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Summary

Mechanisms of action (MoA) have been elusive for most antimalarial drugs in
clinical use. Decreasing responsiveness to antimalarial treatments stresses the need
of a more resolved understanding of their MoA and associated resistance
mechanisms. In the present work we have implemented the Cellular Thermal Shift
Assay (CETSA) for drug target deconvolution in Plasmodium falciparum. We used the
CETSA assay to characterise the thermal unfolding patterns of the P. falciparum
proteome. Subsequently, we validated the efficacy of CETSA for antimalarial drug-
target identification using pyrimethamine, a drug with well-known MoA relying on
inhibition of folic acid synthesis pathway and E64d, a broad-spectrum cysteine
proteinase inhibitor. As a next step, we applied CETSA to quinine and mefloquine, two
important anti-malarial drugs with poorly characterised MoA. Combining studies in
parasite lysate and intact P. falciparum-infected red blood cells, we discovered P.
falciparum Purine Nucleoside Phosphorylase (PfPNP) as a common putative target
for these two quinoline drugs. The interactions were confirmed using biophysical and
activity studies on recombinant proteins and crystal structures revealed binding of the
two compounds in the enzyme’s active site. Our results suggest that PfPNP inhibition
is likely contributing to the therapeutic effect of aryl aminoquinolines. Additionally, we
coupled the CETSA assay with an in-house-developed natural products drug
discovery pipeline from Traditional Chinese Medicine to demonstrate assay’s efficacy
for drug discovery efforts. We isolated and identified skullcapflavone-Il and wogonin,
two previously uncharacterised molecules with antimalarial properties from Scutellaria
baicalensis plant extract and used CETSA to determine the candidate molecular
targets for skullcapflavone-ll, the more potent of the two substances. This work
demonstrates that implementation of CETSA for P. falciparum constitutes a new

promising strategy to establish MoA for existing and candidate antimalarial drugs.

IX
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CHAPTER 1

Introduction

1.1 Malaria burden and pathogenesis

Malaria is a vector-borne neglected tropical disease caused by five protozoa
species: Plasmodium falciparum, Plasmodium vivax, Plasmodium ovale, Plasmodium
malariae and Plasmodium knowlesi. Prevalent in over 100 countries, malaria remains
a substantial health problem threatening an estimated 3.3 billion people living in
tropical and subtropical regions (7). In 2016 alone, 216 million new malaria cases were
recorded with estimated 445,000 malaria-related deaths worldwide (2). P. falciparum,
causing the most severe symptoms, accounts for approximately 90% of global malaria
cases and over 91% of deaths caused by malaria sub-Saharan Africa. (2). Children
under the age of 5 are most vulnerable and the most severely affected group
accounting for over 70% of deaths in regions of high malaria transmission (2).
Amongst over 400 species of Anopheles mosquitos, 34 act as major vectors for this
parasite and their prevalence is one of the main factors determining local intensity of
transmission (3). The hallmark malaria symptoms include periodic high fever, chills,
sweating and nausea. However the disease might also lead to severe complications,
such as renal failure, hypoglycaemia, respiratory failure and severe anaemia (4). The
rupture of red blood cells (RBCs) and release of daughter merozoites during parasite’s
intraerythrocytic developmental cycle (IDC) is the direct causative factor of the malaria

pathophysiology, initiating a cytokine cascade and inducing clinical symptoms onset

(4).



The highly complex and multistage life cycle of Plasmodium (Fig. 1.1) allows the
parasite to survive in intra- and extra- cellular environments both in vertebrate and
invertebrate hosts, invading diverse cell types and evading host immune response.
The parasite is transmitted to the human host via mosquito saliva during biting, after
which it travels in the bloodstream and develops in human liver, and is released into
the bloodstream entering the asexual life cycle. From there, it can be picked up by

another mosquito to complete its sexual life cycle before moving onto another host.
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Figure 1.1 — Plasmodium falciparum life cycle (adapted from
http.//www.cdc.gov/malaria)



1.2 Antimalarial drugs

1.2.1 History and chemical diversity

Quinine — the first widely used antimalarial drug and a major alkaloid in the bark
of cinchona tree was first isolated by Pierre Pelletier et Joseph Caventou in 1820 (5).
However, its first recorded use for malaria treatment extends back to 1630s in Peru,
where a Jesuit Juan Lopez was reportedly cured of malaria by powdered bark from
this tree (5). Quinine has been used as the only effective antimalarial treatment until
the 1940s when its more active derivatives, including chloroquine, were synthesised
(6). Over the years, a range of quinine derivatives were introduced into clinical use,

giving a raise to the most historically crucial family of antimalarial compounds.

Three more naturally occurring cinchonia alkaloids are found in the bark of
cinchona tree beside quinine: quinidine, cinchonin and cinchonidine. However, despite
their parasiticidal activity, their use for malaria treatment has been limited. The first
synthetic analogues of quinine shared a similar fate: pamaquine and quinacrine
synthesised in 1932 and 1933 in Germany exhibited significant toxicity (7). Ironically,
chloroquine, which was also synthesised during those early studies was initially
considered too toxic for human use (8). Only after a decade, additional studies were
conducted in the USA, chloroquine, amodiaquine and primaquine were introduced into
clinical use in the late 1940s. The low production cost of chloroquine, its limited toxicity
relative to other quinoline derivatives and its efficacy both as a therapeutic drug, as
well as a chemoprophylaxis agent resulted in it becoming the principal antimalarial
agent for nearly five decades (7). Continuing efforts to identify new antimalarial drugs
have led to synthesis of various other quinoline derivatives over the years. However,
three main categories can be discerned among all quinoline derivatives based on the
chemical structure: 4- or 8- substituted aminoquinolones, as well as the arylamino

alcohols (Fig. 1.2).
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The emergence of chloroquine resistance provoked introduction of the second
generation antimalarial drugs as a first-line of treatment (9). These drugs included two
principal types of antifolates targeting two distinct enzymes in the folate synthesis
pathway of P. falciparum. The type 1 antifolates included inhibitors of the dihydrofolate
reductase-thymidylate synthase (DHFR-TS) enzyme. Its principal representatives are
a 2,4-diaminopyrimidine developed in 1949: pyrimethamine and biguanides
discovered in 1951: proguanil and its bioactive metabolite cycloguanil (9). The type 2
antifolates target the dihydropteroate synthetase (DHPS) enzyme and consist of
various sulfonamides and sulfones antibiotics, including sulphadoxine and dapsone
(Fig. 1.2). The clinical usefulness of antifolates in monotherapy has proven to be
limited. Therefore, combination therapies, exploiting the synergistic effect of type 1
and type 2 antifolate drugs, have been in use since their introduction in 1964. The
most successful combinations of this type include sulphadoxine-pyrimethamine and

Chlorproguanil-Dapsone (9, 10).

Among successful antimalarials developed during and after the Vietham War,
was a potent synthetic analogue of quinine: mefloquine discovered by the Walter Reed
Army Research Institute in 1984. Subsequently, it was developed as a major
antimalarial drug by the collaboration of US Army, WHO and Roche Pharmaceuticals
(7). In the Maoist China, four other compounds were identified in the 1980s under a
nation-wide initiative called ‘Taskforce 523’, launched by the government in response
to communist Vietham’s request to protect its soldiers from malaria (71). Those
included three synthetic quinoline derivatives: lumefantrine, naphoquine and
pyronaridine, as well as one natural product: artemisinin, which is the most potent
antimalarial drug currently available on the market. The Taskforce 523 combined the
expertise of TCM practitioners, pharmacologists, doctors, chemists and biologists to

find new drugs against malaria (72). They synthesised new antimalarial compounds,
5



as well as investigated over 2,000 traditional Chinese herbal preparations and tested
them for possible antimalarial activity. Artemisinin was isolated from an extract of
sweet wormwood (Artemisia annua), a plant that has been used in Chinese medicinal
teas for over 2000 years, to treat malaria like symptoms (71, 12). This first-in-class
sesquiterpene lactone endoperoxide has given rise to several potent derivatives,

which represent the forefront of antimalarial therapies today.

Diverse compounds with proven activity against malaria were identified over the
years, some of which have become highly successful and widely used as drugs.
However, none has dominated the malaria clinical treatment landscape in the same
manner as quinine, chloroquine, pyrimethamine or artemisinin did once upon a time.
Multiple members of the naphthoquinone compound family were investigated in the
1940s for their antimalarial activity during sizeable collaborative effort of industry and
academia to replace quinine, leading to discovery of atovaquone (13). The drug is not
recommended for monotherapy due to significant risks of resistance emergence, but
it has been available in combination with synergistic proguanil since 1999 as
‘Malarone’ (14). Tetracycline antibiotics, including doxycycline have been successfully
used for malaria treatment and prophylaxis ever since identification of their potent
antimalarial properties in the 1950s (72, 13)(15). In areas of high quinine resistance,
they have been used as partner drugs in combinations with quinine to improve the
cure rates (16). Several promising compounds representing novel structural classes
are currently under development and clinical testing, including artelolane, methylene

blue and cipargamin (17, 18).



1.2.2 Antimalarial drug resistance

One of the crucial factors contributing to malaria’s morbidity is the efficacy of
antimalarial treatment or the lack thereof. Recent success in malaria control can be
attributed to effective vector-control strategies, as well as the mass implementation of
Artemisinin-based Combination Therapies (ACTs). However, an escalation in
mosquito resistance to commonly used insecticides (19), as well as decreased

responsiveness to standard ACTs (20, 21) threaten to escalate malaria incidence

significantly.
First used in Resistance
Class Example
therapy observed

Cinchona alkaloids quinine c.1630 1907
(4-)Aminoquinolines chloroquine 1945 1957
(8-)Aminoquinolines primaquine 1951 1959
Methanolquinolines mefloquine 1975 1982
Phenanthrenes lumefantrine 1992 (combination) 2011 (combination)
Naphthoquinones atovaquone 1996 1996
Sesquiterpene lactones artemisinin 1980s 2008

Type 1 sulfadoxine 1964 (combination) 1967 (combination)
Antifolates

Type 2 pyrimethamine 1952 1952

Table 1.1 — Emergence of antimalarial drug resistance (16, 22—26)

In the past, the emergence of resistance to all classes of clinically used
antimalarial drugs has been observed, rendering them obsolete in affected areas (22)
(Table 1.1). The first incidence of drug resistance in malaria patients was recorded in
Rio de Janeiro in 1907 in response to quinine treatment, marking the beginning of a
new era. Chloroquine, introduced in 1945 quickly shared the fate of its predecessor.
In the 1950s the first cases of chloroquine resistant P. falciparum were documented
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and in 1989 resistance emerged in P. vivax (16, 27). Nowadays, high resistance to
chloroquine is widespread, but the drug is continuously being administered and
misused in many endemic countries (22). The principal mechanism of chloroquine
resistance was linked to point mutations in the Pfcrt gene, encoding a food vacuole
membrane transporter (25). Single Nucleotide Polymorphisms (SNPs) in this gene
were shown to affect parasite’s susceptibility to other 4-aminoquinolines, arylamino
quinolines and artemisinin (25). Polymorphisms in Pfcrt increase chloroquine’s (and
likely other 4-aminoquinolines) efflux from the food vacuole, but the molecular basis
of gene’s involvement in modulating parasite’s susceptibility to other drug classes
remain poorly understood (28). Chloroquine and quinine resistance also appears to
be associated with polymorphisms of the Pfnhe1 gene, which encodes a NA+/H+

transporter and involved in the regulation of the cytosolic pH (25).

Mefloquine was first clinically tested in 1975 in the USA, but decreased efficacy
of the drug was first recorded already in 1982 in Thailand (23, 24). By 1995 substantial
resistance to mefloquine was already well established in many endemic regions (23,
24). Parasite’s resistance to mefloquine is mediated through Pfmdr1 (multidrug
resistance protein 1) gene copy number amplification and increased expression of its
product: the PGH1 protein, yet another food vacuole membrane transporter (29).
There is substantial evidence that increased expression of the Pfmdr1 gene, induced
by mefloquine pressure renders parasites less susceptible to remaining arylamino

alcohol antimalarials: halofantrine, lumefantrine and quinine (29, 30).

