18). We performed an indirect immunoflu-
orescence assay (IFA) to detect nuclear foci formation of
PfRad51. When in vitro cultures of P.falciparum were
treated with 0.05% MMS, distinct nuclear foci of PfRad51
were observed (Fig. 4A4). No such nuclear focus was observed
for the control (untreated) parasites. In the presence of B02,
a marked reduction in the number of foci formation was
observed upon MMS treatment. Quantification of the data
revealed that there is almost an 80% reduction in the number
of foci in the presence of B02 (Fig. 4B). As a control, we
treated parasites with B02 alone, and as expected, PfRad51
foci were not observed.

Homodimerization of Rad51 is a prerequisite for Rad51 foci
formation. The dimerization of Rad51 takes place in a front—
to—rear fashion, where the ATP-binding site (the front side) of
one monomer lies in close proximity to the dimerization face
(the rear side) of the other monomer, also the adenine ring of
ATP mediates dimer interactions (19). Because our docking
studies also predicted that BO2 might inhibit PfRad51 dimeriza-
tion by blocking the dimerization site, as it competes for the
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ATP-binding site, we wanted to explore whether PfRad51 could
form homodimers in the presence of B02. To this end, we have
employed yeast two-hybrid analysis (Y2H). Earlier, it was
observed that PfRad51 was able to interact with itself, and such
self-interaction could be detected by Y2H (3). Similar Y2H
experiments were performed with both bait and prey vectors
having PfRAD51, and a positive interaction was observed as
robust growth on triple dropout plates (Sc—Leu—Ura—Ade).
Lack of growth on triple dropout plates indicated the lack of
interaction. We found out that PfRad51 is able to interact with
itself (Fig. 4C) in the absence of BO2. However, in the presence
of B02 no such interaction was observed. To ascertain that the
lack of growth on the triple dropout plates containing B02 is
due to the lack of interaction between the bait—protein and the
prey—protein (in this case both are PfRad51) and not due to any
toxic effect of B02, yeast cells harboring the bait—plasmid and
the prey—plasmid were grown in double-dropout plates (Sc—
Leu-Ura) in the presence of BO2. Robust growth was observed.
These results demonstrate that BO2 inhibits the homodimeriza-
tion of PfRad51 proteins. This could be one of the reasons
behind the dramatic reduction in the formation of PfRad51 foci
in the presence of B02.
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Figure 4. B02 inhibits the formation of PfRad51 foci upon DNA damage. A, IFA displays PfRad51 foci (FITC) upon treatment with the DNA-damaging agent
MMS (3rd row). Such foci are not visible in the control cells (untreated with MMS) neither in the presence (2nd row) nor in the absence of 8 um B02 (st row).
MMS-induced PfRad51 foci formation are inhibited in the presence of 8 um B02 (4th row). DAPI staining indicates the location of the parasite nucleus. B,
quantitative analysis of PfRad51 foci formation. Percent of focus formation is defined as the number of infected RBC having PfRad51 foci (FITC-stained) of 100
infected RBC (DAPI-stained). The mean and the standard deviations from three independent experiments are plotted. Two-tailed t test was performed to
obtain the statistical significance. The p value is indicated at the top. G, self-interaction of PfRad51 is inhibited in the presence of 8 um B02. pGADC1 and
PGBDUCT are the parent plasmids encoding the GAL4 activation domain and DNA-binding domain, respectively. DNA fragments corresponding to the
full-length WT PfRAD51 ORF were fused to the GAL4 activation domain in pGADC1 and fused to the DNA-binding domain in pGBDUC1. Two-hybrid interactions
were tested with yeast strain PJ694A, which bears the ADE2 gene as one of the reporters. Yeast cells harboring both plasmids were patched on control plates
(SC-Ura-Leu) as well as experimental plates (SC-Ura-Leu-Ade) to test for protein—protein interactions in the absence or in the presence of 8 um B02 (as
indicated at the bottom).

BO02 inhibits the intra-erythrocytic developmental cycle (IDC)
of P. falciparum

should also have a similar effect on the parasite’s survival. To
test this hypothesis, we treated synchronous trophozoite—stage
parasites with different concentrations of BO2 and monitored
their growth after 48 h by counting the parasitemia from thin
smears stained with Giemsa. BO2 treatment resulted in a dose-

To investigate the effects of B02 on the growth of P. falcipa-
rum, we monitored the intra-erythrocytic development of the
invitro culture of P. falciparum 3D7 in the presence of different

concentrations of B02. Previous studies have demonstrated
that malarial parasites lacking a functional HR mechanism
exhibit lower parasitemia during long-term propagation in
vivo. This finding is suggestive of a failure of the parasite to
repair naturally occurring DSBs in its genome, which results in
the elimination of such parasites from the parasite population
(3). We reasoned that Plasmodium recombinase inhibitor B02

8176 J Biol. Chem. (2019) 294(20) 8171-8183

dependent inhibition of parasite growth (Fig. 54). The dose-
response curve yielded an IC, value of 8.25 um (Fig. 5B). To
validate this finding, we employed a second method of parasite
counting, namely the SYBR Green method. In this method, the
fluorescent dye SYBR Green I intercalates between the base
stacks of parasite DNA, hence the measured fluorescent inten-
sity is directly proportional to the number of parasites. First, we
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Figure 5.B02 inhibits intra-erythrocytic development of P. falciparum. A, synchronous trophozoite stage 3D7 cultures were grown for 48 h in the presence
of various concentrations of B02 (as marked on the x axis). After 48 h, percent of parasitemia of different cultures was counted. The mean and standard
deviations from three parallel experiments are plotted. B, inhibition of parasite growth at various concentrations of B02 is plotted to obtain the ICy, value.
Growth of P. falciparum 3D7 strain was monitored by the Giemsa staining method. Parasite growth in the absence of BO2 is considered as zero inhibition. Mean
and standard deviations from three independent experiments are plotted. C and D, inhibition of growth of P. falciparum 3D7 and Dd2 as measured by SYBR
Green | method. C, inset, depicts the standard curve of parasitemia versus SYBR Green | fluorescence intensity.

plotted the relative fluorescence intensity versus the parasite-
mia to obtain a standard curve. The correlation coefficient was
found to be very high (r* = 0.997). We observed a similar dose-
dependent inhibition of the parasite growth. The IC, value was
determined to be 7.45 um (Fig. 5C). To investigate whether B02
could inhibit the growth of other strains of P. falciparum, we
tested the effect of BO2 on the in vitro culture of one of the
drug-resistant strains of P. falciparum, namely Dd2. We found
out that B02 inhibits the IDC of Dd2 as well (IC,, = 3.73 um)
(Fig. 5D). We also investigated the toxic effects of B02 in two
mammalian cell lines: mouse cell line MEF and human cell line
HepG2, and we observed that B02 has a killing effect against
these cell lines with an IC,, value of 18.2 and 11.93 um, respec-
tively (Fig. S5). Thus, the selectivity of BO2 action toward P. fal-
ciparum is found to be much higher when compared with the
mammalian cell lines (Table 2). The selectivity indexes for dif-
ferent parasite strains are found to vary between 2 and 5.

Inhibitory effect of B02 on IDC of P. falciparum can be
potentiated by DHA and CQ

To further investigate the anti-parasitic effects of B02, we
used three well-established anti-malarial drugs, namely ART,
CQ, and PY. Because ART causes DSBs in the Plasmodium
genome (20), we predicted that the inhibitory effect of B02
could be potentiated in the presence of ART. We have used
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Table 2

IC5, of B02 in different P. falciparum strains as compared with mam-
malian cell lines

Strain/cell line IC,, (mean * S.D.) Selectivity index
M

3D7 7.45 * 0.89 2.44

Dd2 3.73 £ 0.35 4.88

HepG2 11.93 = 0.23 1.52

MEF 18.2 £ 0.7 1

DHA as an ART derivative throughout our experiments. We
observed that in the presence of 60 nm DHA (the IC,,, concen-
tration against 3D7 strain), the action of B02 is potentiated
by 2.86-fold (Table 3). Similar potentiation (2.85-fold) was
observed in Dd2 strain in the presence of 65 nm DHA (the IC,,
concentration against Dd2 strain). A more dramatic potentia-
tion was observed in the presence of CQ. In the presence of 26
nM CQ in 3D7 strain and 72 nm CQ in Dd2 strain, 9- and 5.2-
fold potentiation of BO2 was observed. Interestingly, the pres-
ence of PY did not result in any potentiation of B02 in either
strain. This observation underscores the specificity of DHA and
CQ in the potentiation of B02 action.

We wanted to investigate whether the potentiation of B02
activity by DHA could alter the selectivity of the drug toward
the parasite strains. We have treated the mammalian cell lines
(MEF and HepG2) with varying concentrations of B02 in the
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Table 3 Table 5
IC5, of BO2 in combination with other anti-malarial drugs IC;, of DHA and CQ in combination with B02
Combination Potentiation Combination Potentiation
Strain of drugs IC,, (mean + S.D.) factor Strain of drugs IC;, (mean %= S.D.) factor
M nm
3D7 B02 (alone) 7.45 * 0.89 1 3D7 DHA (alone) 59.7 = 3.27 1
B02 (DHA)” 2.6 £02 2.86 DHA (B02)* 3.89 = 2.04 15.34
B02 (CQ)” 0.82 + 0.04 9 CQ (alone) 26.4 + 1.98 1
BO2 (PY)* 7.59 + 0.38 0.98 CQ (B02)* 3.17 = 047 8.33
Dd2 B02 (alone) 3.73 = 0.35 1 Dd2 DHA (alone) 64.8 + 3.56 1
B02 (DHA)? 1.31 * 0.05 2.85 DHA (B02)” 14.1 * 3.06 4.6
B02 (CQ)* 0.72 + 0.07 5.2 CQ (alone) 63.5 + 2.33 1
B02 (PY) 3.85 + 0.4 0.97 CQ (B02)® 9.8 = 0.71 6.48

“1Cs, concentration of DHA in 3D7 strain was used.
? ICs, concentration of CQ in 3D7 strain was used.
¢ICs, concentration of PY in 3D7 strain was used.
41Cs, concentration of DHA in Dd2 strain was used.
¢ ICs, concentration of CQ in Dd2 strain was used.
/1Cs, concentration of PY in Dd2 strain was used.

Table 4

IC5, of BO2 in combination with DHA in different P. falciparum strains
as compared with mammalian cell lines

IC,, (mean %= S.D.)

Strain/cell line Selectivity index

M

3D7 26 0.2 3.12
Dd2 1.31 = 0.05 6.19
HepG2 7.6 =043 1.06
MEF 8.12 0.6 1

presence of 60 nm DHA and determined the IC,, value of BO2 in
such combination assays. We observed that B02 has greater
selectivity for the parasite strains when combined with DHA
than when administered alone. For the 3D7 strain, the selectiv-
ity of B02 in combination with DHA was found to be 3.12 (Table
4) as opposed to 2.44 when B02 was administered alone. For the
multidrug-resistant strain Dd2, the selectivity index was found
to be 6.19 in combination therapy (Table 4) versus 4.88 for B02
alone.

BO02 lowers the IC 5, value of DHA and CQ in synergistic ways

We wanted to investigate the interactions between DHA and
B02. Because DHA causes DSBs in the Plasmodium genome,
and HR is the main mechanism to repair such breaks in malarial
parasites, we predicted that inhibition of HR mechanism by B02
would render the parasites more sensitive toward DHA action.
We have determined the IC,, of DHA in our experimental
setup. To this end, we have treated synchronous trophozoite
stage parasites with different concentrations of DHA for 48 h
followed by parasite quantification by the SYBR Green method.
We observed dos-dependent inhibition of parasite growth, and
the IC,, value was determined to be 59.7 nM. When similar
experiments were performed in the presence of IC,, concen-
trations of BO2 (8 uM), a dramatic decrease of 15.34-fold in the
IC,, value was observed (3.89 nm) (Table 5). Similarly, BO2 also
potentiated the anti-malarial activities of CQ by 8.33-fold
(Table 5). We sought to investigate whether such interactions
of DHA or CQ with B02 are synergistic or additive in nature.
For that we performed a fixed-ratio drug combination assay.
The mean FIC values derived from the dose-response curve for
each combination are compiled in Table 6. The sum of FICs is
plotted in isobolograms (Fig. 6). The isobologram demonstrates
that the profound effect of BO2 on the anti-malarial action of
DHA is synergistic (Fig. 6, A and B). Similarly, the interaction
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“1Cs, concentration of B02 in 3D7 strain was used.
? ICs, concentration of BO2 in Dd2 strain was used.

between B02 and CQ is also found to be synergistic (Fig. 6, C
and D).