The resistance of P. falciparum to sulfadoxine-pyrimethamine (SP) combination
developed within a year of its introduction in Thailand as a first-line drug in 1967,
spreading rapidly across the entire South-East Asia (37). By late 1990s high levels of
SP resistance were present worldwide and this drug combination is no longer

recommended clinically (32). The resistance trait was unambiguously linked to point



mutations in the active sites of the two specific molecular targets of those drugs: the
DHFR-TS (33-36) and DHPS (37—-40). The introduction of atovaquone monotherapy
for malaria treatment in 1996 resulted in a rapid rise of resistance, observable within
one year (13). A sharp decrease in the susceptibility to atovaquone was associated
with a single point mutation in the Pfcytb gene, encoding its direct target the

mitochondrial cytochrome bc1 complex (25).

ACTs, first recommended by the WHO as a first-line treatment against P.
falciparum malaria nearly two decades ago, remain on the forefront of today’s battle
against this disease. However, ever since the decreased responsiveness to
artemisinin-based therapies was first reported in 2008, the resistance traits have been
strengthening and spreading throughout the SEA region (20, 21). Recent reports of
increased treatment failure rates of artesunate-amodiaquine in western Cambodia
(41) are particularly worrisome, considering it is already the fifth ACT failing in that
region (21, 42—48). The mechanism of resistance to artemisinin is not fully understood.
However, several phenotypic and genetic traits strongly associated with decreased
responsiveness to artemisinin or related compounds have been reported.
Transcriptional and morphological studies have demonstrated that ‘resistant’ parasites
exhibited delayed IDC progression and strong upregulation in transcription of genes
associated with the unfolded protein response (49-51). The polymorphism of Pfk13
(Kelch 13) gene is the most-reliable biomarker of artemisinin resistance, identified both
in in vitro and in vivo samples, but it remains unknown exactly how it mediates
decreased responsiveness to artemisinin (52). Additional evidence from in vitro and
clinical studies show the involvement of other genetic traits in artemisinin resistance
has also been presented, including copy number variation and/or SNPs in Pfmdr1,
PfPrp22, Pfmrp, PfG7 and Pffp2a (63). Overall, the basis of mechanisms of artemisinin
resistance remain not fully understood and resistance phenotypes unrelated to Pfk13

mutations have also been reported (54).



The issue of drug resistance in malaria infections is further complicated by the
occurrence of cross-resistance, in which mutations resulting from the selective
pressure by a given drug can confer resistance to another compound via a similar
mechanism (29, 37, 55-58). Further spread of multidrug-resistant P. falciparum
threatens to undermine substantial gains achieved in the global fight against malaria
over the past two decades. Therefore, there is a pressing need to develop new
antimalarial therapies based on new and diverse chemotypes, which would be

unaffected by the resistance traits existing in the field (17, 25).

1.2.3 Mechanism of action

The mechanism of action (MoA) of the majority of antimalarial drugs remains poorly
understood. Only few clinically used compounds, such as antifolates and atovaquone,
possess clearly defined molecular targets. However, their useful therapeutic lives have
proven limited, particularly in monotherapy, due to rapid and rampant resistance
development. Contrarily, the MoA of some of the most successful antimalarial drugs
such as quinine, chloroquine, mefloquine and artemisinin remains ambiguous.
Furthermore, based on available evidence, polypharmacology appears to be one of

the key features of successful antimalarial drugs.

1.2.3.1 (4)-aminoquinolines

Among all available antimalarial drugs, on the side of artemisinins, quinolines
represent the largest and undoubtedly the most clinically important group. Despite
decades of research, the MoA has not been fully characterised for either one of those
compounds. The understanding of the MoA of 4-aminoquinolines is based primarily
on mechanistic studies of the most clinically relevant compound from that group:
chloroquine. Since all 4-aminoquinolines are weak bases, they tend to selectively
accumulate to high concentrations in acidic intracellular compartments, most notably

the parasite’s digestive vacuole (59). The importance of the intravacuolar drug
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accumulation for the MoA is supported by the morphological changes observed in
treated parasites: digestive vacuole swelling and malaria pigment clumping (60). The
leading hypothesis, first proposed by Slater et Ceramiin 1992 (61), is that chloroquine
disrupts the process of haemozoin formation, which takes place in the digestive
vacuole. Consequently, the parasites are unable to detoxify soluble haem derived from
the haemoglobin digestion process and to deposit it in insoluble haemozoin crystals,
as a result dying from general toxicity of free haem. An extensive body of evidence
supporting this MoA has been accumulated to date (7). Most notably, 4-
aminoquinolines have been shown to form complexes with haem precursor: iron(lll)
protoporphyrin IX [Fe(lll)PPIX] and with the synthetic haemozoin: B-haematin, inhibit
haematin crystal growth in vitro, as well as associate with the haemozoin in vivo (62—
65). Subsequent evidence of the central role of the haemoglobin digestion process to
the antimalarial activity of chloroquine has been demonstrated with support of cysteine
proteases inhibitors and their strong antagonistic effects for the activity of chloroquine
(66). Other potential MoA have also been suggested based on the in vitro evidence,
including binding to DNA (67), inhibition of protein synthesis (68) and inhibition of
polyamine metabolism (69), although based on the available evidence they likely play
a minor role if any. Findings from studies investigating other 4-aminoquinoline
compounds seem to suggest MoAs related to haem detoxification similarly to
chloroquine (5, 7, 66, 70-72), but the basis of differences in activity between

independent compounds remain poorly understood.

1.2.3.2 Arylamino alcohols

Quinine and its close derivative: mefloquine have also been shown to display
activity characteristics similar to chloroquine suggesting that they likely have an

overlapping MoA with 4-aminoquinolines, at least to a certain degree (7). Similarly to
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chloroquine, both drugs have been reported to interact with Fe(lll)PPIX and -
haematin in vitro interfering with haemozoin crystallisation (73-75). Morphological
changes to the digestive vacuole were also observed upon treatment with both
quinoline methanols (60, 76). However, they are non-identical to chloroquine. Overall,
the evidence suggests that haemoglobin digestion process is also crucial to the
antimalarial action of quinoline methanols (66), but distinct differences are present
between them and 4-aminoquinolines. For instance, it has been shown that unlike 4-
aminoquinolines, mefloquine and quinine treatment do not lead to accumulation of the

undigested haemoglobin in the parasite (77).

Furthermore, parasite co-treatment with mefloquine was found to inhibit
chloroquine-induced morphological changes and haemoglobin accumulation (77).
Authors suggested that mefloquine might inhibit haemoglobin ingestion, rather than
digestion, although these conclusions need to be further substantiated and other
targets of aryl aminoquinolines likely remain unidentified (77). Resistance to quinine
and mefloquine was reported in SEA in the 1980’s and it was associated with the
increased copy number of pfmdr1 gene (78, 79). Pfmdr1 encodes a transmembrane
transporter PIPGH1 that is believed to mediate drug efflux from cytoplasm to the
digestive vacuole (80). This suggests that the molecular target(s) of both drugs is
present in the cytosol and thus the MoA of both drugs is (at least partially) distinct from
that of chloroquine. Consistent with this, recent findings suggest that mefloquine
inhibits translation through 80S ribosome binding, although polypharmacology
involving other unidentified target(s) is expected (87). Evidence has been presented
linking mefloquine and quinine antiplasmodial activity with interference of membrane-
system/endocytosis of the host cytosol (77), DNA&RNA synthesis (82) and
haemoglobin metabolism (66, 75, 83), but no direct protein targets have been
identified for these effects. Overall, no specific targets of quinine have been discovered

to date. Similarly, the MoAs of the two structurally related phenanthrenes: halofantrine
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and lumefantrine remain unknown. Limited in vitro evidence has been provided
demonstrating Halofantrine’s interaction with haematin (75) and Plasmepsin Il (84),

but the relevance of these findings for its MoA remains undetermined.

1.2.3.3 (8-)aminoquinolines

The bioactivity profile of 8-aminoquinolines suggests that their MoA is
fundamentally different to those of 4-aminoquinolines or arylamino alcohols. Firstly,
unlike other quinoline drugs, the 8-aminoquinolines are effective against liver stages
of the parasite life cycle. The absence of haemoglobin in liver cells precludes its
involvement in the antimalarial activity of these compounds against local parasite
forms (7). The most relevant representatives of this compound family: primaquine and
tafenoquine are both prodrugs, and the majority of their antimalarial activity is
attributed to their hepatic metabolites (85, 86). The 8-aminoquinolines retain activity
against blood stages of the malaria parasite, however, only some exhibit the capacity
to inhibit haem polymerisation (e.g. tafenoquine) (87), while others lack it (e.g.
primaquine) (74, 88). While no molecular targets have been identified to date for these
compounds; the oxidative stress generation (89, 90), interference with parasite’s DNA
structure and negatively affecting mitochondrial membrane integrity (97) have been

suggested as their possible MoAs.

1.2.3.4 Antifolates

The two main types of antifolate drugs represent the most well-characterised
groups of antimalarials. Unlike some of the aforementioned quinoline compounds,
antifolates do not exhibit an apparent polypharmacology and their antimalarial MoA
depends on the inhibition of a specific enzyme. Pyrimethamine is a well characterised
competitive inhibitor of the DHFR-TS enzyme (33, 92). Similarly, cycloguanil, the

active metabolite of proguanil has been shown to bind the active site of the enzyme
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inhibiting its enzymatic activity (93). Mutations in the active site of DHFR-TS have been
shown to specifically drive parasite resistance to both compounds, both in the in vitro
conditions, as well as in the clinical setting (33, 93, 34-36). Sulfones and
sulfonamides, such as sulfadoxine and dapsone were introduced as partner drugs to
DHFR-TS inhibitors, due to their capacity to inhibit the DHPS enzyme. Similarly,
sulfadoxine and dapsone were shown to inhibit the DHPS enzyme and that mutations
in its active site drive the resistance to both compounds (37-40). The inhibition of
DHFR and/or DHPS disrupts parasite’s folate synthesis pathway, resulting in

significant impairment of nucleic and amino acid synthesis (94)

1.2.3.5 Naphthoquinones

The MoA of atovaquone was validated in 1992, demonstrating that it is an
inhibitor of parasite’s mitochondrial electron transport chain, consistent with the
hypothesis that this class of compounds acts as ubiquinone antagonists (95). This
mode of action was later on validated through observation that drug-pressure induced
SNP in the gene coding for cytochrome B leads to 1000 times lower parasite sensitivity

to the drug (25).

1.2.3.6 Sesquiterpene lactones

The MoA of artemisinin and related compounds remains to be fully
characterised. Several diverse plausible mechanisms of action and molecular targets
have been suggested and are currently the subject of scientific debate(54, 96, 97).
The antimalarial bioactivity of this class of compounds is known to be dependent on
the presence of an endoperoxide bridge in compounds’ structure (98). Its opening is
believed to result in reactive oxygen species (ROS) generation, which induces more
or less targeted damage to the parasite. However, the mechanism of ROS generation

and their primary target(s) relevant for the antimalarial activity of artemisinin is yet to
14



be discerned (53). The very high potency of artemisinin-like drugs and their fast-acting
nature suggests that they do possess specific targets, rather than inducing non-
specific global damage (97). Several large-scale proteomic studies attempting to
identify sesquiterpene lactones’ molecular targets indicate a large number of potential
interactions. However, they were not validated nor was their relevance for the MoA
demonstrated (96, 99). To date, several candidate targets of artemisinin (or related
compounds) have been suggested including: sarco/endoplasmic reticulum membrane
calcium ATPase (SERCA), phosphatidylinositol-3- kinase (Pfpi3k) enzyme, a
translationally controlled tumour protein homolog (PfTCTP), however there is no
consensus in the scientific community regarding their relevance (53, 97). Overall,
further studies on the subject are required and it is likely that other targets of this class

of drugs remain unidentified.