Discussion

The data presented in this article provide compelling evi-
dence that B02 inhibits DSB repair in P. falciparum. First, it
inhibits the ATPase activity of PfRad51, which is important
for the product release during HR. Second, by binding at the
dimerization site, B02 blocks the dimerization of PfRad51,
which is the first step for the formation of the higher-order
nucleoprotein filament. Finally, BO2 inhibits the formation of
the PfRad51 foci at the damaged DNA ends, leading to the per-
sistence of an unrepaired broken DNA. Our findings provide
the first “proof of the concept” that parasitic HR pathways can
be inhibited to attenuate parasitic growth, and such attenuation
works in a synergistic way with two of the very potent malaria
drugs: artemisinin and chloroquine. Our data also demonstrate
that the native BO2 on its own has a higher selectivity toward
PfRad51 compared with hRad51 and is also more potent for
inhibiting the growth of malaria parasite compared with the
mammalian host. Lead compound optimization might lead to
an even better selectivity against PfRad51 compared with
hRad51. It could also be possible that certain chemical modifi-
cations of BO2 might have anti-malarial action at lower nano-
molar concentrations. Additionally, it is not necessary to
inhibit PfRad51 per se; other key proteins of Plasmodium HR
pathway that are less conserved in humans could serve as better
targets. For example, the DNA repair nucleases (such as
PfalMrell, PfExol, etc.), or the RecQ helicases (PfBLM and
PfWRN) have minimal sequence conservation with their
human counterparts. Future experiments might explore the
suitability of these DNA repair proteins as potential anti-ma-
larial targets.

B02 and ART potentiate each other’s action. This can be
explained by the fact that ART creates numerous DSBs in the
Plasmodium genome (20), and such DSBs can only be repaired
by the HR pathways in this parasite. BO2 is a potent inhibitor
of the Plasmodium HR pathway, and it blocks the repair of
ART-induced DSBs and thus potentiates the action of ART.
B02 and CQ also potentiate each other’s action. Currently, we
do not have any mechanistic explanations to this. However, two
plausible explanations could be as follows. First, CQ inhibits
heme polymerization in malarial parasites, thereby generating
free radicals that can potentially create DSBs in the parasitic
genome. This way CQ may potentiate the action of B02.
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Table 6
Mean FIC values of drug combinations
Strain DHA: B02 FICpp 0 FICy, SFIC CQ: B02 FIC.q FIC,, SFIC
3D7 5:0 1 0 1 5:0 1 0 1
4:1 0.41 0.12 0.53 4:1 0.57 0.14 0.71
3:2 0.35 0.27 0.62 3:2 0.39 0.27 0.66
2:3 0.25 0.50 0.75 2:3 0.21 0.34 0.55
1:4 0.13 0.67 0.80 1:4 0.14 0.63 0.77
0:5 0 1 1 0:5 0 1 1
Dd2 5:0 1 0 1 5:0 1 0 1
4:1 0.74 0.10 0.84 4:1 0.84 0.08 0.92
3:2 0.63 0.20 0.83 3:2 0.65 0.18 0.83
2:3 0.46 0.32 0.78 2:3 0.54 0.24 0.78
1:4 0.34 0.49 0.83 1:4 0.38 0.51 0.89
0:5 0 1 0:5 0 1 1

>

FIC of B02

0.0 075 1‘.;) ’ 0.0 0.‘5 1.0
FIC of DHA

FIC of DHA

FIC of B02
o
o

FIC of B02
o
o

T 9 0.0 T
0.0 0.5 1.0 0.0 0.5 1.0

FIC of CQ FIC oc CQ

Figure 6. Synergy of DHA and CQ with recombinase inhibitor B02. A and
B, isobologram of DHA-B02 combination in 3D7 and Dd2 strains, respec-
tively. Cand D, isobologram of CQ-B02 combination in 3D7 and Dd2 strains,
respectively. Fixed-ratio drug combination assays were performed. FIC, frac-
tion inhibitory concentration. Each point represents the mean IC;, of drug
combination from three independent experiments. The solid line is plotted
between the IC;, values of each drug when used alone to emphasize the
concave nature of the isobolograms.

Although this is a plausible explanation, currently it is not
established whether CQ treatment leads to creation of DSBs in
parasite genome or not. Future experiments may shed impor-
tant light into this possibility. A second possibility is that CQ is
a well-established inhibitor of the human DNA repair kinase,
Chk1. If CQ also inhibits the Plasmodium DNA repair kinase, it
might lead to an unrepaired DSB, thereby potentiating the
action of B02. As of now, the DNA repair kinases remain
unidentified in Plasmodium. So, it is not known whether CQ
also inhibits the Plasmodium DNA damage-response signaling
pathway or not. PY, however, inhibits Plasmodium dihydrofo-
late reductase and thereby blocks purine and pyrimidine bio-
synthesis. Thus it is unlikely to create DSBs in a parasite
genome. Probably for that reason we did not observe any syn-
ergism between PY and BO2.

Our results demonstrated that B02 synergizes ART action.
However, the asymmetric concave nature of the isobologram is
very interesting, and this can be explained in the following way.
By definition, when the combined effect of two drugs is greater

SASBMB

than the additive effect of the two, it is known as synergism. In
such a case, both drugs must have their individual effects. In
contrast, if one of the drugs does not have any effect on its own,
but becomes a potent drug only in the presence of the second
drug, it is called potentiation (21). As discussed earlier, Plasmo-
dium parasites encounter numerous DSBs that are generated
spontaneously during their normal course of propagation, and
such breaks are usually repaired by the HR. Parasites lacking
a functional HR mechanism fail to mend such DSBs thereby
succumbing to death (22). Similarly, if selected parasites are
treated with B02, then such parasites cannot repair DSBs, and
they also meet the same fate. Moreover, ARTs have multiple
targets: DNA, proteins, membrane lipids, and possibly several
other uncharacterized cellular targets. As mentioned earlier,
activated ART's create DSBs, and in most cases such DSBs are
repaired by the efficient HR pathway of the parasite (unless the
number of DSBs is too overwhelming for the parasite to repair).
Thus, it is unlikely that ART-mediated parasite deaths are pri-
marily due to the generation of DSBs. It is probably due to other
cellular damages caused by ART. As our model suggests (Fig. 7)
in the case of B02 and ART interactions, the DSBs created by
the ARTs remain unrepaired as the PfRad51-mediated HR
mechanism is inhibited by B02, and such unrepaired DSBs lead
to parasite death. Thus, BO2 potentiates the action of ART as far
as the unrepaired DSB-mediated parasite killing is concerned.
Therefore, in the absence of B02, ARTs kill parasites by dam-
aging other cellular targets, and in the presence of B02, ARTs
kill parasites by damaging the DNA as well. Thus, of the many
types of cellular damages that ARTSs create, only one of them
(namely DSB) can be synergized by B02, explaining the asym-
metric nature of the concave isobologram.

Whole-genome sequencing of ART-resistant mutant strains
reveals that there are sequence polymorphisms in 38 Plasmo-
dium genes between ART-sensitive strains and ART-resistant
strains. Interestingly, no such polymorphism has been found in
genes that are predicted to be involved in the HR pathway (23,
24). Thus, it is reasonable to propose that the HR pathways of
ART-sensitive parasites and ART-resistant parasites are not
likely to be different. In other words, BO2 might synergize with
ART’s activity and lower the IC,, value of ART even in the
ART-resistant parasite strains. This hypothesis can be experi-
mentally tested in the future. We have noticed that the multi-
drug-resistant strain Dd2 is more sensitive to BO2 than that of
the sensitive strain 3D7. Currently, we do not have any
mechanistic insights into this finding. However, one likely
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Figure 7. Model of parasite killing by the combination of ART and B02.
ART is activated by Fe?* source within the parasite to generate activated
ART*, which creates DNA double-strand breaks and several other cellular
damages (protein alkylations, membrane lipid peroxidation, etc.). DSBs are
repaired by PfRad51-mediated HR pathway leading to survival of parasites. In
the presence of B02, the parasitic HR mechanism is blocked resulting in unre-
paired DSBs that eventually lead to parasite death. Similarly, the other kinds
of cellular damages if remaining unrepaired also lead to parasite death. How-
ever, this second process of parasite killing is independent of BO2 action.

explanation could be that the strain Dd2 carries mutations in
12 DNA repair genes (25); thus, it may have a less efficient
DNA repair mechanism.

In addition to serving as a potential anti-malarial chemical
compound, B02 can also be used as a chemical knockout strat-
egy to explore the role of PfRad51 in Plasmodium biology. For
example, it will now be possible to investigate whether or not
PfRad51 is involved in the diversification of var gene sequences
by carrying out recombination between closely related, yet non-
identical var genes. Such studies will throw important lights
into our understanding of antigenic variation, a potent immune
evasion strategy of the parasite.

Experimental procedures
Materials

We have used dihydroartemisinin (DHA) as an artemisinin
derivative (ART). DHA, B02, RI-1, and radicicol were pur-
chased from Sigma. DHA, B02, and RI-1 were dissolved in
DMSO. Radicicol was dissolved in ethanol.

Parasite culture

P. falciparum 3D7 or D2 cultures were maintained in RPMI
1640 medium supplemented with 1% albumax and 0.005%
hypoxanthine in human erythrocytes with 5% hematocrit at
37 °C as described earlier (2).

ATP hydrolysis assay and three-strand exchange assay for
PfRad51

Recombinant PfRad51 protein was expressed and purified as
described earlier (3). We measured the ATPase activity of
PfRad51 in the presence of BO2, RI-1, and radicicol by using
EnzChek phosphate assay kit (Molecular Probe) as described
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earlier (26). Briefly, the enzyme (2 um PfRad51 protein) was
incubated with a fixed concentration of the substrate (200 pum
ATP) and X174 ssDNA (60 uMm) in the presence or absence of
varying concentrations of individual inhibitors, and the forma-
tion of the product (P;) was measured. The following concen-
trations of the inhibitors were used in our assay: B02 (3, 6, 13,
15, 18, 20, 24, 27, 35, 40, 50, 100, 200, and 300 um); RI-1 (5, 10,
20, 30, 40, 50, 60, 80, 100, 200, and 300 um); radicicol (0.1, 10,
100, and 300 um). ATPase activity of PfRad51 determined in the
absence of any inhibitor was taken as 100%, and accordingly,
the percent inhibition values were calculated for various con-
centrations of the inhibitors. For determination of the IC,,
value, the ATPase activity of PfRad51 1 um enzyme was incu-
bated with various concentrations of B02 (ranging from 0.1 to
1000 uMm). The data were plotted in a semi-log graph to deter-
mine the IC,, value with the help of the GraphPad Prism soft-
ware. Three-strand exchange assays were performed as
described earlier (8). Briefly, ¢X174 ssDNA (5 um) and linear
double-stranded ¢X174 DNA (15 um) were incubated with 1
uM PfRad51 in the presence of B02 (10, 20, 50, and 100 uMm) or
DMSO. Formation of nicked circular dsDNA product at 90 min
was measured from the band intensity using Image] software.
The product formation in the absence of B02 was taken as
100%, and accordingly, the percent inhibition values were cal-
culated for various B02 concentrations. The date obtained from
three independent experiments was plotted to determine the
IC,, value.

Fluorescence quenching assay for ligand binding to PfRad51

To study the selective binding of B02 with PfRad51 protein,
an intrinsic fluorescence spectra of the protein was recorded
using the Jasco FP-8500 spectrofluorometer. Briefly, 1 um
PfRad51 protein in phosphate buffer was taken in a quartz
cuvette with a 1-cm path length, and the excitation wavelength
of 295 nm was used. The emission spectra of PfRad51 protein
was recorded in both the absence and presence of B02. The
maximum fluorescence emission at 332 nm wavelength was
recorded for PfRad51 (F,) and in the presence of varying B02
concentrations (0.05 to 0.4 um) (F,). A blank run (0.1 M phos-
phate buffer with vehicle) was subtracted from each spectral
reading. The ratio of fluorescence intensities (F,/F,) was calcu-
lated at every drug concentration. A Stern-Volmer plot was
plotted taking the mean value from three independent experi-
ments, and the association constant (K,), which is the slope of
the graph, was determined.

Inhibition of P. falciparum in vitro culture by B02

Highly synchronous P. falciparum cultures of the trophozo-
ite stage were treated with various concentrations of B02 (1 nm
to 100 uMm) for 48 h. The percent of parasitemia was measured
by two independent methods, Giemsa staining method and
SYBR Green-I-based assay. For the Giemsa staining method,
thin smear slides were prepared, fixed with methanol, and
stained with Giemsa solution and for counting the number of
parasitized erythrocytes in random, adjacent microscopic fields
equivalent to about 12,000 erythrocytes under oil immersion.
The slides were counted by two independent scientists. The
SYBR Green-I-based parasite quantification was performed as
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described previously (27). Briefly, 100 ul of in vitro culture was
taken in 96-well plates containing an equal volume of lysis
buffer having a SYBR Green reagent (20 mm Tris-HCI (pH 7.5),
5mMEDTA, 0.008% saponin, and 0.08% Triton X-100) and was
incubated at room temperature in the dark for 1 h. Fluores-
cence intensities were measured with the multimode reader
(Spectramax m2e) at excitation and emission wavelengths of
485 and 530 nm, respectively. Each assay was repeated three
times for reproducibility. Corrected fluorescent readings were
obtained by subtracting the background readings of the culture
without parasites. The 50% inhibitory concentration (IC,) of
B02 was determined by plotting the concentration of the drug
versus the percent inhibition on a semi-log graph by using
GraphPad Prism.

The MEF cell line and human liver cell line (HepG2) were
cultured in a culture medium of Dulbecco’s modified Eagle’s
medium (Gibco), supplemented with 10% fetal bovine serum
(Gibco), 0.5 mg/ml gentamicin (Sigma), and incubated at 37 °C
in a humidified atmosphere of 5% CO,. Following treatments
with various concentrations of BO2 for the stipulated times, the
cells were collected by trypsinization and enumerated the num-
ber of viable and dead cells by trypan blue (Sigma) dye exclusion
method using a hemocytometer under microscope.

Interaction of B02 with DHA or CQ by fixed-ratio isobologram
method

To determine the interactions between different drug com-
binations, synchronous P. falciparum cultures of the trophozo-
ite stage were used. For the determination of the IC,, of DHA,
parasite cultures were incubated in the presence of various con-
centrations of DHA (0.1 nm to 1 um) for 48 h followed by par-
asite quantification by SYBR Green-I based method. The IC,,
value was taken from a semi-log plot of percent inhibition ver-
sus concentrations of DHA using GraphPad Prism. Similarly,
the IC,, of CQ was also determined. Fixed ratio of drug combi-
nation was performed as mentioned (28, 29). Briefly, in combi-
nation assay DHA/CQ and B02 were combined in four fixed
ratios (4:1, 3:2, 2:3, and 1:4). Approximately 8-fold IC,, concen-
trations of each compound were taken as 100% so that the IC,
of the individual compound falls in between the third and
fourth of a 2-fold serial dilution. The effect of each of the drug
combinations (along with their 2-fold serial dilutions) on the
intra-erythrocytic development of the parasite was assayed in
triplicate in a flat-bottom 96-well plate. Each experimental well
contained a total volume of 200 ul of medium with or without
drug and 1% parasitemia with 5% hematocrit. After seeding the
wells, plates were incubated at 37 °C for a 48-h asexual cycle,
followed by estimation of a parasite count by the SYBR Green
I-based method. The IC,, value for each combination of drugs
was identified by plotting the semi-log graph by using
GraphPad Prism software. The FIC for each drug was deter-
mined by using the equation FIC = IC, of drug in mixture/IC,,
of drug alone. The interaction between B02 and DHA was iden-
tified by using the FIC values of both drugs using Equation 1.

SFIC = (ICs, of DHA in mixture/ICs, of DHA alone)

+ (ICso of BO2 in mixture/ICs, of BO2 alone)
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The isobologram was prepared by using GraphPad Prism soft-
ware. > FIC <1 represents synergism; > FIC =1 and <2 repre-
sent additive interaction; and > FIC = 2 represents antagonism.
Similar equation was used for CQ and B02 combination.

Inhibition of the repair of damaged DNA in the presence B02

For determining the IC., of BO2 upon treatment with DNA-
damaging agent MMS, the cultures were divided into two equal
parts. One part was treated with 0.005% MMS for 6 h followed
by washing off MMS and returned to growth in complete
medium containing various concentrations of B02 (as men-
tioned earlier) for one generation (48 h). The second aliquot of
the culture was maintained in the presence of B02 without prior
treatment with MMS. The culture without MMS and B02 treat-
ment acted as the positive control.

Comet assay

The extent and recovery of DNA damage were assessed by
alkaline comet assay. Briefly, synchronous trophozoite para-
sites were treated with 0.05% MMS for 6 h. Higher concentra-
tion of MMS was used in this assay to create numerous DSBs in
the parasite genome so that they can be easily visualized on the
gel. For measuring the viability of the parasites due to the MMS
treatment, an aliquot of the culture was returned to growth in
fresh culture medium without MMS, and the parasitemia were
determined after 48 h as described elsewhere (7). For perform-
ing comet assay, after the treatment the washed parasites were
returned to growth for 40 h in the presence or absence of B02 (8
uM). Parasites were harvested at different time points (at 0 h
and after 10, 20, and 40 h). Alkaline comet assays were per-
formed with saponin-lysed parasites as described earlier (20).
The comets were visualized using a laser scanning confocal
Microscope (Carl Zeiss). From each sample the extent of DNA
damage and tail migration (horizontal distance from the end of
the head to the end of the tail) was calculated using Comet
Assay IV software. Quantification of data were done by using
GraphPad Prism software.

IFA

IFA of parasites were performed according to the protocol
described elsewhere (18). Briefly, parasite cultures pre-treated
with B02 (8 uM) for 12 h were divided into two parts. One part
was treated with 0.05% MMS for 6 h, and the other part
remained untreated. Similarly, parasite cultures that were not
pre-treated with BO2 were also treated with MMS. As a control,
parasites that were neither treated with B02 nor with MMS
were also analyzed. Cold methanol-fixed slides were treated
with anti-PfRad51 antibody (1:100 dilution) followed by incu-
bation with anti-rabbit IgG (FITC-conjugated) (1:200 dilution).
Parasite nuclei were stained with DAPI (10 pg/ml) and visual-
ized using a laser-scanning confocal microscope (Carl Zeiss).
Parasite samples not treated with MMS acted as the “no DNA
damage control.” Parasite samples treated with B02 but not
with MMS were also used as a control to demonstrate that B02
treatment per se does not induce DNA damage.

Yeast two-hybrid analysis

Yeast two-hybrid analysis was performed as described earlier
(3). Briefly, the strain NRY13 (3) was grown in Sc—Leu-Ura
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medium with or without B02 (8 um) up to mid-log phase. To
ensure the presence of the bait and the prey plasmid, cells were
patched on an Sc—Leu—Ura plate with or without B02. To score
for protein—protein interaction, cells were also patched on an
Sc—Leu-Ura—Ade plate with or without B02 and allowed to
grow for 72 h.

Bioinformatics analysis

Homology model of PfRad51 protein was generated by using
offline tool MODELLER (30), as well as the most widely used
on-line server I-TASSER (31). Homology models of Rad51 were
developed from the X-ray crystal structures of yeast Rad51
(PDB (32) codes 1SZP (33), 3SLDA (34), 1XU4 (35), IPZN (36),
and Rad A (PDB code 2ZUC (37). Best models were selected
based on the C-Scores in I-TASSER and DOPE Score in
MODELLER. However, for further analysis only I-TASSER
models were selected because the large gaps in the template
X-ray structures of Rad51 could not be modeled efficiently in
MODELLER. Models were viewed in PyMOL (38). Models
were analyzed using MolProbity (39). To rectify finer issues, a
short partially constrained molecular dynamics simulation—
based energy minimization was run using the YASARA Mini-
mization Server (http://www.yasara.org/minimizationserver.
htm)* (40). This analysis allowed us to obtain the final relaxed
structures which are ready for docking studies.

Most of the ligands were obtained from the ZINC Database
(41), as ready to dock 3D models with different bond types at
different pH environments. Ligands, A04 and B01, were
obtained as 2D models from NCBI PubChem and converted to
3D structures on the PRODRG server (42).

The docking search grid box was defined to encompass res-
idues in and around the ATPase domain of the Rad51 protein
models to obtain the most effective binding sites. For docking
with Autodock Vina (43), we converted the obtained ligands
from mol?2 files into respective PDBQT files using MGLTools
suite (44). For rigid receptor docking, we converted the protein
models into single PDBQT files. For docking flexible residues,
we also converted the protein models into a flexible-residue
PDBQT file. (Residues set as flexible were the residues of the
Walker domain that are well-conserved across different organ-
isms and species.) Because the architecture of AutoDock Vina is
such that it allows for variability of results from run to run, we
ran the docking calculations a total of three times for both rigid
and flexible docking to obtain a more concordant set of results.

In DOCK 6.6 (45), ligand models were fed directly as mol2
files. The protein models, however, needed to be processed.
First, a receptor surface is created after removal of all hydrogen
atoms from the model. It is then used to identify ligand-binding
cavities by generating spheres that fit onto the surface and then
by clustering the intersecting spheres. Cluster 3 in the case of
PfRad51 was selected for docking as it is present in the ATPase
domain of the protein model. The PfRad51 cluster 3 had to be
manually trimmed as it encompassed more than the ATPase
domain. A box of sufficient size (5 A in PfRad51) encompassing
the cluster was then defined as a docking grid and was pre-
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calculated to minimize calculations while docking. Thereafter,
docking calculations were run, and the top docked poses for
each ligand were generated. The generated poses were then
rescored using the AMBER score (46) (GBSA score) function of
DOCK 6. This was used to perform short molecular dynamics
simulations of the ligand as well as the proximal residues of the
protein model to obtain an induced fit of the ligand to the pro-
tein (47). The docking protocol was verified by docking ATP,
the native ligand of the ATPase domain of PfRad51 protein. We
observed binding modes similar to that present in the X-ray
structures of yeast Rad51 in the top five docked poses.

Author contributions—P. V., D.D.,, N. S,, S. B., and M. K. B. investi-
gation; S. B. and M. K. B. supervision; M. K. B. conceptualization;
M. K. B. resources; M. K. B. formal analysis; M. K. B. funding acqui-
sition; M. K. B. writing-original draft.

Acknowledgments—Support from Department of Science and Tech-
nology-FIST and University Grant Commission-SAP to the Depart-
ment of Biochemistry is acknowledged. Computational work incorpo-
rated in the paper was carried out at the Department of Biotechnology
and funded the Bioinformatics Infrastructure Facility, University of
Hyderabad. We thank Mrinnanda Bhattacharya for line editing of
the manuscript.