1.2.3.7 Others

None of the remaining clinically used antimalarial drugs possess a clearly
defined mode of action. However, the antimalarial drug discovery efforts ongoing for
the past two decades have led to the identification of various novel compounds with
antimalarial properties along with their respective molecular target. Some of them have
progressed into successful drug candidates and are currently under development,
including drug- target pairs such as spirindolones (e.g. Cipargamin) targeting PfATP4
(Plasma membrane P-type cation translocating ATPase), imidazolpiperazines (e.g.
KAF-156) targeting yet-to-be identified target, triazolpyrimidines (e.g. DSM-265)
targeting PfDHODH (Dihydroorotate dehydrogenase) and Immucillins targeting
PfPNP (Purine Nucleoside Phosphorylase) (17, 18, 100). Nevertheless, the drug-
target identification efforts have not been successful for many other antimalarial

candidate compounds, and their MoA remain poorly understood (77, 18).
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1.3 Antimalarial drug discovery

1.3.1 ldentification of new antimalarial drug candidates

An ideal new antimalarial drug would satisfy a series of requirements (17, 18,
101, 102). Firstly, it would be active against all parasite developmental stages,
including liver and blood stages and block parasite transmission. In order to overcome
the issue of patient compliance, it would be potent enough to provide a curative effect
in a single dose. The desired characteristics of novel antimalarial drugs were initially
formulated as SERCaP (Single exposure, radical cure and prophylaxis) treatment
(101) Furthermore, inexpensive production cost ( < 0.15 USD/dose) is necessary to
ensure that the drug is accessible to all affected, many of whom live in extreme
poverty. Considering substantial levels of resistance to existing drugs in affected
areas, the new compound would represent a radically new chemotype with a distinct
mode of action to existing drugs. Synergistic antimalarial effect of the new drug, when
administered together with existing artemisinin, derivatives would provide an
additional benefit, allowing deployment of novel ACTs and reducing the risk of rapid

emergence of resistance.

Diverse approaches have been undertaken to develop new antimalarial drugs.
Synthetic chemistry-based strategies, relying on chemical diversification and building
upon structural scaffolds of existing drugs have proven successful in the past,
particularly regarding the quinoline drug family (7, 71). However, many of these
compounds appear to exhibit similar MoA and are affected by the same mechanisms
of resistance (7, 21). Therefore, despite their efficacy in clearing the infection, they do
not represent ideal replacements for existing therapies. An alternative approach for
identifying new antimalarial drugs relies on high-throughput screens of compound
libraries, derived from synthetic chemical synthesis efforts or representing assembles

of natural products isolated from plants, animals, fungi and bacteria (78). Such
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chemical library screens were deployed in two principal manners: to identify novel
inhibitors to previously selected targets in specific biochemical assays or to identify
molecules which inhibit parasite growth in vitro in the ‘whole-cell’ / ‘phenotypic’

screening (18, 103).

Target-based drug discovery approaches are reliant on the identification of
potent inhibitors to a druggable protein, the inhibition of which results in cell death.
Such targets are typically selected based on chemical validation data (the protein is a
target of another molecule) or genetic validation data (the protein is essential for
parasite survival) (718). Following target selection, a given protein is typically
recombinantly expressed and included in high-throughput biochemical screens of
chemical or fragment libraries to identify new molecules with desired affinity
characteristics. Such approaches have been moderately successful in the pursuit of
novel antimalarial drugs, leading to the identification of P218 as a new PfDHFR
inhibitor, as well as DSM-265 targeting PfDHODH (104, 105). Both compounds are

currently undergoing clinical testing (700).

Nevertheless, the majority of antimalarial compounds have been identified
through the phenotypic screening approaches. This strategy offers several
advantages over the target-based strategies, as it allows identifying compounds of
diverse chemotypes with potent activity against the malaria parasite without the need
of a prior selection of a target and expression of the target protein (18, 103). As a
consequence, drug candidates with novel targets can be identified, but the downside
of this approach is the necessity of the MoA characterisation following identification of
bioactive molecules. Diverse phenotypic screens have been developed to identify
drugs against hepatic, IDC or sexual parasite stages (18, 7103). Additionally, the
approach allows identification of compounds with specific properties, such as parasite

transmission blocking.
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1.3.2 Traditional medicine as a source of new antimalarial drugs

The vast majority of pharmaceuticals currently in use are either natural products
themselves, their derivatives or substances inspired by natural products (106). Natural
products possess multiple advantages over synthetic drugs, primarily the complexity
and nearly unlimited structural diversity they can achieve while still retaining their
function due to millions of years of evolution (707). Despite the time and effort required
to identify such active substances, many of the most successful drugs have been
developed through the sourcing of nature’s arsenal. The phenomenon of
characterising, isolating and using pure bioactive constituents of medicinal plants for
the treatment of different ailments had not begun until the 19" century (708). Until
then, we had been relying on treating diseases with medicinal plants and various
preparations thereof, according to traditional recipes. This is also the case when it
comes to antimalarial compounds. Beside quinine, isolated in 1820 (5) and artemisinin
characterised more recently, a range of very potent antimalarial compounds has been
isolated over the years from plants traditionally used for the treatment of this disease
(109—-111). Authors of a recent review reported over 480 compounds with antimalarial
properties isolated from plants and published within 2005-2008 period (772). Even if
only a small proportion of this group exhibited antimalarial activity within the desired
nanomolar range, it demonstrates the potential of the natural product research for the
identification of new antimalarial lead compounds. The rationale behind identification
and isolation of antimalarial compounds from plants traditionally used for the treatment
of this disease, relies on their historically proven efficacy thus a higher likelihood of

identifying potent bioactive compounds.
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Traditional Chinese Medicine (TCM) represents one of the largest and oldest
compendia of knowledge about the medicinal application of plants and animal
products. A recent review estimated that TCM encompasses 11,146 species of plants
belonging to 2,309 genera and 383 families, together with 1,581 species of animals
and 80 minerals (113, 114). The most extensive exploration of TCM for compounds
with antimalarial properties, conducted within the “Taskforce 523’ has identified, on a
side of artemisinin, several highly potent and chemically diverse antimalarial
compounds (711, 12). However, none of them has progressed past the clinical trials, as
they induced undesired side effects (e.g. excessive vomiting) or exhibited insufficient
curative profile in human trials. An alternative approach for exploiting TCM as a source
of new treatments, involves the use of herbal extracts instead of identifying a singular
bioactive constituent. The reasoning behind using multi-component botanical extracts
is based on the fundamental belief of TCM that the therapeutic effect of traditional
herbal preparations is achieved through the cross-talk between multiple ingredients
they include (174). Several of such plant extracts are currently undergoing clinical trials
or pending FDA approval for treatment of malaria and other ailments (718, 174).
Nevertheless, the identification of the MoA of such multicomponent mixtures is highly
challenging and rarely attempted. Thus, their therapeutic use introduces additional
risks including the potential for drug interactions and undesired side effects, which
might be difficult to predict. Overall, the TCM represents an attractive source of novel
antimalarial compounds, but their identification and determination of their respective

MoA still represent a challenge.
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1.3.3 Characterisation of the mechanism of action of antimalarial drugs

Collaborative efforts of academic, non-profit and industrial partners to identify
new molecules with antimalarial properties could be considered one of the largest
breakthroughs of the past decade in the field of antimalarial drug discovery. High-
throughput phenotypic screens conducted by Medicine for Malaria Venture (MMV),
Gate’s foundation, Novartis, GSK and various academic bodies tested millions of
compounds yielding tens of thousands of molecules with <1uM activity against
different developmental stages of P. falciparum (115—124). One of the main remaining
challenges is identification of intrinsic molecular targets for the most potent

compounds while prioritising radically new chemotypes.

The most well-established and historically successful approach for the
characterisation of the antimalarial compound MoA is the ‘resistance-screening’ (7125,
126). This strategy relies on continuous parasite exposure to sub-lethal drug
concentrations in vitro, aimed at provoking parasite’s evolutionary adaptation to
withstand the drug pressure (126). Subsequent omics’ analysis of resistant parasites
allows characterisation of molecular basis of increased drug tolerance, absent from
the wild-type parasites. Such analyses can be of genomic, proteomic, transcriptomic
and metabolomic nature and allow identification of SNPs, CNVs, altered gene/protein
expression levels or metabolic profiles associated with the resistance phenotype and
often will directly reveal the drug target candidate (54, 127-129). A similar approach
can also be used for clinical isolates exhibiting drug resistance profiles, but
automatically it is limited to clinically used drugs and not available for candidate
compounds (49, 78, 130, 131). Other methods historically used to support the
antimalarial drug-target identification studies include diverse chemo-proteomics

affinity-chromatography based approaches, which allow isolation of proteins exhibiting
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in vitro affinity to the small molecule drug upon incubation with the cellular lysate and

their subsequent identification through mass spectrometry (132—134).

Several new technologies developed for P. falciparum over the past few years
have greatly enhanced our capacity to identify and validate candidate drug targets.
Notably, CRISPR/Cas9-based genome editing (7135), chemogenomic profiling (136,
137), target prediction via transcriptional profiling (738), click-chemistry proteomics
(96, 99, 139) and drug affinity responsive target stability (DARTS) techniques (740)
have been recently optimised for studying P. falciparum and offer new alternative
means to approach the problem of antimalarial drug-target identification.
Nevertheless, the unusual biology of this protozoa and the absence of a genetic point
of reference due to its phylogenetical diversity from all other model organisms renders
it difficult to study (741). Consequently, many research tools developed and used to
elucidate drug’s MoA in other pathogenic organisms have been applied to studying
protozoa with limited success (741). The available techniques for the P. falciparum
research, although valuable, have limited scope of application, as illustrated by the
fact that after decades of research the MoA of many clinically used antimalarial drugs
remains uncharacterised. Therefore, despite the recent advances and expansion of
the arsenal of tools available to assist the antimalarial drug MoA deconvolution, there

still remains the need for further development in that field.
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1.3.4 Cellular Thermal Shift Assay (CETSA)

Cellular Thermal Shift Assay (CETSA) is the first broadly applicable label-free
method to study drug-target engagement in intact cells, originally developed to assist
anti-cancer drug target discovery (142—-144). The technique is based on the discovery
that heat-induced unfolded proteins precipitate rapidly in cells, allowing melting curves
to be measured by monitoring the remaining soluble protein after a heat challenge
(143). As for classical Thermal Shift Assay (TSA) using purified proteins (145, 146)
ligand binding typically leads to protein stabilisation and a positive shift in melting
curves (Fig. 1.3A). Coupling CETSA with multiplexed quantitative Mass Spectrometry
(MS-CETSA), allows simultaneous monitoring of the entire proteome for changes in
protein stability under drug treatment (747). As a result, binding protein-targets can be
identified in CETSA without any prior knowledge on the mechanism or site of drug’s

action.
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Figure 1.3 — The principle of the two CETSA variants

The two existing variants of the CETSA protocol are based on the common
principle: ligand-induced protein stabilisation (i.) the melt curve CETSA approach in
which protein precipitation is monitored at 10 distinct temperatures in drug’s presence
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or absence (Fig. 1.3A); (ii.) the Isothermal Dose Response CETSA (ITDR) in which
protein stabilisation is monitored at multiple drug concentrations at a single
temperature (147) (Fig. 1.3B). While the melt curve CETSA is used to assess the
variance in protein melting curves between drug-treated and vehicle control samples,
the ITDR experiments monitor the change in protein stability under thermal
denaturation conditions across drug concentration gradient. In both experimental
variants, the proteins which are not engaged by the ligand are expected to behave in
an identical manner disregarding of the presence or absence of the drug and/or
denaturing vs non-denaturing condition. Both, the melt curve and ITDR experiments
can be conducted in the context of drug-target interactions within an intact cell or in

the cell lysate

CETSA offers several advantages over existing tools for antimalarial drug-
target identification. Technique’s capacity to monitor the entire parasite proteome
simultaneously makes it suitable for identification of drug-targets of compounds with
previously undetermined modes of action. Furthermore, it selectively identifies direct
drug targets, rather than approximating them based on parasite’s response to the
treatment. Chemical tagging of drug molecules and genetic modifications of parasite
strains, required by some techniques, can be expensive, time-consuming and could
introduce undesired effects altering molecule’s binding properties or parasite’s
response to the treatment (148). The label-free principle that CETSA is based on -
monitoring of intrinsic thermodynamic protein properties, allows its usage with the
parasite strain of choice and standard unmodified compounds. It is our belief that the
development of MS-CETSA for P. falciparum can complement existing tools,
facilitating antimalarial drug target discovery efforts and serve to deepen our

understanding of the parasite biology further.
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1.4 Aims and experimental approach

In this work we attempted to address some of the principal challenges present in
the antimalarial drug discovery research field. For that purpose, we aimed to adapt the
MS-CETSA method for the malaria research and explore its application for stringent
identification of antimalarial drug targets in the P. falciparum proteome. However,
considering that the CETSA method has never before been used to study organisms
other than cancer cells (and since this year bacteria), extensive modifications of the
sample preparation protocol were necessary to accommodate an intracellular
protozoa, such as P. falciparum. Overall, in the time-course of the project, we aimed

to address five principal objectives:

e Develop a robust protocol for MS-CETSA analysis of the P. falciparum
proteome in the lysate and intact-cell protocol variants

e Characterise the thermal denaturation behaviour of the P. falciparum
proteome through melt curve MS-CETSA in lysate and intact-cell settings

e Provide a proof-of-principle for the antimalarial drug-target discovery
through MS-CETSA

e Utilise MS-CETSA to uncover previously unknown drug-targets for
clinically used antimalarials: quinine and mefloquine

e Develop a fully functional pipeline for the antimalarial drug discovery from

TCM

In order to adapt the CETSA protocol for the malaria parasite, it was necessary
to address the principal challenge of the proteomic analysis of human RBCs — the high
haemoglobin content. We explored diverse method variants and evaluated their
performance regarding the extent of haemoglobin depletion they provide, proteome
coverage they attain and the sample quality and reproducibility they deliver. The

approaches evaluated were based on three main strategies: haemoglobin depletion,
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infected cell enrichment, host-cell removal. The latter approach was chosen for lysate
CETSA experiments and we demonstrated its high performance. However, the
infected cell-enrichment strategy has proven the best protocol variant for the intact-
cell application. Both best performing methods were used for the melt curve CETSA
characterisation of the melting behaviour of the P. falciparum proteome. Protein
unfolding patterns were recorded in the lysate and the intact-cell settings, compared
in between each other and contrasted with the melting behaviour of the reference and
the host cell. Subsequently, we aimed to evaluate the performance of MS-CETSA for
the identification of direct drug-targets and provide the proof-of-principle for the
technique. For that purpose, we have selected two compounds with known molecular
targets in the P. falciparum proteome: pyrimethamine and E64d and demonstrated

that our designed protocol unambiguously identifies their known interacting proteins.

The rudimentary understanding of the MoA of the majority of antimalarial drugs,
resulting from the ambiguity concerning their specific molecular targets, substantially
hinders the implementation of successful counter-measures to clinical drug failure.
Having validated the CETSA approach for drug-target identification with
pyrimethamine and E64d, we applied the CETSA protocol to uncover the molecular
targets of two clinically important and structurally related antimalarial drugs with poorly
defined modes of action: quinine and mefloquine. The target-binding predisposition of
both compounds was evaluated in the lysate and intact-cell setting. The interaction of
both compounds with their newly identified common molecular target: P. falciparum
Purine Nucleoside Phosphorylase was subsequently validated through biophysical

and cellular assays.

Understanding how existing antimalarial drugs exert their parasiticidal action,
while crucial, remains only a stepping stone for the design of more effective future

treatments. The need for new therapeutics becomes particularly urgent in the light of
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emerging artemisinin resistance. Therefore, as an additional objective, we aimed to
address the second principal challenge of the antimalarial drug discovery field: the
need for the new antimalarial treatments. In an attempt at identifying new potent drug
candidates with antimalarial properties, we set out to establish a functional drug-
discovery pipeline sourcing the TCM. Our desired experimental setup would allow
isolation and identification of bioactive molecules from plants historically used to treat
malaria. A combination of that pipeline with an optimised CETSA protocol has the
potential to identify new drug candidate molecules along with their respective
molecular targets in the malaria proteome. The approach was successfully used to
identify wogonin and skulcapflavone-Il, as novel antimalarial compounds from a TCM

herb: Scutellaria baicalensis, along with the candidate antimalarial targets of the latter.
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CHAPTER 2

Materials & Methods

2.1 P. falciparum in vitro culture conditions

Plasmodium falciparum T996 and 3D7 strain parasites were maintained in
human red blood cells culture in vitro in accordance with the following guidelines.
Briefly, cultures were grown in complete Malaria Culture Media (MCM) (RPMI 1640
powder 16.2g/L (GIBCO), Hypoxanthine 0.1mM (SIGMA), NaOH 1mM (SIGMA),
NaHCO3; 23.8mM (SIGMA), Gentamicin 10mg/L (GIBCO) and Albumax Il 2.5g/L
(GIBCO)) under hypoxic conditions (5% O2 5% CO2 90% N2) maintaining 2%
haematocrit. Parasites were synchronised with 5% Sorbitol (149) at early ring and late
ring stages, at least once one life cycle prior to drug activity testing or CETSA sample

preparation.
2.2 Smear preparation, assessment of parasitaemia and staging.

Thin blood films from cultures were air-dried, fixed with MeOH and stained for
3-4min with 5% Giemsa stain in Sorenson’s buffer pH7.2. The assessment of the
parasite stage development and parasitaemia was carried out using light microscopy
under oil immersion 100x objective following the criteria from Silamut et al. (1999)

(150).

2.3 Percoll gradient iRBC enrichment

Percoll gradient enrichment of parasitised cells was conducted in accordance
with previously described (157). In brief, 2mL of washed 10% parasitised 10%

haematocrit RBC were deposited in a 15mL falcon, followed by addition of 2.5mL ice-
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cold 60% Percoll and centrifugation (1.500g, 4°C, 15min). Interphases containing

mature stages were collected and washed with MCM.
2.4 Haemodepletion intact-cell CETSA sample preparation method

Mid-trophozoite stage synchronised (2814hpi) P. falciparum 3D7 culture at
~10% parasitaemia, 2% hematocrit was used for all candidate workflow variants. In
case of haemoglobin depletion protocols, the cells were pelleted down (2500rpm,
5min), washed with PBS and the cell density was quantified with haematocytometer.
Then cells were resuspended in 100uL of PBS and heated for 3min at 37°C and 3min
at 4°C, followed by addition of 2x lysis buffer to the final concentration of 50mM HEPES
pH 7.5, 5mM beta-glycerophosphate, 0.1mM NazVO4, 10mM MgCl2, 2mM TCEP and
cocktail EDTA-free protease inhibitors (Sigma). Then cells were lysed by 3x flash
freezing-thawing cycles, followed by mechanical sheering. Obtained lysate was
centrifuged (20.000g, 20min, RT), the supernatant was isolated and subjected to the
haemodepletion protocol variants with Hemoglobind (2.92mg protein), HemoVoid
(2.92mg protein) or NuGel (2.24mg protein) commercial kits (Biotech Support Group)
in a technical triplicate following the manufacturer’s guidelines. Protein concentration
prior and post haemodepletion was quantified via Bicinchoninic acid (BCA) assay
(Pierce). In order to remove undesired buffer from resulting post-haemodepletion
samples, elution samples from all three variants were purified via the ‘In-gel digestion’
or the ‘Acetone precipitation’ protocols. Following this, samples were processed as
described in section 2.9 with the exception of TMT10 labelling, which was not
performed, as all samples were derived from one temperature only. Additionally,
instead of AKTAmicro system-driven peptide separation, a manual separation was
conducted. Briefly, peptides were solubilised in 10mM ammonium formate pH10.0 and
loaded onto C18 beads Oasis HLB 30 um (Waters)-packed tip, washed with 10mM

ammonium formate pH10.0 and ten fractions were eluted increasing concentration of
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ACN by 10% (v/v) for every subsequent fraction, until reaching 100% ACN.
Subsequently, samples were dried in speed vac and analysed as described in section

2.10.

2.5 In-gel protein digestion

The in-gel digestion protein samples were incubated with 55mM CAA for 20min
at RT, mixed with 2x Laemmli sample buffer (Biorad) and samples were boiled for
5min at 95°C prior to loading on 8% SDS gel for separation. Following separation, the
gel was stained with Coomassie Blue and the entire ‘gel-line’ containing protein was
cut into small tubes ~1-2mm in diameter and de-stained in 50% Ethanol/50mM
Ammonium Bicarbonate on a shaker at 25°C. Distaining step was repeated 5 times
and afterwards the gel was washed with 100% Ethanol (5min, RT), repeating the step
twice. Following gel drying in a speed-vac, trypsin solution (12.5ug/mL) in 50mM
Ammonium Bicarbonate was added to cover the cubes and incubated over night at
37°C on a shaker. The liquid was collected and the gel cubes were washed twice with
extraction solution (3%TFA 30% ACN) on a shaker at 37°C for 10min. Subsequently
sample was washed twice with 100% ACN. All liquids were combined with the initial
digestion liquid, dried in a speed-vac, followed by protein desalting step as described

below.

2.6 Acetone protein precipitation

Eluted protein samples were diluted with acetone (sample 1 : 4 acetone ratio)
and stored at -20°C O/N to induce protein precipitation. The following day, samples
were centrifugated (20.000g, 20min, 4°C), supernatant was discarded and the pellet

was dried in a speed-vac. The step was followed by desalting step as described below.
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2.7 Melt curve CETSA and ITDR sample preparation method

Mid-trophozoite stage synchronised (2814hpi) P. falciparum 3D7 culture at
~10% parasitaemia, 2% hematocrit was used for all CETSA preparations. In case of
‘Lysate CETSA', parasite culture was centrifuged (2500rpm, 5min), the pellet was
washed with PBS and incubated with 10x volume of fresh 0.1% Saponin in PBS pH
7.2 for 5min. Following centrifugation (2500g, 5min) the supernatant containing RBC
cytosol and vacuolar content was removed, whilst intact parasite pellet was washed
3x with 50mL of ice cold PBS. Parasite pellet was then resuspended in 1mL of lysis
buffer composed of 50mM HEPES pH 7.5, 5mM beta-glycerophosphate, 0.1mM
NazVOs, 10mM MgCl2, 2mM TCEP and cocktail EDTA-free protease inhibitors (Sigma)
and lysed by 3x flash freezing-thawing cycles, followed by mechanical sheering.
Samples were centrifuged (20,000g, 20min, 4°C) and supernatant containing soluble
parasite proteins was isolated. Remaining pellet was resuspended in 1mL of lysis
buffer and the procedure was repeated. The protein concentration in lysate was
quantified by BCA assay (Pierce). Ten aliquots of protein (100ug each) were added to
serially diluted drug, incubated for 3min at RT in order to minimise metabolism in vitro
and heated at respective temperature for 3min (ITDR experiments — one temperature,
‘Melt curve’ experiments temperature gradient: 37-73°C with 4°C intervals) in a 96-
well thermocycler, followed by 3min incubation at 4°C. The post-heating lysates were
centrifuged (20,000g, 20min, 4°C) and the supernatant was transferred to a fresh
eppendorf tube. The protein concentration of the post-heating lysate (no-drug control
in ITDR experiment or 37°C condition in the melt curve experiments) was measured
by the BCA assay. See ‘peptides preparation and labelling’ section for the following
steps. K562 lysate melt curve CETSA samples were prepared analogously, following

the method previously described in (152).