References

1. World Health Organization. (2015) World Malaria Report 2015. World
Health Organization, Geneva, Switzerland.

2. Frankenberg-Schwager, M., and Frankenberg, D. (1990) DNA double-
strand breaks: their repair and relationship to cell killing in yeast. Int. /.
Radiat. Biol. 58, 569 —575 CrossRef Medline

3. Roy, N,, Bhattacharyya, S., Chakrabarty, S., Laskar, S., Babu, S. M., and
Bhattacharyya, M. K. (2014) Dominant negative mutant of Plasmodium
Rad51 causes reduced parasite burden in host by abrogating DNA double-
strand break repair. Mol. Microbiol. 94, 353—-366 CrossRef Medline

4. Stark, J. M., Hu, P., Pierce, A. J., Moynahan, M. E., Ellis, N., and Jasin, M.
(2002) ATP hydrolysis by mammalian RAD51 has a key role during ho-
mology-directed DNA repair. /. Biol. Chem. 277, 20185-20194 CrossRef
Medline

5. Chi, P., Van Komen, S., Sehorn, M. G., Sigurdsson, S., and Sung, P. (2006)
Roles of ATP binding and ATP hydrolysis in human Rad51 recombinase
function. DNA Repair 5, 381-391 CrossRef Medline

6. Symington, L. (2002) Role of RAD52 epistasis group genes in homologous
recombination and double-strand break repair. Microbiol. Mol. Biol. Rev.
66, 630 —670 CrossRef Medline

7. Bhattacharyya, M. K., and Kumar, N. (2003) Identification and molecular
characterisation of DNA damaging agent induced expression of Plasmo-
dium falciparum recombination protein PfRad51. Int. J. Parasitol. 33,
1385-1392 CrossRef Medline

8. Bhattacharyya, M. K,, Bhattacharyya nee Deb, S., Jayabalasingham, B., and
Kumar, N. (2005) Characterization of kinetics of DNA strand-exchange
and ATP hydrolysis activities of recombinant PfRad51, a Plasmodium fal-
ciparum recombinase. Mol. Biochem. Parasitol. 139, 33-39 CrossRef
Medline

9. Huang, F., Motlekar, N. A., Burgwin, C. M., Napper, A. D., Diamond, S. L.,
and Mazin, A. V. (2011) Identification of specific inhibitors of human
RAD51 recombinase using high-throughput screening. ACS Chem. Biol.
6, 628 —635 CrossRef Medline

10. Budke, B., Logan, H. L., Kalin, J. H., Zelivianskaia, A. S., Cameron
McGuire, W., Miller, L. L., Stark, J. M., Kozikowski, A. P., Bishop, D. K.,
and Connell, P. P. (2012) RI-1: a chemical inhibitor of RAD51 that disrupts
homologous recombination in human cells. Nucleic Acids Res. 40,
7347-7357 CrossRef Medline

SASBMB

0202 ‘22 JqUBAON U0 AVEVHIAAH 40 ALISHIAINN 1 /B10°9G [ mmmw/:dny wouy papeoumod


http://www.yasara.org/minimizationserver.htm
http://www.yasara.org/minimizationserver.htm
http://dx.doi.org/10.1080/09553009014551931
http://www.ncbi.nlm.nih.gov/pubmed/1976718
http://dx.doi.org/10.1111/mmi.12762
http://www.ncbi.nlm.nih.gov/pubmed/25145341
http://dx.doi.org/10.1074/jbc.M112132200
http://www.ncbi.nlm.nih.gov/pubmed/11923292
http://dx.doi.org/10.1016/j.dnarep.2005.11.005
http://www.ncbi.nlm.nih.gov/pubmed/16388992
http://dx.doi.org/10.1128/MMBR.66.4.630-670.2002
http://www.ncbi.nlm.nih.gov/pubmed/12456786
http://dx.doi.org/10.1016/S0020-7519(03)00212-1
http://www.ncbi.nlm.nih.gov/pubmed/14527521
http://dx.doi.org/10.1016/j.molbiopara.2004.09.007
http://www.ncbi.nlm.nih.gov/pubmed/15610817
http://dx.doi.org/10.1021/cb100428c
http://www.ncbi.nlm.nih.gov/pubmed/21428443
http://dx.doi.org/10.1093/nar/gks353
http://www.ncbi.nlm.nih.gov/pubmed/22573178
http://www.jbc.org/

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Normand, A., Riviére, E., and Renodon-Corniére, A. (2014) Identification
and characterization of human Rad51 inhibitors by screening of an exist-
ing drug library. Biochem. Pharmacol. 91, 293-300 CrossRef Medline
Budke, B., Kalin, J. H., Pawlowski, M., Zelivianskaia, A. S., Wu, M.,
Kozikowski, A. P., and Connell, P. P. (2013) An optimized Rad51 inhibitor
that disrupts homologous recombination without requiring Michael ac-
ceptor reactivity. J. Med. Chem. 56, 254—263 CrossRef Medline
Bhattacharyya, M. K,, Norris, D. E., and Kumar, N. (2004) Molecular play-
ers of homologous recombination in protozoan parasites: implications for
generating antigenic variation. Infect. Genet. Evol. 4, 91-98 CrossRef
Medline

Chalapareddy, S., Chakrabarty, S., Bhattacharyya, M. K., and Bhattacha-
ryya, S. (2016) radicicol-mediated inhibition of topoisomerase VIB-VIA
activity of the human malaria parasite Plasmodium falciparum. mSphere
1, €00025-15 Medline

Gopalakrishnan, A. M., and Kumar, N. (2013) Opposing roles for two
molecular forms of replication protein A in Rad51-Rad54-mediated DNA
recombination in Plasmodium falciparum. MBio 4, €00252-13 Medline
Badugu, S. B., Nabi, S. A., Vaidyam, P., Laskar, S., Bhattacharyya, S., and
Bhattacharyya, M. K. (2015) Identification of Plasmodium falciparum
DNA repair protein Mrell with an evolutionarily conserved nuclease
function. PLoS ONE 10, e0125358 CrossRef Medline

Haaf, T., Golub, E. L, Reddy, G., Radding, C. M., and Ward, D. C. (1995)
Nuclear foci of mammalian Rad51 recombination protein in somatic cells
after DNA damage and its localization in synaptonemal complexes. Proc.
Natl. Acad. Sci. U.S.A. 92, 2298 —2302 CrossRef Medline

Mitra, P., Banu, K., Deshmukh, A. S., Subbarao, N., and Dhar, S. K. (2015)
Functional dissection of proliferating-cell nuclear antigens (1 and 2) in
human malarial parasite Plasmodium falciparum: possible involvement in
DNA replication and DNA damage response. Biochem. J. 470, 115-129
CrossRef Medline

Kokabu, Y., and Ikeguchi, M. (2013) Molecular modeling and molecular
dynamics simulations of recombinase Rad51. Biophys. J. 104, 1556 —1565
CrossRef Medline

Gopalakrishnan, A. M., and Kumar, N. (2015) Antimalarial action of arte-
sunate involves DNA damage mediated by reactive oxygen species. Anti-
microb. Agents Chemother. 59, 317-325 CrossRef Medline

Breitinger, H.-G., and Acree, B. (eds) (2012) Drug Synergy—Mechanisms
and Methods of Analysis, Toxicity and Drug Testing. InTech. CrossRef
Klonis, N., Creek, D.J., and Tilley, L. (2013) Iron and heme metabolism in
Plasmodium falciparum and the mechanism of action of artemisinins.
Curr. Opin. Microbiol. 16, 722—727 CrossRef Medline

Ariey, F., Witkowski, B., Amaratunga, C., Beghain, ], Langlois, A. C., Khim, N.,
Kim, S., Duru, V., Bouchier, C,, Ma, L., Lim, P., Leang, R,, Duong, S., Sreng, S.,
Suon, S., et al. (2014) A molecular marker of artemisinin resistant Plasmo-
dium falciparum malaria. Nature 505, 50 -55 CrossRef Medline

Miotto, O., Amato, R., Ashley, E. A., Maclnnis, B., Almagro-Garcia, .,
Amaratunga, C., Lim, P., Mead, D., Oyola, S. O., Dhorda, M., Imwong, M.,
Woodrow, C., Manske, M., Stalker, J., Drury, E., et al. (2015) Genetic
architecture of artemisinin-resistant Plasmodium falciparum. Nat. Genet.
47, 226 234 CrossRef Medline

Gupta, D. K, Patra, A. T., Zhu, L., Gupta, A. P., and Bozdech, Z. (2016)
DNA damage regulation and its role in drug-related phenotypes in the
malaria parasites. Sci. Rep. 6, 23603 CrossRef Medline

Achanta, S. S., Varunan, S. M., Bhattacharyya, S., and Bhattacharyya, M. K.
(2012) Characterization of Rad51 from apicomplexan parasite Toxo-
plasma gondii: an implication for inefficient gene targeting. PLoS ONE 7,
€41925 Medline

Chalapareddy, S., Bhattacharyya, M. K., Mishra, S., and Bhattacharyya, S.
(2014) radicicol confers mid-schizont arrest by inhibiting mitochondrial
replication in Plasmodium falciparum. Antimicrob. Agents Chemother.
58, 43414352 CrossRef Medline

Fivelman, Q. L., Adaguy, L. S., and Warhurst, D. C. (2004) Modified fixed-
ratio isobologram method for studying in vitro interactions between
atovaquone and proguanil or dihydroartemisinin against drug-resistant
strains of Plasmodium falciparum. Antimicrob. Agents Chemother. 48,
4097-4102 CrossRef Medline

SASBMB

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Synergism between ART and PfRad51 inhibitor

Tallarida, R. J. (2006) An overview of drug combination analysis with
isobolograms. J. Pharmacol. Exp. Ther. 319, 1-7 CrossRef Medline
Webb, B., and Sali, A. (2014) Comparative protein structure modeling
using MODELLER. Curr. Protoc. Bioinformatics 47, 5.6.1-32 CrossRef
Medline

Yang, J., Yan, R, Roy, A., Xu, D., Poisson, J., and Zhang, Y. (2015) The
I-TASSER Suite: protein structure and function prediction. Nat. Methods
12, 7-8 Medline

Berman, H. M., Westbrook, J., Feng, Z., Gilliland, G., Bhat, T. N., Weissig,
H., Shindyalov, I. N., and Bourne, P. E. (2000) The Protein Data Bank.
Nucleic Acids Res. 28, 235—-242 CrossRef Medline

Conway, A. B, Lynch, T. W., Zhang, Y., Fortin, G. S., Fung, C. W., Sym-
ington, L. S., and Rice, P. A. (2004) Crystal structure of a Rad51 filament.
Nat. Struct. Mol. Biol. 11, 791-796 CrossRef Medline

Chen, J., Villanueva, N., Rould, M. A., and Morrical, S. W. (2010) Insights
into the mechanism of Rad51 recombinase from the structure and prop-
erties of a filament interface mutant. Nucleic Acids Res. 38, 4889 —4906
CrossRef Medline

Wu, Y., Qian, X., He, Y., Moya, I. A, and Luo, Y. (2005) Crystal structure
of an ATPase-active form of Rad51 homolog from Methanococcus voltae:
insights into potassium dependence. J. Biol. Chem. 280, 722728 CrossRef
Medline

Shin, D. S., Pellegrini, L., Daniels, D. S., Yelent, B., Craig, L., Bates, D., Yu,
D. S., Shivji, M. K., Hitomi, C., Arvai, A. S., Volkmann, N., Tsuruta, H.,
Blundell, T. L., Venkitaraman, A. R., and Tainer, J. A. (2003) Full-length
archaeal Rad51 structure and mutants: mechanisms for RAD51 assembly
and control by BRCA2. EMBO J. 22, 4566 — 4576 CrossRef Medline
Chang, Y. W., Ko, T. P,, Lee, C. D,, Chang, Y. C,, Lin, K. A,, Chang, C. S,,
Wang, A. H., and Wang, T. F. (2009) Three new structures of left-handed
RADA helical filaments: structural flexibility of N-terminal domain is crit-
ical for recombinase activity. PLoS ONE 4, €4890 CrossRef Medline
Schrédinger, LLC (2015) The PyMOL Molecular Graphics System, Ver-
sion 1.7.1.0, Schrédinger, LLC, New York

Chen, V. B, Arendall, W. B,, 3rd., Headd, J. J., Keedy, D. A., Immormino,
R. M., Kapral, G.J., Murray, L. W., Richardson, J. S., and Richardson, D. C.
(2010) MolProbity: all-atom structure validation for macromolecular
crystallography. Acta Crystallogr. D Biol. Crystallogr. 66, 12—21 CrossRef
Medline

Krieger, E., Joo, K., Lee, ], Lee, J., Raman, S., Thompson, J., Tyka, M., Baker,
D., and Karplus, K. (2009) Improving physical realism, stereochemistry,
and side-chain accuracy in homology modeling: four approaches that per-
formed well in CASP8. Proteins 77, Suppl. 9, 114—122 CrossRef Medline
Irwin, J. ], Sterling, T., Mysinger, M. M., Bolstad, E. S., and Coleman, R. G.
(2012) ZINC: a free tool to discover chemistry for biology. J. Chem. Inf.
Model. 52, 1757-1768 CrossRef Medline

Schiittelkopf, A. W., and van Aalten, D. M. (2004) PRODRG: a tool for
high-throughput crystallography of protein-ligand complexes. Acta Crys-
tallogr. D Biol. Crystallogr. 60, 1355—1363 CrossRef Medline

Trott, O.,and Olson, A.]J. (2010) AutoDock Vina: improving the speed and
accuracy of docking with a new scoring function, efficient optimization,
and multithreading. . Comput. Chem. 31, 455—461 Medline

Morris, G. M., Huey, R, Lindstrom, W, Sanner, M. F., Belew, R. K., Good-
sell, D. S., and Olson, A. J. (2009) AutoDock4 and AutoDockTools4: au-
tomated docking with selective receptor flexibility. /. Comput. Chem. 30,
2785-2791 CrossRef Medline

Lang, P. T., Brozell, S. R,, Mukherjee, S., Pettersen, E. F., Meng, E. C,,
Thomas, V., Rizzo, R. C., Case, D. A., James, T. L., and Kuntz, I. D. (2009)
Dock 6: combining techniques to model RNA—small molecule complexes.
RNA 15, 1219-1230 CrossRef Medline

Wang, J., Wolf, R. M., Caldwell, ]. W., Kollman, P. A, and Case, D. A.
(2004) Development and testing of a general Amber force field. J. Comput.
Chem. 25, 1157-1174 CrossRef Medline

Graves, A. P., Shivakumar, D. M., Boyce, S. E., Jacobson, M. P., Case, D. A,
and Shoichet, B. K. (2008) Rescoring docking hit lists for model cavity
sites: predictions and experimental testing. J. Mol. Biol. 377, 914—-934
CrossRef Medline

J. Biol. Chem. (2019) 294(20) 8171-8183 8183

0202 ‘2z BqWanoN U0 AvaVHIAAH H4O ALISHAAINN ' /61000 mmmy/:diy woly papeojumod


http://dx.doi.org/10.1016/j.bcp.2014.07.033
http://www.ncbi.nlm.nih.gov/pubmed/25124703
http://dx.doi.org/10.1021/jm301565b
http://www.ncbi.nlm.nih.gov/pubmed/23231413
http://dx.doi.org/10.1016/j.meegid.2004.01.008
http://www.ncbi.nlm.nih.gov/pubmed/15157626
http://www.ncbi.nlm.nih.gov/pubmed/27303712
http://www.ncbi.nlm.nih.gov/pubmed/23631919
http://dx.doi.org/10.1371/journal.pone.0125358
http://www.ncbi.nlm.nih.gov/pubmed/25938776
http://dx.doi.org/10.1073/pnas.92.6.2298
http://www.ncbi.nlm.nih.gov/pubmed/7892263
http://dx.doi.org/10.1042/BJ20150452
http://www.ncbi.nlm.nih.gov/pubmed/26251451
http://dx.doi.org/10.1016/j.bpj.2013.02.014
http://www.ncbi.nlm.nih.gov/pubmed/23561532
http://dx.doi.org/10.1128/AAC.03663-14
http://www.ncbi.nlm.nih.gov/pubmed/25348537
http://dx.doi.org/10.5772/30922
http://dx.doi.org/10.1016/j.mib.2013.07.005
http://www.ncbi.nlm.nih.gov/pubmed/23932203
http://dx.doi.org/10.1038/nature12876
http://www.ncbi.nlm.nih.gov/pubmed/24352242
http://dx.doi.org/10.1038/ng.3189
http://www.ncbi.nlm.nih.gov/pubmed/25599401
http://dx.doi.org/10.1038/srep23603
http://www.ncbi.nlm.nih.gov/pubmed/27033103
http://www.ncbi.nlm.nih.gov/pubmed/22860032
http://dx.doi.org/10.1128/AAC.02519-13
http://www.ncbi.nlm.nih.gov/pubmed/24841259
http://dx.doi.org/10.1128/AAC.48.11.4097-4102.2004
http://www.ncbi.nlm.nih.gov/pubmed/15504827
http://dx.doi.org/10.1124/jpet.106.104117
http://www.ncbi.nlm.nih.gov/pubmed/16670349
http://dx.doi.org/10.1002/0471250953.bi0506s47
http://www.ncbi.nlm.nih.gov/pubmed/25199792
http://www.ncbi.nlm.nih.gov/pubmed/25549265
http://dx.doi.org/10.1093/nar/28.1.235
http://www.ncbi.nlm.nih.gov/pubmed/10592235
http://dx.doi.org/10.1038/nsmb795
http://www.ncbi.nlm.nih.gov/pubmed/15235592
http://dx.doi.org/10.1093/nar/gkq209
http://www.ncbi.nlm.nih.gov/pubmed/20371520
http://dx.doi.org/10.1074/jbc.M411093200
http://www.ncbi.nlm.nih.gov/pubmed/15537659
http://dx.doi.org/10.1093/emboj/cdg429
http://www.ncbi.nlm.nih.gov/pubmed/12941707
http://dx.doi.org/10.1371/journal.pone.0004890
http://www.ncbi.nlm.nih.gov/pubmed/19295907
http://dx.doi.org/10.1107/S0907444909042073
http://www.ncbi.nlm.nih.gov/pubmed/20057044
http://dx.doi.org/10.1002/prot.22570
http://www.ncbi.nlm.nih.gov/pubmed/19768677
http://dx.doi.org/10.1021/ci3001277
http://www.ncbi.nlm.nih.gov/pubmed/22587354
http://dx.doi.org/10.1107/S0907444904011679
http://www.ncbi.nlm.nih.gov/pubmed/15272157
http://www.ncbi.nlm.nih.gov/pubmed/19499576
http://dx.doi.org/10.1002/jcc.21256
http://www.ncbi.nlm.nih.gov/pubmed/19399780
http://dx.doi.org/10.1261/rna.1563609
http://www.ncbi.nlm.nih.gov/pubmed/19369428
http://dx.doi.org/10.1002/jcc.20035
http://www.ncbi.nlm.nih.gov/pubmed/15116359
http://dx.doi.org/10.1016/j.jmb.2008.01.049
http://www.ncbi.nlm.nih.gov/pubmed/18280498
http://www.jbc.org/

A small-moleculeinhibitor of the DNA recombinase Rad51 from Plasmodium
falciparum synergizeswith the antimalarial drugs artemisinin and chloroquine
Pratap Vydyam, Dibyendu Dutta, Niranjan Sutram, Sunanda Bhattacharyya and Mrinal
Kanti Bhattacharyya

J. Biol. Chem. 2019, 294:8171-8183.
doi: 10.1074/jbc.RA118.005009 originally published online April 1, 2019

Access the most updated version of this article at doi: 10.1074/jbc.RA118.005009

Alerts:
* When this article is cited
* When a correction for this article is posted

Click here to choose from all of JBC's e-mail alerts

This article cites 45 references, 11 of which can be accessed free at
http://www.jbc.org/content/294/20/8171 full. html#ref-list-1

0202 ‘Z¢ BquWeNON U0 AVEVHIAAH 40 A LISHAAINN 2 /B10°0g[-mmmny//:dny woiy papeojumoq


http://www.jbc.org/lookup/doi/10.1074/jbc.RA118.005009
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;294/20/8171&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/294/20/8171
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=294/20/8171&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/294/20/8171
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/294/20/8171.full.html#ref-list-1
http://www.jbc.org/

ENDORSED BY

Biomedical Physics & Engineering ,

- Institute of Physics and
EprESS C% IPE Engineering in Medicine
PAPER

Hollow mesoporous polymer capsules with Dihydroartemisinin and
Chloroquine diphosphate for knocking down Plasmodium falciparum
infection

To cite this article: Himadri Medhi et al 2018 Biomed. Phys. Eng. Express 4 035006

View the article online for updates and enhancements.

IPEM 10P

Series in Physics and Engineering in Medicine and Biology

Start exploring the collection—download the
first chapter of every title for free.

This content was downloaded from IP address 14.139.69.175 on 23/11/2020 at 07:17


https://doi.org/10.1088/2057-1976/aaaddb
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjstO0-S_WVv3x9Haza2adp9FxAn-f8AsEQuXzBM19z_OpC4GWnKBfz7D6ealpytD_DEkZ0mwC0JR4x4jzcXl66f6saM8lhv1cZLtY4emOWFRCO8QOUQYmh7kRbtsWkkmC9MtaeTc8wXtmz-tBT531gzmNglNY1mwAUlpPfwre4s-MN1aMt0IRN5hs3vs4M0KCXC_OgW-l_bq48mzOT5S0s--p-uLLthoBZtK3II4uF9Mg4mBdOD_&sig=Cg0ArKJSzBpyLdTWd289&adurl=https://iopscience.iop.org/bookListInfo/physics-engineering-medicine-biology-series%23series

10P Publishing

@ CrossMark

RECEIVED
12 December 2017

REVISED
29 January 2018

ACCEPTED FOR PUBLICATION
8 February 2018

PUBLISHED
7 March 2018

Biomed. Phys. Eng. Express 4 (2018) 035006

https://doi.org/10.1088/2057-1976/aaaddb

Biomedical Physics & Engineering Express

PAPER

Hollow mesoporous polymer capsules with Dihydroartemisinin and
Chloroquine diphosphate for knocking down Plasmodium

falciparum infection

Himadri Medhi’, Somedutta Maity’, Niranjan Suthram’, Suresh Kumar Chalapareddy®,

Mrinal K Bhattacharyya’ and Pradip Paik'

! School of Biomedical Engineering, Indian Institute of Technology (BHU), Varanasi 220 051, India

*> School of Engineering Sciences and Technology, University of Hyderabad, 500 046, India

* Department of Biochemistry, School of Life Sciences, University of Hyderabad, 500 046, India

* Department of Biotechnology and Bio-informatics, School of Life Sciences, University of Hyderabad, 500 046, India

E-mail: paik.bme@iitbhu.ac.in, ppse@uohyd.ernet.in, pradip.paik@gmail.com and paik@uohyd.ac.in

Keywords: porous polymer capsules, nanoformulation, antimalarial drugs, P. falciparum, temperature clock

Supplementary material for this article is available online

Abstract

Plasmodium falciparum is resistant to all antimalarial drugs and a challenge for treatment. With this
respect, formulations of antimalarial drugs with polymeric capsules with nanostructure carry a
significant signature to suppress the resistance and to kill the Plasmodium falciparum. In this work,
idiosyncratic hollow mesoporous polycaprolactone (ihmPCL) capsules were designed through
ultrasonic-template synthesis approach with hollow core of dia. ca. ~ 450 nm and shell thickness of
ca. ~ 30 nm and poresize of ca. ~ 8-9 nm. Then two formulations of ihmPCL capsules with
Dihydroartemisinin (DHA) and Chloroquine diphosphate (CQDP) have been developed. ihmPCL
capsules are capable to load 200.0 g of DHA and 18.6 g of CQDP per mg of capsules. With this
formulation we can empowered to tune the doses of DHA and CQDP with time and temperature

(30 °C—43 °C). It is observed that up to 143.20 pg(~71.6%) of DHA and 17.71 g (~95.2%) of CQDP
release can be controlled at different essential conditions which further can be sustained for longer
period of time. Further, the half-maximum inhibitory concentration (ICs,) have been investigated
with these formulations and calculated to be 66.60 nM and 25.14 nM for DHA and CQDP, respectively
in P. falciparum inhibition in vitro. Based on the unique release behaviour of these antimalarial drugs a
‘temperature clock’ module have been proposed for further accelerate the inhibition rate of P.
falciparum infection. In conclusion, the PCL-DHA and PCL-CQDP formulations developed in this
work could be effective in knocking down the P. falciparum infection and is paramount for treatment

of malaria.