In case of ‘Whole Cell CETSA’, 1mL of ~10% infected packed blood was loaded

on MACS CS column (Miltenyi Biotech), washed and eluted according to
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manufacturer’s instructions. Enriched infected Red Blood Cells (iRBC) (to the level of
75-96% parasitaemia) were incubated for 1h in excess of MCM at 37°C with agitation,
subsequently ~25-30 million per concentration point were added to 2mL of MCM
containing the drug or an equivalent volume of DMSO at final concentration 0.4% (v/v)
and incubated (1h at 37°C under agitation). Cells were pelleted by centrifugation
(2,500rpm, 5min), washed with PBS, resuspended in 1.1mL of PBS and transferred in
100uL aliquots onto 10 wells each on a 96 well microtiter plate, subsequently
subjected to thermal challenge for 3min, followed by 3min at 4°C. Samples were then
lysed by flash freezing/thawing 3x, followed by mechanical sheering. Soluble fractions
were isolated by centrifugation (20,000g, 20min, 4°C) and protein concentration was
quantified by the BCA assay in the same manner as previously described for the lysate
assay. K562 intact-cell melt curve CETSA samples were prepared analogously,

following the method previously described in (152).

2.8 CETSA Drug treatment

Pyrimethamine (PM), quinine (QN) and mefloquine (MFQ) were purchased
from Sigma and E64d from ApexBio and Immucillin H (ImmH) from Pharmablock
Sciences (Nanijing) Inc., whilst Skulcapflavone Il (SKF-1l) was isolated from Scutellaria
baicalensis root DCM extract in house. All drug stock solutions were prepared in
DMSO. Highest drug dose used in all Lysate ITDR experiments with conventional
drugs was 100uM, except QN (10 puM), whilst for SKF-Il enriched fraction it was
100ug/mL. In intact-cell ITDR experiments, the doses were as follows 10uM for QN
and MFQ, 125uM for E64d and 250uM for PM. All ITDR drug treatments were
performed with four-fold serial dilution except the intact-cell-QN-ITDR, where five-fold
serial dilution was applied, with last concentration point being a drug-free control. PM

melt curve CETSA experiments were carried out with 100uM PM or drug free control
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in both lysate and intact-cell conditions. All the above treatments were performed in

the presence of 0.4% (v/v) DMSO in intact-cell experiments and 1% (v/v) in lysate.

2.9 Peptides preparation and labeling

One hundred ug of total soluble protein isolated after thermal challenge per
experimental point was aliquoted and reduced with 20mM TCEP, 0.05% (w/v)
RapiGest (55°C, 20min). Subsequently samples were alkylated with 55mM CAA (RT,
30min), followed by digestion with LysC (0.05ug of LysC per 1ug of protein) for 4h at
37°C and then trypsin digestion for 18h at 37°C. Digestion was halted by addition of
TFA to 1% final concentration and incubation for 45 min at 37°C to hydrolyse the
remaining RapiGest, which was pelleted by centrifugation at 20,000g for 15 min. The
soluble fractions were collected and dried in a speed vac, solubilised in 200mM TEAB
to a final concentration of 1ug/pl. Labelling was carried out according to the
manufacturer’s instruction. Briefly, 10ug of the digested protein was labelled for at
least 1h with TMT10plex™ Isobaric Label Reagent Set (Pierce) at pH>6 and then
quenched with 1M Tris, pH 7.4. The labelled samples were subsequently combined
and desalted using a C18 Sep-Pak (Waters) cartridge, followed by vacuum drying.
Samples were resuspended in 10mM Ammonia Formate pH 10.5, 5% ACN and
separated using high pH reverse phase Zorbax 300 extend C-18 4.6mm
x250mmcolumn (Agilent) and liquid chromatography AKTAmicro system (GE).
Overall, 96 fractions were collected and combined into 20 fractions ensuring peptide
diversity in each fraction. Samples were then vacuum dried and washed again with
60% ACN, 0.1% Formic Acid followed by another vacuum drying step. See ‘LC-MS

analysis’ for subsequent steps.

32



2.10 LC-MS analysis

Twenty peptide fractions produced for each experimental sample-set were subjected
to LC-MS analysis. Following injection, the separation of the peptides was conducted
via reverse phase liquid chromatography (RP-LC) Dionex 3000 UHPLC system,
equipped with a 50cm x 0.75mm Easy Spray column (Thermo Scientific) retaining a
flow rate of 300nl min-! for 70min gradient. The gradient was composed of mobile
phase A (0.1% formic acid) and mobile phase B (99.9% acetonitrile, 0.1% formic acid),
with  pre-programmed mixing of mobile phase B to the following
gradient/concentrations over time:1-55min (2-25%) 55-57min (25-50%), 57-58min
(50-85%), 58-63min (85%), 63-70min (2%). MS analysis was performed using a Q
Exactive instrumentation (Thermo Scientific) and the following acquisition parameters
were applied: Data Dependent Acquisition (DDA) with MS scan of 70.000 and AGC
target of 3e6; top12 MS/MS 35,000 and AGC target of 1e5; isolation window 1.2 m/z.
Subsequently, the peak list was generated with the Proteome Discoverer 2.1 software
(Thermo Scientific) and the spectra matching with the database was conducted with
Mascot 2.6.1 (Matrix Science) using combined Sanger institute P. falciparum 3D7
Coding Sequences database (accessed October 2015) and Uniprot database for
human proteins. The search parameters used were as follows: MS precursor mass
tolerance 30ppm; MS/MS 0.06Da; 3 missed cleavages; static modifications:
carboamidomethyl (C); variable modifications: oxidation (M), deamidated (NQ), acetyl
N-terminal protein; forward/decoy searches were used for false discovery rate (FDR)
estimation. Peptide and PSMs with high = FDR 1% and medium =FDR 5% levels were

accepted.

2.11 Protein quantification and CETSA data processing
Only unique peptides were used for quantification of associated protein

abundance, and only proteins quantified by at least three peptide spectrum matches
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(PSMs) were trusted and kept for downstream analysis. The relative abundances of
proteins under different compound concentrations were derived by dividing against the
abundance value from the lowest compound concentration. Protein groups with
quantification information were exported and fed into an in-house developed CETSA
data processing R script (“mineCETSA”) for data extraction, clean-up, normalisation,
QC, curve fitting and plotting. Ligand-induced protein stabilisation curve typically
follows standard sigmoidal curve (743). Hence each protein stabilisation profile was
evaluated for the dose-response curve best-fitting quality (expressed as R?), the level
of stabilisation relative to non-denaturing conditions at 37°C calculated as the
difference in Area Under the Curve (AAUC) and fold change in the protein level relative
drug free condition. The criteria used for hit selection is characterised by R?20.8, AAUC
surpassing three times the baseline Median Absolute Deviation (MAD*3) and 3-fold
change (FC) 21.3 in the protein level under drug treatment relative to DMSO treated

sample.

2.12 Western blotting

Western blots were performed with help of Dr. Yu Han. Western blots were
prepared using the post-heating lysates generated from the corresponding
lysate/intact-cell ITDR experiments as samples. Sample (10ug) for each treatment
condition was run on NuPAGE 4-12% Bis-Tris Gel and transferred to nitrocellulose
membrane using iBlot Dry Blotting system (Invitrogen). Primary anti-PfPNP mouse
polyclonal antibodies (153) and secondary anti-mouse HRP-conjugated antibodies
(Pierce) were diluted (1:5000) in 5% nonfat milk in TBST. Blots were visualised with
Clarity Western ECL system (Biorad) with image analysis being performed in

ImageQuant™ LAS 4000 (GE Healthcare).
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2.13 PfPNP molecular cloning and expression

The initial clone of PfPNP (154) was a generous gift from Dr. Kami Kim. The
following re-cloning and protein expression were done in collaboration with the Protein
Production Facility at NTU SBS. The sequence encoding PfPNP was sub-cloned into
pNIC-CH vector using ligand-independent cloning (7155). The constructs were
heterogously expressed in the Rosetta BL21-DE3 Escherichia coli (Novagen).
Bacterial culture was sustained in the Terrific Broth media with addition of kanamycin
(50ug/ml) and Chloramphenicol (34ug/ml) at 37°C under agitation. When culture
density ODg0QQ reached ~2.0, protein expression was induced with isopropyl-p-D-1-
thiogalactopyranoside (IPTG) (0.5mM) at 18°C O/N. Cells were pelleted by
centrifugation (4,500g ,15min, 15°C) and re- suspended in lysis buffer (NaCl 500mM,
HEPES 100mM, imidazole 10mM, TCEP 1mM and glycerol 10% (v/v) pH 8.0)
supplemented with EDTA-free protease inhibitor cocktail (1pl/ml) (Calbiochem) and
Benzonase (125U/ml) (Merck). Cell lysis was carried out by sonication at 70%
amplitude, 3s on/off for 3min at 4°C. Following centrifugation (47,000g, 25min, 4°C)

the supernatant was filtered (1.2um) and stored at -80°C.
2.14 PfPNP Recombinant protein purification

Original (154) and in-house modified PfPNP constructs were purified using
immobilised metal affinity chromatography (IMAC) followed by gel filtration
chromatography on AKTAxpress system (GE Healthcare). Briefly, the cellular lysate
supernatant was loaded on HisTrap™ HP column (GE Healthcare) pre-equilibrated
with sample buffer. Following sample loading the column was washed with IMAC wash
buffer 1 (NaCl 500mM, HEPES 20mM, imidazole 10mM, TCEP 1mM and glycerol 10%
(v/v) pH7.5) and wash buffer 2 (NaCl 500mM, imidazole 25mM, HEPES 20mM, TCEP
1mM and glycerol 10% (v/v) pH7.5). Following elution with NaCl 500mM, imidazole
500mM, HEPES 20mM, TCEP 1mM and glycerol 10% (v/v) pH7.5, the protein was
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loaded onto a HiLoad 16/60 Superdex-200 column (GE Healthcare) pre- equilibrated
in KH2PO4 50mM, TCEP 0.5mM and glycerol 10% (v/v) pH7.4. Pure protein fractions

were pooled and concentrated based on Nu-PAGE gel profile.

2.15 PfPNP Protein co-crystallisation

Co-crystal preparation was conducted by Dr Chen Dan. The PfPNP protein
solution (37mg/ml) was incubated with 1mM MFQ or QN on ice for 15min prior to the
co-crystallisation setup. Both compounds were co-crystallised with PfPNP using sitting
drop vapour diffusion method, retaining 20°C temperature during the process. The
PfPNP-MFQ co-crystals were grown in the presence of 2ul of drug-protein solution
and 1pl of 0.2M magnesium formate buffer. The PfPNP-QN co-crystals were produced
from 1pl of drug-protein solution and 2pl of 0.1M sodium citrate tribasic, 1.0M

ammonium phosphate monobasic buffer pH5.6.

2.16 Wogonin Crystallisation

High purity fraction F13’ obtained from chromatography fractionation of the
Scutellaria baicalensis (HQ) DCM extract was dissolved in DCM with traces of
chloroform in an NMR tube and allowed to crystalise at room temperature over the
period of 1 week. Obtained crystals were subsequently analysed by X-ray diffraction

to resolve compounds’ structure.