1. Introduction

Malaria is one of the most life threatening ailment in
human which causes annually about 212 million cases
and 429000 deaths across the globe according to
WHO [1]. Among the four parasite species i.e.,
Plasmodium falciparum (P. falciparum), Plasmodium
vivax, Plasmodium malariae and Plasmodium ovale,
responsible for causing malaria in humans, P. falci-
parum is the most deadly one. Many treatment
appoaches have come to eradicate P. falciparum.
Among them the artemisinin-based combination

therapy (ACT), chloroquine (CQDP) undermining
malaria control efforts and reversing gains in child
survival and vector control are the potent interven-
tions that can reduce malaria. P. falciparum genome-
wide scans suggested that it is more resistant to drugs.
Moreover drug resistivity differs from continent to
continents [2]. It is also noticed that antimalarial drugs
enforce strong selective pressure on P. falciparum
parasite and leave signature of selection in the parasitic
genome [2—4]. It is more concerned that drug resist-
ance in P. falciparum spread rapidly. It shows resist-
ance for drug like CQDP, which is used as first-line
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drug for treatment in most of the epidemic areas [5].
The presence of Artemisinin resistance has found
>5h of parasitic half-life during artesunate mono-
therapy in Surinam [6]. To the best of our knowledge
none of the remarkable vaccination is known till date.
Only one research vaccine against P. falciparum is
known as RTS, S/AS01 and which is in a clinical trial
in 7 countries in Africa and has been submitted to the
European Medicines Agency under art 58 for regula-
toryreview [1].

New treatment approach of malaria via anti-
malarial drugs are urgently required due to the
increased resistance of P. falciparum against the avail-
able treatments. Moreover, extensively used anti-
malarial drugs like Dihydroartemisinin (DHA) has
short life time, low stability and also has low bioavail-
ability [7] in its free therapeutic form. Therefore,
acuity of controlling the P. falciparum infection using
biodegradable porous polymeric nanocapsules based
nanomedicinal approach encapsulating antimalarial
drugs has been established in this work. The concept
of polymer based nanomedicine and drug delivery
vehicles are a recognized approach in the clinic [8, 9]
since drugs confined in polymeric nanocapsules
increase the stability, bioavailability as well as the
effectiveness of the treatment [10, 11]. To date, polye-
ster based poly(D,L-lactic-co-glycolic acid) (PLGA)
capsules are used in controlled delivery of malaria
drugs due to their biocompatibility and biodegrad-
ability [12]. However, PLGA can degrade under
hydrolytic conditions due to hydrolysis of its ester
group [13]. A polymer with moderate degradation rate
could advance the sustained delivery of antimalarial
drugs in physiological conditions under periodic
enhancement of body temperature. Additionally,
encapsulation of antimalarial drugs has become
urgency since overdose of these free drugs are very
risky as they have numerous side effects e.g., gastro-
intestinal problems, stomach ache, itch, headache,
postural hypertension, nightmares, blurred vision etc.
These serious concerns motivate us to design polymer
based nanoformulations of essential antimalarial
drugs such as DHA (PCL-DHA) and CQDP (PCL-
CQDP) with PCL capsules with hollow core and
mesoporous shell which can help to circumvent these
side effects caused by the inappropriate dosages of the
free DHA and CQDP. Recently, rigid block copolymer
(PCL-b-MPEG) with artemisinin has been used for
cerebral malaria treatment, where, (i) the polymer
used was not hollow and mesoporous in structure and
(if) temperature dependent monitoring of doses were
not confirmed [14].

In this work, idiosyncratic hollow and mesopor-
ous PCL nanocapsules (ihmPCL) have been synthe-
sized and used for the formulation with DHA and
CQDP. Formulated ihmPCL-DHA and ihmPCL-
CQDP have been used to prevent the intra erythrocyte
in vitro growth of P. falciparum with monitoring the
doses of DHA and CQDP precisely. ihmPCL capsules
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have been synthesized through ultra-sonication
induced template synthesis approach. Two different
sizes of SiO, templates have been used to generate the
hollow core and porous shell structure. Loading capa-
cities of DHA and CQDP in ihmPCL capsules have
been investigated through LASER confocal micro-
scopy and the extent of releases have been investigated
through the UV-Vis spectroscopy and time depen-
dent release behaviour and mechanism have been find
out through the kinetic study. Temperature depen-
dent release efficiencies have also been studied for the
both drugs to tune the release based doses for treat-
ment. Biocompatibility of hollow mesoporous PCL
capsules have been checked through the cytotoxicity
assay. Finally, nanoformulations are used for the treat-
ment of the P. falciparum infected RBCs in vitro and
the inhibition efficiencies have been evaluated through
the calculation of ICs values.

2. Materials and methods

2.1. Materials

Tetraethyl orthosilicate (TEOS) (98%), ammonium
hydroxide (NH,OH) (30%), PCL (C¢H,¢O,)n, Dihy-
droartemisinin (DHA) (99%), chloroquine dipho-
sphate salt (CQDP) (98%), Rhodamine 6 G (95%),
RPMI 1640 and Igepal CO-520 were purchased from
Sigma Aldrich. Ethanol (98%), acetone (99.5%),
isopropanol (99.5%) were purchased from SRL and
hydrofluoric acid (HF) (5%) was purchased from
Fisher Scientific. RPMI 1640 from Lonza, SyBr green
from Invitrogen, Giemsa stain from Sigma, RBC
collected from human blood, Parasitemia 3D7 has
been cultured in laboratory. All the chemicals were
used as received.

2.2. Synthesis of SiO, NPs

SiO, NPs were synthesized followed by Stober method
[15]. In brief, 2 ml of TEOS was added to 30 ml of
ethanol and stirred at room temperature (25 °C). Then
1 ml of H,O was added to the mixture and left for half
an hour under stirring (600 RPM). Then NH,OH was
added drop wise to the mixture and the whole mixture
was kept under vigorous stirring for overnight. The
resulting white colloidal solution was centrifuged at
5000 RPM for 10 min and SiO, NPs were separated
and washed thoroughly using dH,O and Isopropyl
alcohol mixture to remove the unreacted reactants.
Then, SiO, NPs were dried at 120 °C. SiO, NPs of two
different sizes such as, (i) average size of ~10 nm
named as SiO, NPs-1 (ii) average size of ~450 nm
named as SiO, NPs-2 were prepared. Sample SiO,
NPs-2 was prepared taking high concentration of
TEOS (5ml), keeping all other reaction parameters
same. It is worth mentioning here that the larger sizes
of SiO, (SiO, NPs-2) have been used to create the
hollow core and the smaller sizes particles (SiO, NPs-
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1) have been used to create pores on the shell of the
polymeric capsules.

2.3. Synthesis of solid core—shell polymer NPs

In brief, 50mg of synthesized SiO, NPs-1 was
thoroughly dispersed in acetone through ultra-sonica-
tion. Then 50 mg PCL (average M,, 45 000) was also
dissolved in acetone at 45 °C. Thereafter, dispersed
SiO, NPs-1 and dissolved PCL were mixed together.
Then, 50 mg SiO, NPs-2 was dispersed in 20 ml
acetone separately through ultra-sonication and the
homogeneous dispersion of SiO, NPs-2 was added to
the mixture of SiO, NPs-1 and PCL under constant
stirring at 45 °C. Then the resultant mixture of SiO,
NPs-1, PCL and SiO, NPs-2 was added continuously
to a 150 ml (water/surfactant, Igepal CO 50) emulsion
under sonication at the feeding rate of 150 l.min~".
Finally, the mixture was kept under stirring for 24 h
(1000 RPM). The resultant product is core—shell NPs
of SiO, and PCL (PCL- SiO, NPs) which were
collected after repeated washing and centrifugation (at
5000 RPM) followed by drying through lyophilisation.
In the core—shell structure SiO, is in the core and shell
is PCL.

2.4. Formation of hollow porous PCL capsules
(ihmPCL)

Above synthesized core—shell NPs were treated with
HF (1 M solution) for 12 h to etch out the SiO, NPs-1
and NPs-2. After 12 h of incubation, the etched core—
shell polymeric NPs were centrifuged (at RPM 10 000)
to separate the particles from the solution followed by
repeated dispersion and washing. Finally the product
was collected after freeze drying.

2.5. Characterization of SiO, NPs, core—shell NPs
and mesoporous PCL capsules (ihmPCL)

Solid state crystal structures SiO, NPs, core—shell NPs
and mesoporous PCL capsules (i(hmPCL) were investi-
gated through the XRD (Bruker AXS Model D8 with a
Cu Ka source, A = 1.54 A). Particle size and morph-
ology have been confirmed through Scanning Electron
Microscopy (SEM) (HITACHI S-3400 N) and high
resolution  transmission electron  microscopy
(HRTEM, FEI TECHNAI G2 200 kV S-twin). Surface
chemical structure has been investigated through
Fourier transform Infrared spectroscopy (FTIR)
(Nicolet model Impact-410). Brunauer—-Emmett—
Teller (BET) method (Micromeritics, TriStar II—
3020™ Surface Area and Pore Analyser) was used to
calculate surface area and pore size distribution of
mesoporous ihmPCL capsules. Thermal stability has
been investigated through Thermogravimetric analy-
sis (TGA) (Thermo ONIX Gas lab 300 TGA) and
Differential Scanning Calorimetry (DSC) analysis (TA
Instrument, DSC Q2000V24.4).

H Medhi et al

2.6. Loading of Rh6G, DHA and CQDP in ihmPCL
capsules

The dried ihmPCL capsules were collected and used
for loading dye and anti-malaria drugs. The ihmPCL
capsules were incubated with Rh6G and DHA, CQDP
separately, with a concentration of dye/ drugs to
ihmPCL capsules of 1:1 mg.ml_1 in PBS (pH 7.4). The
suspensions were stirred for 1h and then kept for
another 24 h in dark place without stirring. The Rh6G
and DHA/CQDP loaded ihmPCL capsules were
separated from PBS solution through centrifugation
(at 8000 RPM). These loaded particles were then
washed three times with PBS to remove the free dye/
drug molecules from the surface of the capsules
followed by air drying in dark for further experiments.
Fluorescence microscopy images of the samples were
acquired with Laser scanning confocal microscopy
(Carl Zeiss, Germany, 710 NLO) to check the loading
of Rh6G.

2.7. Study the DHA and CQDP release kinetics from

nanoformulations

PCL-DHA and PCL-CQDP formulations were sus-
pended in medium and the release behaviour has been
studied. Maintaining a fixed time interval the absor-
bance of the released drugs in medium was recorded at
different temperatures such as 30, 37, 40 and 43 °C
using UV-Vis spectrometer and the extent of release
of DHA and CQDP were calculated. The extent of
release were calculated for 6 h with a fixed time interval
and then investigated the kinetics for the release. To
study the release kinetics, 0.6 mg of ihmPCL-DHA
and tihmPCL-CQDP formulation for each were taken
with 5ml of medium in a cuvette. To calculate the
extent of drug release the absorption band at 263 nm
for DHA were considered. Following the similar
procedure the release kinetics for CQDP were studied
by considering absorption band at 260 nm. The release
behaviours of the DHA and CQDP from ihmPCL
capsules were studied in medium used for cell culture
by UV-Vis—NIR spectrometer (Perkin-Elmer
LAMBDA 750).

2.8. Study the release kinetics and diffusion
coefficients of ihmPCL-DHA and ihmPCL-CQDP
The release kinetics of DHA and CQDP have been
studied using the zero and 1st order model kinetic
equations as shown below (equation (1)) and

(equation (2)) [16].
Zero order release kinetic equation (equation (1)),
Qi/Qo=Kp.t (1)

Where, Q; is cumulative amount of drug released at
time t, Qp is initial amount of drug, K, is zero order
release constant, tis time in min.

First order release kinetic equation,

Q/Q=1—¢k )
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where, Q; is cumulative amount of drug released at
time t, Qp is initial amount of drug, k is first order
release constant, tis time in min.

The diffusion coefficients Dt for both DHA and
CQDP released from the formulations with four dif-
ferent temperatures have been calculated by using the
model equation (equation (3)) [17],

Y — M, :6(DT.t) 3)
M, 7. R?

Where, Y = M,

released at timeut, D is the diffusion coefficient of
drug molecules from the hollow-porous polymer
capsules at temperature (T) and at time ‘t’, R is the
diameter of the pores of hollow-porous polymer
capsules.

Where, the diffusion coefficient is defined by the
equation (4) below,

) is function of the extent of drug

Y?r R?
Dr = 4
T 6t 4)

2.9. Cell viability analysis of bare ihmPCL capsules
in P. falciparum culture medium

The in vitro cytotoxicity assays of the ihmPCL capsules
were carried out in culture medium by taking the
different concentrations of unloaded capsules such as
25, 50, 100, 150 and 200 ug.mlfl. First 500 pl of the
master solution containing fresh media, RBC and
Parasitemia was centrifuged (at 500 RPM for 3 min at
RT) and the pellet was used for the study. Working
solution of different ihmPCL concentrations were
added to the pellet and mixed thoroughly. This step
was repeated three times for all concentrations as
mentioned above. The master solution without drugs
(DHA/CQDP) was taken as control. Finally, all the
solutions with different concentrations of ihmPCL
capsules, control media and RBC were pipetted into
the 96 well plate. The 96 well plate with sample was
then incubated in CO, incubator for 48 h. After 48 h of
incubation, 100 ul of lysis buffer containing SYBR
green | (Invitrogen) dye was added to each well and
further incubated for 1h at RT in dark. Then
absorbance of the cells were recorded using multi-
mode reader. Cytotoxicity of the ihmPCL-DHA and
ihmPCL-CQDP nanoformulations with P. falciparum
cell line in 96 well plate was studied at 37 °C using a
Multimode Reader (SYNERGY H4 HYBRID MULTI-
DETECTION MICROPLATE READER).

2.10. P. falciparum Inhibition study using ihmPCL-
DHA and ihmPCL-CQDP formulations

Initially, the effect of ihmPCL-DHA formulation on
the P. falciparum infected RBC was studied system-
atically with regulating temperatures and concentra-
tion of formulation in vitro by taking 2, 5, 10, 20, 50,
100, 200, 500 and 1000 nM concentrations of DHA
loaded in ihmPCL capsules. The assays were con-
ducted with the pellet obtained from 1ml culture
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having initial Parasitemia concentration of 1% and
haematocrit of 5%. Then 1 ml medium containing
different concentrations of ihmPCL-DHA formula-
tions each were added to the pellet. The parasites were
allowed to culture for 48h at 37°C and finally
harvested to make blood smears. Total 1000 number
of RBC were taken for each slide to estimate the
Parasitemia. Similar experiments were performed by
taking ihmPCL-CQDP formulation to study the
inhibition of P. falciparum. Optical microscope (Zeiss
M60-2-0007) has been used to calculate the inhibition.

3. Results

3.1. Designing ihmPCL capsules: size, morphology
and porous structure of nanocapsules

ihmPCL capsules have been synthesized through
template synthesis approach as it has been explained in
the experimental section using two different SiO,
templates i.e., SiO, NPs-1 (1015 nm) and SiO, NPs-2
(~450 nm) (figures 1(a) and (b)). Initially core—shell
structure of PCL- SiO, has been designed where the
PCL network has been formed surrounding to the
SiO, NPs-2 core thus formed shell and the smaller
SiO, NPs-1 particles were entrapped in the network of
the shell of PCL (figures 1(c)—(e)). Thus, the larger
SiO, NPs-2 help to create hollow core at the centre,
whereas the smaller particles (SiO, NPs-1) help to
create the mesopores on the polymeric shell of PCL.
The average size of the core—shell PCL nanoparticles is
found as 470-510 nm in diameter (figures 1(c) and
(d)) with the shell thickness of ca. 30-35nm
(figure 1(e)). In figure 1(e) (HRTEM), the entrapped
SiO, NPs-1 are clearly visible which helps to create the
mesopores on the PCL shell. The FESEM
micrograph in figures 2(a) and (b) clearly showed the
pores on the shell of PCL capsules. The porous nature
of the PCL capsules have further been confirmed
through BET experiments (figure 3). Further to
confirm the porous shell structure and to check the
loading capability of small molecules confocal micro-
scopy study was performed and the results have been
shown in figures 2(c) and (d). For this study Rhoda-
mine 6 G molecules were loaded. The high intense red
emission from the capsules is the evidence for the
hollow and porous shell structure of the PCL
(figures 2(c) and (d)). Further, the FESEM image
(figure 2(e)) is the clear evidence for the hollow nature
of the capsules.

Further to check the porous structure, the BJH
N2-adsorption-desorption isotherm for the capsules
has obtained from the BET experiment and exhibited a
type-IV isotherm with a clear hysteresis (figure 3(a)).
The nature of the isotherm is the evidence for the por-
ous structure of the PCL capsules. BET surface area for
the ithmPCL capsules has also been calculated and
found to be 50 m*.g™". The hollow core has been cre-
ated on removal of the bigger SiO, NPs-2 templates
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Figure 1. TEM micrograph of (a) SiO, NPs-1 (10-15 nm), FESEM micrograph of (b) SiO, NPs-2 (450 nm) and (c) core—shell
PCL-SiO, NPs and TEM micrograph of (d) & () core—shell PCL-SiO, NPs.
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from the core and the porous shell structure created by
removing smaller SiO, NPs-1 from the core—shell
structure of PCL-SiO, NPs. From BET, the average
pore size is obtained to be in between 4.5nm to
14.9 nm with different sizes of the pores such as 4.5,
8.7 and 14.9nm in diameter as it is shown in
figure 3(b). The pore size ca. 4.5 nm has been formed
due to the micelles size of the surfactant (Igepal CO 50)
and the sizes of the pores 8.7 and 14.9 nm have been
formed due to the SiO,-1 nanoparticles which were
entrapped in the shell of the PCL. It is worth to men-
tion that, the shrinkage of the pore size in mesoporous
polymeric shell compared to the size of SiO, NPs-1 has
occurred due to the relaxation of the strain of the PCL
chains (viscoelastic nature), once the SiO, (NPs-1)
particles have been extracted from the shell. On load-
ing of DHA in ihmPCL, the surface area is reduced to
32.2m%g ' since the pores are filled with DHA.
Figures 3(c) and (d) are showing the BJH isotherm and
pore size distribution profile for the DHA loaded in
PCL capsules, respectively. The diminution of area of
hysteresis in figure 3(c) compared to the figure 3(a)
and the nonappearance of peaks for the pore size dis-
tribution (figure 3(d)) are the clear evidences for the
loading of DHA in the pores of ihmPCL capsules.
Thus it is confirmed that the DHA are loaded in por-
ous and hollow PCL capsules. It can be assumed that
the hollow core of the capsule acts as reservoir and the
surface mesopores act as the channel for the loading
drugs molecules into the core and releasing out from
the core ihmPCL capsules.

3.2. Surface chemical structure of ihmPCL capsules
From the FTIR results, we have identified the func-
tional groups present on the surface of the SiO, NPs,

core—shell PCL- SiO, NPs, ihmPCL (figure 4) and for
pure PCL (figure S1 is available online at stacks.iop.
org/BPEX/4/035006/mmedia). In mesoporous PCL
the absorption band at 2936 cm™' arises for C-H
(-CH,) group of PCL and band arises at 1720 cm s
due to the C=0 group of PCL [18]. At 1720 cm 'a
sharp intense band is appeared due to the presence of —
C=O0 group. It is worth mentioning that chemical
structure of PCL before and after formation of
capsules remained unaltered (figure S1 and
figures 4(b), (c)). For SiO, (figure 4(a)), the band
appeared at 1112 cm™ ' is for asymmetric vibration of
Si-O, at 947 cm ™' for asymmetric vibration of Si-OH
and at 805 cm ™' for symmetric vibration of Si-O. An
intense absorption band at 3375 cm ™' is appeared due
to the stretching of O—H bond of water. Also this band
has also cross checked through the 1635 cm™' band
appeared due to scissor bending vibration of molecu-
lar water. None of the characteristic bands which
could be for SiO, (figure 4(a)) [19-21] have been
identified in ihmPCL capsules (figure 4(c)), meant
SiO, templates have been removed completely from
the core—shell structure (i.e. from PCL-SiO, NPs) and
formed the ihmPCL capsules as it has been shown in
the FESEM, and TEM images.

3.3. Thermal stability, solid state crystal structure
and zeta potential analysis

The complete removal of SiO, NPs have further been
confirmed through TGA (figure 5) and powder XRD
analysis (figure S2). For TGA, all samples SiO, NPs,
pure PCL, core-shell PCL-SiO, NPs and ihmPCL
capsules were heated in the range of 40 °C-1000 °C
with heating rate 10°Cmin'. TGA thermograms
(figure 5) show 15% weight loss occurred in between
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Figure 2. (a) and (b) FESEM micrograph of ihmPCL capsules with higher and lower magnifications respectively, (c) and (d) confocal
microscopy images of ihmPCL loaded with Rhodamine 6 G at lower and higher magnification, respectively.

S3400N 15.0kV 10.9mm X4 20

50 °C—450 °C due to the loss of free water molecules/
moisture from the surface of template SiO, and after
that region weight remained constant. However, for
core—shell PCL- SiO, NPs weight loss occurred around
350 °C due to the weight loss of polymer PCL (pure
PCL polymer has showed a firm weight loss after
350 °C and continued till 560 °C), after ~450°C
weight became constant due to the presence of SiO, in

the core. After removal of SiO, the weight loss for
thmPCL capsules started at ~340 °C and continued up
to 450 °C due to the complete degradation of PCL.
Therefore, the ihmPCL capsules are thermally stable
up to 340 °C. From the XRD results (figure S2), it is
confirmed that the prepared ihmPCL capsules are
semicrystalline in nature. XRD pattern of PCL- SiO,
NPs and ihmPCL capsules show diffraction peaks at
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20 = 21.4° and 23.0°, corresponding to the orthor-
hombic planes (110) and (200) of PCL, respectively
[22, 23]. Further, the FTIR and DSC results (figure S3)
confirmed that there was no modification on the
chemical structure of PCL chain, in PCL-SiO, NPs
and ithmPCL capsules, rather Tm (melting temper-
ature) shifted little from PCL- SiO, nanoparticles
(Tm ~ 61 °C) to PCL capsules (Tm ~ 63 °C) due to
the rearrangement of the polymer chains during
processing. The zeta potential value of hollow porous
PCL capsules have been found as —30.6mV and
standard deviation £5.93 (single peak) (figure S4).

3.4. Cytotoxicity study of ihmPCL capsules

To evaluate the cytotoxicity of the synthesized ihmPCL
capsules, it has been treated with parasitic cell line (P.
falciparum) (figure 6) for 48 h. A series concentrations
of the thmPCL capsules (25, 50, 100, 150 and
200 pg.ml~") have been taken and viability in parasite
culture in absence of ihmPCL capsules (taken as
control) has also been studied. From the results it is
confirmed that drug free ihmPCL capsules are bio-
compatible in nature, not toxic and they do not have
any role in killing the parasites.

3.5.ihmPCL capsules facilitate loading and releasing
of DHA and CQDP: study the kinetics and diffusion
coefficients

It is worth mentioning that, the loading of the DHA/
CQDP and dye molecules in ihmPCL capsules is
occurred through the diffusion process. The pores
present on the polymeric shell act as channel to diffuse
the drugs/dye into the hollow core. Effective loading
of Rhodamine 6 G dye has been confirmed through
the confocal microscopy (figures 2(c) and (d)). A deep
red light emission is detected from the Rhodamine 6 G
loaded ihmPCL capsules.

The release profiles of DHA and CQDP and their
kinetics have studied with time and temperatures
(figures 7(a) and (b)) to correlate with the body temp-
erature. The temperature dependent release of DHA
and CQDPA are studied at different temperatures
such as 30, 37, 40 and 43 °C, since parasitic infection
caused enhancement of body temperature periodi-
cally. The results obtained are very interesting as
shown in figures 7(a) and (b). It is revealed from these
release profiles that with increase in the temperature
with time the extent of release of DHA and CQDP also
increased. Within 1 h of incubation the percentage of
release of DHA from ihmPCL-DHA formulation
(200 pg per mg of ihmPCL capsule) is found to be
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16 £08 (%), 32+1.6 (%), 21+1.05 (%),
21.5 £ 1.07 (%) and after 5h of incubation the
percentage of release obtained to be 23.1 £ 1.5 (%),
39.4 + 1.8 (%), 66.1 £ 3.3 (%), 71.6 & 3.5 (%) at
temperatures 30, 37, 40 and 43 °C, respectively.