2.17 X-ray diffraction data collection and structure determination

PfPNP co-crystal structures X-ray diffraction data were collected at Synchrotron
(Australia) on the beamline MX1 and subsequently indexed and processed with XDS
by Dr. Chen Dan (156). Phaser was used for molecular replacement mediated
structure solving (757) with PDB 1SQ6 as the selected search model. REFMAC5 was
used for building the model refining the structure (158) with final manual improvements
being added in Coot (159). Structure was validated with the use of Ramachandran
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plot (160). Phenix.eLBOW was used to generate ligand structures (7167). Wogonin
crystal structure X-ray diffraction data were collected on the Bruker X8 CCD
Diffractometer in the X-ray crystallography facility in SPMS NTU by Dr. Rakesh

Ganguly.

2.18 Differential Scanning Fluorimetry

ImmH, QN, MFQ, CQ, PMQ, LUM were serially diluted at 0-100uM gradient
and added to mixture of recombinant PfPNP (in-house prepared construct)
(0.2mg/mL) in PBS pH7.2, 5x SYPRO™ Orange Protein Gel Stain (Invitrogen)
to the final volume 25uL and DMSO concentration 1% (v/v). Samples were
sequentially heated for 10sec on a 96 well plate in IQ™5 Real Time PCR (Biorad)
across 25-95°C temperature gradient with 1°C intervals, monitoring fluorescence
emission With Aexcitation = 492 nm and Aemission = 610nm after each heating step. Data
analysis was performed using software package XLfit (ID Business Solutions) and
non-linear regression fitting was done with GraphPad Prism, determining the Tm of

PfPNP at each drug concentration.
2.19 Enzymatic activity inhibition Assays

Enzymatic activity assays (762) were conducted in triplicate in 200uL of assay
mixture containing 50mM potassium phosphate pH7.5, 60mU/mL (i.e. 32.6nM) of
Xanthine Oxidase (Sigma), 10-400uM Inosine (Sigma) and varying concentration of
the inhibitor: QN 50-0uM or MFQ 250-OuM. Reaction was started by addition of 10ng
of recombinant PfPNP (in-house prepared construct). Formation of Uric acid from
coupled reaction was measured at Azg3nm using Tecan infinite m200 plate reader at
1min iterations over 3h at 30°C. Initial rate of reaction [Absorbance/time] was based
on the linear part of the curve in each experimental variant. Non-linear regression

fitting and data analysis was performed in GraphPad Prism.
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2.20 Surface Plasmon Resonance

SPR experiments were performed in collaboration with the Biomolecular
Interactions Platform at NTU SBS. Experiments were run on a Biacore T200
instrument (GE Healthcare) at 25 °C. Anti-histidine tag antibody modified CM5-S chip
was prepared via EDC/NHS (0.1M, 7 min at 10ul/min) anti-histidine antibody (50ug/ml,
7min) in the immobilisation buffer (His Capture Kit; GE Healthcare). Recombinant His-
PfPNP (154) was captured to approximately 1100RU, and the characterisation of
compound interactions were conducted in in PBS (137mM NaCl, 2.7mM KCI, 8mM
Na:HPO4, 2mMKH2PO4), 1mMDTT, 0.05% Tween-20 and 3% DMSO buffer. Ligands
were injected in increasing concentration with for 30-120s at a flow rate of 30ul/min in
either multi or single cycle mode, and dissociation was monitored for 50s (MFQ),
2000s (QN) and 4500s (ImmH). Between each cycle, the chip surface was
regenerated by 15mM HCI for 30s. Data analysis was performed using Biacore
evaluation software V3.0, where sensorgrams were double referenced (reference
surface, blanks) prior to a global analysis using a simple 1:1 binding model kinetic

or steady state model.

2.21 Isothermal Titration Calorimetry

ITC experiments were conducted by Dr. Chen Dan. Protein was buffer-
exchanged to a buffer containing 50mM KH2PO4 at pH7.4. The protein was injected
into the iTC200 (Microcal) cell with a titration syringe filled up with solution containing
assayed compound diluted in the assay buffer, retaining constant buffer conditions
and DMSO concentration between the two. Sample titrations were commenced with
0.5ul injection, followed by 16-20 larger injections of increasing volume, retaining 25°C
temperature and 700rpm stirring speed throughout the experiment. The heat peaks
integration and non-linear regression analysis were performed with the Origin software

(Microcal) with binding-model fitting (QN- one site, MFQ- two sets of sites) to
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determine the stoichiometry parameters: N, KD and AH.

2.22 Cytotoxic drug complementarity assessment

Assays performed with assistance of Dr. Grennady Wirjanata. Drug assays
were performed in 200uL volume in triplicate with P. falciparum 3D7 strain at 1%
haematocrit and 1% parasitaemia in purine free media in a (96 well) microtiter plate
format. Prior to beginning of the assay, parasites were washed 3 times with purine free
media to remove residual hypoxanthine. The top concentration of compounds used in
was 480nM ImmH, 20uM E64d, 3.2uM QN and 320nM MFQ followed by 2-fold serial
dilution and a no-drug control. IC50 measurements were conducted for each drug
alone and for combinations at fixed volumetric ratios [i.e. Drug A:Drug B ratio - 5:0,
4:1, 3:2, 2:3, 1:4, 0:5). Following 48h incubation, supernatant was removed, parasites
were stained with 100uL of pre-warmed 8uM Hoechst 33342 in PBS pH7.2 for 20min
and reaction was halted by addition of 200uL of ice-cold PBS. Results readout was
performed with the LSR Fortessa X-20 Flow Cytometer (BD Biosciences) using UV
laser (355nm) and results were analysed with FACS Diva Software (BD Biosciences).
Linear regression analysis of dose-response curves and ICso determination was
subsequently performed in WWARN's In Vitro Analysis and Reporting Tool (IVART).

2FICso were calculated using the following equation:

IC50 of A in mixture IC50 of B in mixture

Sum FIC (EFIC) = IC50 of A alone T Ics0 of B alone
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2.23 Assessment of the antimalarial drug effect under differential purine-
availability conditions

The drug assays were initiated on synchronised mid-ring stage parasites
(10£4hpi) with final parasitaemia of 1%, hematocrit of 2% and total volume of 100pL
on 96 well microtiter plates in technical duplicates. Prior to beginning of the assay,
parasites were washed 3 times with purine free media to remove residual
hypoxanthine. A serial dilution of QN, ImmH or MFQ was conducted with purine-free
MCM or MCM supplemented with 10uM Hypoxanthine, 100uM Hypoxanthine, 10uM
Inosine or 100pM Inosine. The top concentration used in was 500nM for all
compounds, followed by 2-fold serial dilution and a no-drug control. Following 48h long
incubation at 37°C the results readout was conducted as described in ‘In vitro
antimalarial activity assessment of TCM extracts and fractions’ section. Drug response

curve plotting featuring all conditions was subsequently done in Sigma Plot.

2.24 TCM material selection and procurement

The antimalarial TCM candidate materials (Fig. 2.1) were selected based on
their historical use in the Traditional Chinese Medicine for treatment of malaria-like
symptoms, by the TCM students from the NTU TCM clinic during the course of
previous projects (163-165). The materials were then procured from the TCM Clinic

(SBS, NTU, Singapore).

40



Cang Erzi Cang Zhu Huang Qin AiYe Chuan Xiong
BRT AR EES Ly Iz

Xanthium sibiricum Atractylodes lancea Scutellaria baicalensis Artemisia argyi Ligusticum Rhizome

% A

Long Dan Cao Di Gu Pi He Shou Wu Xi Xian Cao Xian He Cag
BRRE AR == REE ilgeE
Gentiana manshurica Lycium chinense Polygonum multiflorum Siegesbeckia oritentalis Herba Agrimoniae

ng ééa Bing Lang Ju Hua Cao Guo
s ihenst 1&H Hi =R
rionyx sinensis Areca Catechu Chrysanthemum Ammomum Tsao-Ko

4

Figure 2.1 — Antimalarial Traditional Chinese Medicine candidates

2.25 Sequential Soxhlet extraction

TCM materials were pulverised into fine powder form with a blender or mortar
in order to increase solvent accessible area and loaded into cellulose extraction
timbles (Whatman). Sequential Soxhlet extraction (166) with three organic solvents in
order of increasing polarity (Hexane, Dichloromethane and Methanol) for 48h each
was used to isolate and pre-fractionate their phytochemical constituents. Following
extraction each respective extract was dried on rotavap, then under vacuum for at

least 10h and stored at 4°C.
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2.26 Column Chromatography assisted fractionation of TCM extracts

Extracts/fractions of interest were separated by silica column chromatography
with a step-wise gradient of increasing polarity, initially with Hexane (Hex) and Ethyl
Acetate (EA) (from 100%/ 0% to 0%/100% of Hex/EA), followed by gradient of EA and
Methanol (MeOH) up to 20%MeOH 80%EA. Eluting fractions were profiled using thin
layer chromatography and pulled together based on the presence of common

constituents.

2.27 Thin Layer Chromatography

TLC was performed using pre-coated silica gel 60 F2s4 plates 0.2mm thickness
plates (Merck). Compound visualisation was performed under UV and through Cerium

Molybdate and Potassium Permanganate staining.

2.28 NMR sample analysis

Vacuum dried TCM extract fractions were dissolved in deuterated chloroform
and Nuclear Magnetic Resonance (NMR) spectra were obtained from Bruker Avance
I1l 400Mhz UltraShield with auto-tunable BBFO probe (5mm). 'H and "*C NMR spectra
analysis was performed with Bruker TopSpin software. Spectral assignment was

assisted by COSY and ('H - 3C)-HSQC/HMBC experiments.

2.29 In vitro antimalarial activity assessment of TCM extracts and fractions

Drug assays were initiated on synchronised mid-ring stage parasites (10+4hpi) with
final parasitaemia of 1%, hematocrit of 2% and total volume of 100uL on 96 well micro
titer plates in technical duplicates. Each vacuum dried TCM extract/fraction/compound
was initially dissolved in relevant volume of DMSO necessary completely solubilise it.
Ten microliters of each soluble extract was then dissolved in 990uL of MCM and
serially diluted with cMCM to obtain 11 consecutive twofold dilutions that were used in

the assay. Each 96 well microtiter plate contained a series of controls in technical
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duplicates including: non-infected control (pure RBCs), no drug control, death control
(50nM artemisinin) and solvent control (DMSO 1%). Following 48h incubation at 37°C
under hypoxic conditions media was removed and cells were incubated in the dark
with 100uL of 8uM Hoechst H33342 (Sigma) in Phosphate Buffered Saline pH 7.4.
Labelling was stopped after 20min with 200uL of ice-cold PBS. The level of dye
incorporation was determined with the LSR Il Flow Cytometer (BD Biosciences) using
UV laser (355nm) and results were analysed with BD FACSDiva Software. Readings
from technical duplicate data were averaged and analysed through non-linear
regression using ICEstimator software (167, 168). Based on plotted drug dose
response curves, extract/fraction/compound concentrations required to inhibit 50%,

90% and 99% of parasite growth were determined and indicated as ICsp, ICg0 and [Cogg.

2.30 Small molecule GC-MS analysis

Mass spectrometry analysis of purified TCM fractions, as well as pure compounds
was carried out using GC-MS ThermoScientific Finnigan LCQ Deca XP setup.
Fractions/compounds solubilised in DCM were further diluted in Methanol prior to
injection into MS. Sample (10uL) was injected into the system and separated with 50%
Methanol, 50% H20, 0.1% Formic Acid buffer prior to reaching the analyser. Data was
collected for 2min per sample. Data analysis and visualisation was conducted in

Xcalibur 2.2 SP1.48 (Thermo Scientific)
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CHAPTER 3

Adaptation of the MS-CETSA protocol for

Plasmodium falciparum

Poor understanding of the MoA of the vast majority of antimalarial drugs is likely
a result of a combination of multiple challenges. Protozoan parasites possess unique
biology which combines both animal- and plant-like features and thus remain much
less well understood compared to other eukaryotic systems. Consequently, many
research tools developed and used to elucidate drug’s MoA in other pathogenic
organisms have been applied to studying protozoa with limited success (741). In this
work we aimed to adapt MS-CETSA protocol for the P. falciparum research with its
future application for the drug-target identification in mind. However, the malaria
CETSA sample preparation method required for the subsequent MS-based analysis
had to be re-developed, due to distinct differences between cancer cells, the method

has been designed for, and P. falciparum.

High haemoglobin abundance, equivalent to ~98% of its cytosolic protein
content of RBC, is an established challenge in the analysis of its proteome (7169, 170).
Expectedly, the malaria research community experiences the same challenges and
the proteomic analysis of P. falciparum-infected RBCs has rarely been performed
(171). Instead, the majority of proteomic studies of malaria parasites resort to saponin-
mediated host-cell removal and release of free parasites prior to their lysis and MS
analysis (171, 172). Considering that this is the most established and reliable method
for generating high-quality P. falciparum protein lysate sample, this approach was

adopted for the malaria lysate CETSA protocol (Fig. 3.1).
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Figure 3.1 - MS-CETSA Method Overview

Lysate and Intact-cell CETSA experiments are conducted using soluble parasite protein lysate or
infected Red Blood Cells (iRBCs), respectively. In both scenarios, the samples are separated into 10
identical fractions, subjected to drug treatment and exposed to the thermal challenge to denature and
irrevocably precipitate unstable proteins. Two alternative CETSA variants: ITDR or melt curve can be
performed. ITDR involves treating samples with a drug concentration gradient and exposing them to a
single temperature, while melt curve CETSA relies on presence or absence of the drug in corresponding
samples, which are then heated to 10 distinct temperatures along 37-73°C thermal gradient. Soluble

protein is isolated by centrifugation and in case of whole-cell approach preceded by cell lysis and
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samples are reduced, alkylated, digested by LysC and Trypsin and then labelled with distinct TMT10
isobaric tags. Peptide levels across ten fractions are then quantified through multiplexed mass
spectrometry and following mapping to plasmodium proteome database are translated to protein levels

along thermal/drug gradient.

Unlike the lysate CETSA, which monitors drug-protein binding taking place in a
standardised but artificial environment in vitro, the intact-cell CETSA protocol relies on
drug-protein interactions occurring within a much more complex environment: the
living cell. Therefore, the intact-cell CETSA allows for possible prerequisites for the
interaction to occur, including drug-metabolism following cell entry, the presence of
co-factors, compound accumulation at a specific subcellular site or an appropriate
local environment. In order to maintain the intact-cell CETSA experimental conditions
most closely related to the physiologically normal state and to retain all of the above
advantages; the drug treatment needs to be conducted directly on the living
intraerythrocytic P. falciparum culture in vitro. Furthermore, the ‘thermal challenge’
should be performed directly after the drug exposure in order to ‘freeze’ the
biochemical makeup of the cell in the presence of the drug, limiting its dissociation
from the target. However, the cellular lysate isolated from standard P. falciparum in
vitro culture consists of a mixture of parasite and host proteins and contains high

haemoglobin levels.

Diverse approaches for overcoming the haemoglobin abundance in the
proteomic analysis of RBCs and intraerythrocytic P. falciparum parasite stages have
been proposed in the literature. Some solutions, such as extensive chromatographic
peptide fractionation or FASP (143, 147) offered no advantages over the existing
CETSA protocol employed previously for the analysis of mammalian cells (147).
Others are unsuitable for CETSA because they: are unable to provide high-quality

quantitative data on the protein abundance (e.g. peptide libraries (773) or N-
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terminomics (774)), induce substantial losses in certain protein subsets (e.g.
haemoglobin depletion through metal affinity chromatography (769)), are not easily
scalable to mid-to-high throughput applications (e.g. Extensive gel fractionation (775)),
or involve use of detergents and/or high temperatures to assist cell lysis (176), which
risks to interfere with the principle CETSA is based on. Therefore, three main
alternative approaches aimed at increasing P. falciparum proteome coverage were
explored (Fig. 3.1): (i) haemoglobin depletion from cellular lysates (ii) host-cell removal
after the thermal challenge step and (iii) the enrichment of parasitised RBCs prior to
the drug treatment. The first variant was aimed at targeted haemoglobin removal, the
second at global depletion of host-cell proteins, while the third only at decreasing the

ratio of host-to-parasite proteins in the analysed sample.

3.1 Optimisation of the P. falciparum Intact-cell CETSA sample processing

method

Initially, aiming to establish the reference gold-standard for the qualitative
protein detection in malaria samples, we determined the depth of proteome coverage
in the lysate melt curve CETSA experiment. Similarly, the baseline level of protein
detection in the intact-cell preparation was established through the melt curve CETSA
analysis of a standard 10% P. falciparum-infected RBC culture. The lysate CETSA
analysis provided qualitative detection of 2324 parasite and 1217 human proteins,
while the unmodified intact-cell CETSA analysis yielded only 390 parasite and 801
human proteins detected (Fig. 3.2A). The relative haemoglobin abundance in analysed
samples was quantified as the percentage of Peptide Spectrum Matches (PSMs)
corresponding to Haemoglobin subunits «o-{ out of total recorded PSMs. The
haemoglobin level in the lysate and intact-cell samples was found to be substantially
different, with 3% and 66% of the total analysed PSMs matching haemoglobin,
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respectively (Fig. 3.2B). The significantly lower P. falciparum proteome coverage
attained in the intact-cell analysis can be attributed to very high haemoglobin
abundance and demonstrates the need for protocol improvement. In order to evaluate
the suitability of the three main intact-cell CETSA protocol modification variants (i.e.
haemoglobin removal, host-cell removal or enrichment of parasitised cells), each of
them was independently incorporated into the CETSA workflow and used for sample
generation. The level of qualitative protein detection and the relative haemoglobin
abundance in each sample processing variant was contrasted with those of the ‘gold
standard’ and the ‘baseline’ sample analyses (Fig. 3.2A-B). To begin with, the three
resin-based haemoglobin depletion methods: Hemoglobind™, HemoVoid™ and
NuGel™ (177-179) were evaluated. Soluble protein lysate derived from P. falciparum-
infected RBCs (10% parasitaemia) was subjected 37°C thermal challenge, followed
by haemoglobin depletion by each of the kits in triplicate assays, monitoring the extent

of the protein depletion they accomplish and its reproducibility (Table 3.1).
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Figure 3.2 — Performance comparison of candidate Intact-cell CETSA method variants
Panel (A) represents the number of unique P. falciparum (grey) and human (black) proteins identified

with evaluated variants of the intact-cell CETSA protocol (x-axis). The number of proteins represented
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by each of the bar indicators is listed above. Panel (B) represents the total number of Peptide Spectrum
Matches (PSMs) recorded for each of the evaluated protocol variants indicated as red line (right y axis).
Additionally, the proportion of PSMs attributed to haemoglobin proteins out of all PSMs recorded in
each of the datasets is presented as a bar chart, indicating the respective percentage values (left y
axis). (C) Venn diagram comparison of the P. falciparum and human proteomes coverage by Lysate
CETSA and the two most reliable Intact-cell CETSA protocol variants: Hemoglobind (Ace. Precipitation)
and MACS. The overlap in the qualitative protein detection between each technique is indicated for

each variant.

g]taatr;ir?agl Pi':l;ﬁitn deZoEt}n Reproducibility Delpel‘t,a;ilon
Hemoglobind 20<(:)e)|(|; 0 292mg  250ug 10.01mg/mL  91.5%
NuGel 15<(:)e)l(ls1 0° 224mg  150ug 10.04mgimL  93.3%
HemoVoid 20<(:)e)|(|; 0° 292mg  135ug 10.01mgimL  95.4%

Table 3.1 — Performance evaluation of haemoglobin-depletion kits

All three kits depleted over 90% of the original protein content, although small
differences were present, with 4.6%, 6.7% and 8.5% of the initial protein load being
recovered with HemoVoid, NuGel and Hemoglobind, respectively. Hemoglobind and
HemoVoid have proven more reproducible than NuGel, with comparably low variability
(i.e. 0.01mg/mL) in the protein concentration of post-depletion elution. NuGel on the
other hand exhibited four times higher fluctuations in the resulting protein
concentration. The polymers derived from the haemoglobin-binding resin and
potentially present in analysed samples risked causing technical issues with the MS
performance. Therefore, two diverse sample clean-up strategies: the in-gel protein
digestion or the acetone protein precipitation (780) were employed to remove the

polymers from haemoglobin depleted samples prior to the MS analysis. The striking
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difference in the total number of PSMs recorded between the two clean-up protocol
variants for each of the three sample types, suggests that the extent of peptide
recovery from the in-gel digestion was limited (Fig. 3.2B). Consequently, the acetone
precipitation was deemed better suited for CETSA analysis. Among the three
haemodepletion protocols, Hemoglobind has provided the highest coverage of both
the P. falciparum and the human proteomes with 1016 and 1475 detected proteins,
respectively (Fig. 3.2A). The remaining two kits offered 40-50% lower levels of parasite
protein identification, with a smaller decrease of 20-40% in the human proteome
coverage. The HemoVoid kit provided most extensive haemoglobin depletion, as only
6% of total analysed PSMs mapped to haemoglobin, relative to 66% attained with the
unmodified protocol (Fig. 3.2B). The Hemoglobind samples contained 11-13%
haemoglobin-specific peptides, indicating satisfactory depletion level, whilst NuGel

performed the worst retaining substantial haemoglobin levels in depleted samples.

The second intact-cell CETSA protocol modification variant (i.e. host-cell
removal after the thermal gradient (7172)) was deemed unsuitable because large
quantities of precipitated protein derived from the host-cell were observed in the higher
range of the thermal gradient (i.e. 63°C onwards). As a result, the parasite pellet could
not be easily separated from the precipitated protein, what introduced the undesired
variability between samples and affected accurate protein quantitation. The third
remaining method variant: enrichment of infected-cells was performed via two
established protocols: Percoll gradient (1751) and MACS (181), attempting to enrich
and concentrated parasitised RBCs from a standard of 10% parasitaemia. The
enrichment achieved with MACS was superior to Percoll gradient, reaching an
average of 89% (8 SD) and 64% (13 SD) parasitaemia in triplicate assays,
respectively. MACS has also proven to be more versatile, allowing purification of

younger trophozoite stages (i.e >26hpi) as well as the schizont stages, while Percoll
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gradient was limited to schizont stage only. Furthermore, MACS protocol was much
more readily scalable, allowing large (i.e. up to 6mL of packed RBC) sample
processing volume in a single preparation. Consequently, MACS sample preparation
was deemed superior and MACS-enriched Intact-cell melt curve CETSA sample was
subjected to MS analysis. Resulting sample allowed qualitative detection of 2108

parasite and 1153 human proteins.

Among all tested intact-cell sample preparation methods MACS and
Hemoglobind followed by Acetone precipitation provided the highest quality samples
and substantially improved the depth of the P. falciparum proteome analysis. The
relative haemoglobin abundance was higher in the MACS-derived sample, which
exhibited three times higher ratio of haemoglobin-specific PSMs than encountered in
the lysate CETSA analysis (Fig. 3.2B). The Hemoglobind depleted sample exhibited
two times higher ratio of haemoglobin PSMs than the lysate analysis. However,
despite lower haemoglobin levels, Hemoglobind sample preparation favours
identification of human over plasmodial proteins in a 3:2 ratio, likely due to relatively
low parasite per cell density (i.e. 10%) in the original sample. As a consequence,
MACS preparation provided 90% of the P. falciparum proteome coverage observed in
the gold standard analysis, whilst Hemoglobind achieved only 44% of the proteome
coverage seen in the Lysate CETSA. Hemoglobind protocol has proven superior only
in the depth of the host-cell proteome analysis with nearly 700 unique RBC protein
species identified (Fig. 3.2C). The core detectable parasite proteome identified by both
MACS and Lysate CETSA analyses consisted of ~1600 proteins, but both sample sets
show additional an 12.5% and 22.1% of uniquely detected proteins, respectively.
Overall, the magnetic enrichment of P. falciparum infected RBC (i.e. MACS) was
deemed sufficient and most practical for the generation of intact-cell CETSA data. The
analysis of GO-localisation annotations of proteins detected across MACS intact-cell

and Lysate CETSA datasets indicates comparable coverage of all major sub-cellular
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components with an enrichment of the cytosolic fraction in both sample sets (Fig.
S3.1B). This suggests that all cells have been appropriately lysed and no coverage
bias is present between experimental variants despite differences in the analysis

depth.