Similarly, from ihmPCL-CQDP formulation, within
1 h the percentage of CQDP released, 41.4 =+ 2.0 (%),
46.1 + 2.3 (%), 55.1 % 3.7 (%) and 77.3 £ 3.8 (%)
for the temperature 30, 37, 40 and 43 °C, respectively,
whereas after 5h the amount of CQDP released for

8
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these temperatures obtained to be 45.3 £+ 2.2 (%),
53.1 4 2.4 (%), 71.4 & 4.4 (%) and 95.2 + 3.8 (%) of
the total loaded CQDP (18.6 ug per mg of capsules),
respectively.

At lower temperatures, such as at 30 °C and 37 °C,
the amount of DHA released from ihmPCL-DHA for-
mulations exhibited a characteristic of first order
release kinetics (figure S6) and at higher temperatures
such as at 40 °C and 43 °C, drug releases behaviour
followed a characteristic of zero order release kinetics
(figure S7) in culture medium. To analyses the release
kinetics, the experimental data were fitted in both first
order and zero order release kinetic equations
(equations (1) and (2)) which are shown in supporting
file. Whereas, the release of CQDP followed a char-
acteristic of first order release kinetic behaviour
(figure S8).

It is observed that the releases of DHA and CQDP
are controlled by the temperature dependent

diffusion. Therefore, diffusion coefficients for both
DHA and CQDP released from the ihmPCL-DHA and
ihmPCL-CQDP formulation, with different tempera-
tures have been calculated and results are shown in
tables S1 and S2 at different time interval considering
different pore sizes. From the results (tables S1 and S2)
we can conclude that the diffusion coefficient values of
drug release depend on the time, temperature and
pore size of ihmPCL capsules. Further, from the tables
S1 and S2 it is obvious that the diffusion coefficient
values are increased with the gradual increase in the
pore size (from 4.5 nm to 14.9 nm) and temperatures
(30 °C to 43 °C). For example (from table S1), as pore
size increases from 4.5 nm to 14.9 nm, the diffusion
coefficient value for DHA release increases from
5.02 x 107" t031.68 x 10~ at a fixed temperature
(37 °Cafter 5 min). Similarly, with increase in temper-
ature from 30 °C to 43 °C the diffusion coefficient
increases from 1.26 x 107 to 4.77 x 10" (after

9
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Figure 8. Cell inhibition by ihmPCL-DHA nanoformulation with P. falciparum infected cells.

1 h, for 4.5 nm pore). Whereas with increase in time,
from 5 min to 5 h, the diffusion coefficient decreases
for all cases. As example, for 37 °C the diffusion coeffi-
cient after 5 min of release was 5.02 x 10~ '°, whereas
after 5h of release the value obtained to be
1.45 x 107" (say 4.5 nm pores). Similar trend was
observed for the release of CQDP (table S2).

3.6.ihmPCL-DHA and ihmPCL-CQDP formulation
efficiently inhibit P. falciparum

Cell inhibition with DHA, CQDP and loaded formula-
tions (ihmPCL-DHA and ihmPCL-CQDP) have been
studied and the results have been shown in figure 8
and found that unloaded samples do not have any
toxicity effects on P. falciparum, i.e., it is viable in
nature. It revealed that free DHA and CQDP exhibited
minimum inhibition effects on P. falciparum infection
in RBC’s compared to the ihmPCL-DHA and
ihmPCL-CQDP formulations. Such as ihmPCL-DHA
formulation with extent of DHA loading e.g., 2, 5, 10,
20, 50, 100, 200, 500 and 1000 nM were taken to
evaluate the efficiency for suppression of P. falciparum
infection (results in figure 8). Cell inhibition study of
CQDP loaded formulation have been shown in figure
S5. Parasites have a complex cell cycle of growth
(48 h), which consists of three typical stages such as
ring, trophozoite and schizoint stages (figure 9(a)).
After reaching to the schizoint stage, merozoites
emerge out of the erythrocytic vesicle and once again
these merozoites invade erythrocytic cell and a new life
cycle of the parasite repeats again for multiple times
ihmPCL-DHA and ihmPCL-CQDP were added to the
P. falciparum infected RBC’s at the early trophozoite
stage as the ring formed (at the stage, see figure 9(b)).
On adding the formulation at this stage (figure 9(b)),
either DHA or CQDP started to release from the
polymer formulations and release sustained for a
longer time and subsequently starts inhibit the growth

of the parasites. This process can be continued for a
longer period of time due to the sustained release of
DHA or CQDP and subsequently maintained the
killing process as it is shown in the schematic
figure 9(c).

Finally, we have investigated the bio-availability
and inhibition of P. falciparum 3D7 using ihmPCL-
DHA and ihmPCL-CQDP formulations separately
through in vitro susceptibility assay. Three different P.
falciparum 3D7 in vitro cultures set-ups have been
taken in the similar condition. Set-1 is supplemented
with free drugs DHA/CQDDP, Set-2 is supplemented
with ihmPCL capsules containing DHA/CQDP (for-
mulations), and the set-3 is mock-treated (control).
From the experimental results it is observed that the
bear mesoporous PCL capsules do not have any anti-
parasitic effects up to 200 ug.ml ™' concentration (see
figure 6), whereas individual ihmPCL-DHA and
ihmPCL-CQDP formulations exhibited a major role
in inhibition of parasite growth even at lower amount
of drug concentrations. Based on the treatment mod-
ule established in this work, the ICs, value was calcu-
lated and found to be 66.6 nM, which is almost closed
to the ICs, value obtained for free DHA (65.4 nM).
These results imply that formulation of hollow porous
PCL nanocapsules with DHA is effective in inhibition
of parasitic growth and killing of them in a sustained
manner (figure 10(a)).

Additionally, the inhibitory effects of ihmPCL-
CQDP were also investigated by performing in vitro
viability assay in P. falciparum 3D7 strain following the
ihmPCL-DHA.
Figure 10(b) shows the anti-parasite growth activities
of ihmPCL-CQDP formulation in a dose dependent
manner. The ICs, value has been calculated for
ihmPCL-CQDP formulation and found to be
25.14nM, which is more compared to the value
obtained for free CQDP (15.06 nM). The 1Cs value is

similar ~ procedure used for
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in good agreement with the previously reported 1Csq
values for the free CQDP and six other available anti-
malarial drugs reported [2]. The results evident that
the release of CQDP from the ihmPCL capsules is very
effective and the marginal shift in the IC5, value and
the rightward shift of the curve indicates that the
thmPCL capsules still retained in CQDP for longer
period of time and thus a sustained delivery is main-
tained and suppress the growth of parasites. It is fur-
ther can be noted that treatment efficiencies with
ihmPCL-DHA and ihmPCL-CQDP are quite excellent
with respect to the other nanoparticles used for the
same purposes.

4, Discussion

To date many nanoparticle based research works for
antimalarial activities have been reported such as,
phosphorothionate antisense oligodeoxyribo-nucleo-
tide and chitosan based nanoparticles for silencing of
malaria but those nanoparticles found are very
unstable in physiological condition [24]. F-arteether
lipid based nanoparticle formulation of curcumin is
also reported and used for anti-malaria [25] but due to
the poor solubility and bio-availability of curcumin
this formulation found inefficient. Liposomes based

nanoparticles [26, 27] and PEG-coated liposomes
nanocapsules [28, 29] have also been used against
parasites, however their short-life in physiological
conditions has become a major concern. Liposome
based nanoformulations of halofantrine has also been
studied for malaria treatment and found that due to
the uncontrolled doses of halofantrine it caused the
cardiac side effects (cardiac arrhythmias) [30] and it
required the correct administration [31]. Metal oxide
nanoparticles e.g. Al,O3, ZrO,, Fe;04, MgO etc are
found not suitable for abrogating P. falciparum, since
they are not biodegradable [32]. Further, antimalarial
activity using the nanoemulsion droplets of lipid
molecules were found not possible, since without
using surfactants the emulsion cannot be formed and
it is toxic in nature [33]. Thus extensive efforts have
been made to find out a suitable nanocarrier for
antimalarial drugs to facilitate the treatment and for
killing the P. falciparum where each having individual
drawbacks. In this work, ihmPCL capsules that have
been used is a quite stable biopolymer and slow
degradable in biological fluid which helps in sustained
release of antimalarial drugs such as DHA and CQDP.
The  ihmPCL designed  are
biocompatible.

nanocapsules
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Figure 10. Antimalarial activity of (a) ihmPCL-DHA nanoformulation and (b) ihmPCL-CQDP nanoformulation in a dose dependent
manner.

Furthermore, from our detail study it is evident
that the novel formulation of DHA and CQDP
ihmPCL capsules are successfully challenging P. falci-
parum growth with respect to the other six reported
antimalarial drugs used lonely without any carriers [2]
and our formulation could be a promising choice in
the treatment of malaria. Additionally, the temper-
ature dependent extents of DHA and CQDP release
are very interesting (figures 7(a) and (b)) and have tre-
mendous physiological significance in the light of peri-
odic change in body temperature due to P. falciparum
infection. As soon as the body temperature increases
due to P. falciparum infection of RBCs, which could
lead to the minor thermal expansion of the capsules as
well as hollow core size and surface pore size which
leads to the release of drugs DHA /CQDP from the for-
mulations immediately to suppress the activity of P.
falciparum and once the body temperature will be
decreased then there will be contraction of the cap-
sule’s size, its pore size as well as the rate of diffusion of
drugs also will be decreased. Thus reported formula-
tions show temperature dependent release of DHA
and CQDP. That is with increase in the temperature
the release rate of drug molecules increase like a func-
tion of switching ‘on-mode” and once the temperature
decreases the release rate suppressed like a function of
switching ‘off-mode’ as it is mechanized schematically

in figures 11(a) and (b). Thus, the release process can
be represented as like as a ‘temperature clock’ and con-
trol by temperature dependent diffusion as it is shown
in figure 11(c). Further the rate of diffusion of DHA
and CQPD from hollow mesoporous PCL depends on
the pore size as tabulated in tables S1 and S2. Similar
phenomenon is observed for the other materials [34].
It is worth mentioning that, to date only the poly(N-
Isopropylacrylamide) based copolymers were repor-
ted which control the temperature dependent release
of drugs [35] but not for the hollow core—shell and
mesoporous PCL capsules, where we observed the sus-
tained release of DHA and CQDP at body temperature
(37 °C-40°C). The disadvantages of poly(N-Iso-
propylacrylamide) for treatment of malaria is that the
critical transition temperature (Tc) of drug release for
this polymer is 32 °C, which is very low compared to
the normal body temperature (37.4 °C) and hence
poly(N-Isopropylacrylamide) may not useful for con-
trol release of DHA/CQDP for treatment of the P. fal-
ciparum, because most of the drug released below the
body temperature. Further, the excess release of drugs
from poly(N-Isopropylacrylamide) at low temper-
ature (33 °C) caused side effects and increased the
resistance of drugs to the P. falciparum [1]. Therefore,
our formulations of DHA and CQDP with ihmPCL
are of special kinds and are paramount for knockdown
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the P. falciparum infection in RBCs and the doses can
be tuned by controlling the temperature very easily.

5. Conclusions

In this work, new formulations of ihmPCL capsules
with antimalarial drugs such as DHA and CQDP have
been designed to suppress the growth of P. falciparum.
Porous-PCL capsules designed are biocompatible. For
P. falciparum suppression, the temperature dependent
release and regulation of sustained release are found
very important. The dose dependent suppression of P.
falciparum has been studied and found that our
formulations have similar ICs, value for both encapsu-
lated and free DHA and exhibited more I1Csq com-
pared to the ICs, obtained for free antimalarial drugs
and is quite efficient in killing the P. falciparum
infection in RBCs and the efficiency is very high
compared to previous reports using other nanopati-
cles. Therefore, formulations developed here in this
work demonstrated their excellent efficiencies as a
carrier in an in vitro anti-malaria drug delivery system
and successfully abrogating P. falciparum growth and
is well monitored by changing temperatures. Thus,
our formulations act as a ‘temperature clock’ to
suppress the normal activities of P. falciparum which is
very unique and pioneering and can be used in
treatment of malaria more efficiently to the existing
approaches.
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