3.2 Characterisation of P. falciparum proteome melting dynamics in lysate and

intact-cell setting

Proteome-wide survey of protein thermostability and unfolding patterns
represents a novel tool for systematic comparative phenotypical characterisation of
parasite biology. Here, we determined the global protein melting curve reference
dataset for the P. falciparum 3D7 strain trophozoite stage. The data can be further
exploited to provide insights into protein properties in drug-engagement, metabolic and
in vitro protein studies, as well as to broaden our understanding of the parasite
physiology. In order to assess the melting behaviour of the P. falciparum proteome in
the lysate and intact-cell variants, we subjected DMSO-treated samples to CETSA
melt curve analysis, monitoring protein denaturation levels along the 37-73°C
temperature gradient. The melting curves obtained for independent proteins were
used to generate the global proteome melting profile for both (i.e. lysate and intact-
cell) variants (Fig. 3.3A) and to calculate the distribution of individual protein melting
temperatures (Tm) equivalent to 50% protein denaturation, within each dataset (Fig.
3.3B). Overall, the melting curves were defined for 2488 proteins in the lysate and
1962 in the intact-cell variant. The proteins isolated from the lysate experiment
exhibited apparent higher global thermo-stability (Fig. 3.3A) with 44% of them
displaying <50% denaturation at the highest temperature tested. In contrast, only 6%
of proteins in the intact-cell setting showed less than 50% decrease in abundance in
the soluble fraction following thermal challenge. The “non-melting” proteins could
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represent soluble protein-aggregates, an effect that could have been enhanced by the
use of detergent for host-cell removal prior to sample generation. Consequently, for
further analysis, we applied stringent filtering criteria including a >50% cut-off for the
loss in protein abundance at the highest temperature and the Tm residing within the
temperature range tested. As a result, Tms were determined for 1335 and 1439
proteins in lysate and intact-cell conditions, respectively (Fig. 3.3B). The functional
enrichment analysis of both datasets demonstrates substantial overlap in the protein
classes/categories in high abundance, with cytoplasmic/cytosolic proteins
representing the most significantly enriched categories in both experimental variants
(Fig. 3.3C). Contrastingly, the “non-melting” lysate CETSA protein subset, excluded
from the Tm analysis, displays distinctly diverse constituents’ profile being significantly

enriched in protein classes interacting with nucleic acid (Fig. 3.3C).
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Figure 3.3 — Global P. falciparum proteome melting behaviour in lysate and intact-cell

conditions

(A) Global protein melting behaviour in Lysate (green) and intact-cell (purple) melt curve CETSA in the

absence of drugs. The box plot is drawn based on independent protein melting profiles within each

dataset with remaining soluble protein relative to 37°C on y axis and Thermal challenge temperature

gradient on x axis. Median (second quartile) protein levels are indicated with a black band, first and

third quartiles with coloured boxes, while the lowest/highest datum within 1.5*IQR (interquartile range)

of the lower/higher quartile is represented with whiskers. Data outliers not included within whiskers are

plotted as dots. (B) Proteome-wide melting temperature (Tm) distribution in lysate (green) and intact-
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cell (purple) experimental setting. Only proteins achieving >50% denaturation within the thermal
gradient, detected at >3 PSM and with <5°C Tm Standard Deviation between replicates were included
in the analysis. The number of proteins (left y axis) exhibiting Tm at a given temperature (x axis) is
plotted as a bar chart, while their cumulative humber including proteins with lower Tm is indicated on
the right y axis. (C) Functional enrichment analysis of proteins representing high quality melting profiles
in lysate CETSA (green) and intact-cell CETSA (purple), as well as the non-melting protein subset
removed from lysate CETSA analysis (orange). Each graph represents 20 most significantly enriched
protein classes within each dataset, as indicated by the Gene Ontology (GO) annotations (see tables
S3.1 - S3.3 for details). Fold enrichment of each protein class is plotted against the statistical
significance. Circle size represents the relative size (i.e. protein count) of each protein class. Functional

enrichment was performed using DAVID (https://david.ncifcrf.gov/).

The protein thermal unfolding assessment has proven highly reproducible
between replicates in both experimental conditions (R?=0.96), indicating the high
accuracy of acquired data (Fig. 3.4A). When the Tm of 946 P. falciparum proteins
present in both data sets is compared, slightly lower average stability of proteins in
intact-cell setting can be observed (ATm = 0.3°C), but a very distinct melting profile
becomes apparent for individual proteins (R?=0.34) between the two conditions (Fig.
3.4A). Some proteins exhibit identical thermo-stability profile in both experimental
variants [e.g. elongation factor 2 (PfEF2, PF3D7_1451100) and Pantothenate kinase
(PF3D7_1437400)], while others tend to be more thermostable in the intact-cell setting
[e.g. Purine nucleoside phosphorylase (PNP, PF3D7_0513300) and
Glyceraldehyde—-3—-phosphate dehydrogenase (GADHP, PF3D7_1462800)] or the
lysate setting [e.g. Karyopherin beta (KASbeta, PF3D7_0524000) and Protein
disulfide isomerase (PDI8, PF3D7_0827900)] (Fig. 3.4B). Notably, subunits of large
multimeric molecular complexes tend to exhibit homogenous melting curves
regardless of experimental variant, as demonstrated for the 40s and 60s Ribosome,
the T-complex and Proteasome (Fig. 3.4C). Such correlated precipitation of many

large protein complexes in CETSA data was recently described for the human proteins
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in the K562 cells and the thermal proximity co-aggregation concept was introduced for

this phenomenon (152).
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Figure 3.4 — Individual differences in protein melting between lysate and intact-cell
conditions

(A) Tm comparison of 964 proteins identified in lysate and intact cell melt curve. The R? for two replicate
measurements in each experimental variant is 0.96, while the R?in between the two conditions is only
0.34. Dashed black reference trend-line indicates perfect overlap of values in two conditions. (B)
Exemplary melting curve profiles demonstrating unfolding profile of selected protein candidates in lysate
(green) and intact-cell (purple) CETSA variants. The abundance of the soluble protein after the thermal

challenge relative to the 37°C condition (y-axis) is plotted for all tested temperatures across the thermal
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gradient (x-axis). (C) Unfolding behaviour of large molecular complexes. All detected subunits of the

four complexes listed were plotted on each of the respective overlay melt curve plots.

3.3 Cell-wide analysis of protein thermal stability in P. falciparum, human K562

and RBC proteomes

In order to gain further insights into the dynamics of the parasite proteome, the
global protein unfolding patterns in its proteome were contrasted with those of the
proteomes of co-isolated host RBC and the reference K562 cell type (Table 3.2).
Considering that this constitutes the first CETSA dataset on the erythrocyte proteome,
the behaviour of human proteins across different cell types was also assessed. Both
human cell lysate analyses contain significantly higher proportion of proteins that failed
to meet the cut-off criteria for melting curve analysis (i.e. achieving >50% denaturation
within the thermal gradient, detected at >3 PSM, with <56°C Tm Standard Deviation
between replicates and Tm<73°C), than the corresponding Intact-cell CETSA
experiments. However, unlike the P. falciparum dataset, the global ‘non-melting’
phenomenon was not observed in the RBC or K562 lysate experiments. The majority
of filtered-out proteins in the RBC analysis failed to meet the PSM cut-off criteria,
consistent with them being carry-over host-cell remnants derived from the RBC
ghosts. Altogether, suggesting that the lysate experimental variant could be more
prone to negatively affect the stability of some protein subsets, which is likely a direct

result of its standardised in vitro environment.
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Identified in Melting curve Average Median

Il i
Cell type Variant b.oth data Tm (°C) Tm (°C)
replicates
Lysate 2488 1335 50.38 49.48
P. falciparum _
P Intact 1962 1439 5154  50.56
cell
Lysate 2185 771 53.78 52.99
RBC -
Intact 733 362 55.05  54.5
cell
Lysate 4419 2764 51.83 51.87
K562 R
'”g:ﬁt 5449 4473 5146  51.34
Table 3.2 - Protein thermal unfolding patterns across different cell types and
conditions

Unexpectedly, upon a comparison of the average Tm of the six datasets the
RBC proteome was found to exhibit the highest general thermal stability, while the P.
falciparum proteome appears the least thermostable. The average Tm difference
between the two proteomes is 3.4°C and 3.5°C in the lysate and intact-cell
experimental variant, respectively (Table 3.2). Moreover, the broader general
distribution of Tms in the intact-cell condition relative to the lysate, previously observed
for the P. falciparum proteome (Fig. 3.3B), is not present in the proteome of either of
the two human cell types (Fig. 3.5.A-B). Both, RBC and the K562 cells exhibit similar
Tm distribution in both conditions. When the two human proteomes are compared, the
higher global thermal stability of the RBC proteins is also apparent, although the
average Tm difference is less striking with only 2°C in lysate and 3.5°C in the intact-
cell setting. The comparison of the Tm distribution in the RBC and K562 proteomes
suggests that both proteomes have a similar general melting profile, except for the
population of highly thermostable proteins observed in the RBC setting (Fig. 3.5A-B).

Consistently, the high correlation of Tm values between the replicate experiments in
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the intact-cell CETSA (R?=0.94) and lysate CETSA (R?=0.87) experiments for both:
the RBC and the K562 cells, suggests satisfactory experimental reproducibility, albeit
somewhat lower in the lysate setting (Fig. 3.5C). The analysis confirms previously
observed differences in the melting properties of individual proteins between lysate
and intact-cell conditions in RBC (R?=0.43) and the K562 cells (R?>=0.45). Interestingly,
a similar degree of variability was observed in between the two human cell types for
268 proteins in the intact-cell setting (R?=0.44), with proteins in erythrocyte displaying
on average 1.7°C higher Tm (Fig. 3.5D). The dissimilarity of the unfolding behaviour
between RBC and K562 proteins was even greater in the lysate setting, based on the
Tm of 153 common proteins (R?=0.29). The measurement of CETSA data for the
erythrocyte proteome can be in principle further explored to assess the interactions
and downstream effects of the antimalarial drug exposure on host proteins. Overall,
human proteins derived from infected RBC appear to possess different unfolding
profile than their counterparts in the K562 cells. Similarly, the P. falciparum proteome
appears to exhibit very distinct unfolding patterns to both human cell types analysed.

Although, the relevance of these findings remains undetermined.
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Figure 3.5 — Protein melting behaviour in proteomes of RBC and K562 cells
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Proteome-wide melting temperature (Tm) distribution in melt curve CETSA lysate of the RBC (A) and
K562 cells (B). The Tm distribution between lysate and intact-cell CETSA preparations is contrasted for
each cell type. Only proteins achieving >50% denaturation within the thermal gradient, detected at >3
PSM and with <5°C Tm Standard Deviation between replicates were included in the analysis. Number
of proteins (left y axis) exhibiting Tm at a given temperature (x axis) is plotted as bar chart, while their
cumulative number including proteins with lower Tm is indicated on the right y axis. (C-D) Human protein
melting temperature (Tm) comparison between independent CETSA replicates or experimental
conditions (i.e. lysate / intact-cell) and/or cell types (RBC/K562). Each of the yellow spots reflects an
independent protein with two Tm measurement (x/y axis). The Tm assignment fidelity between the two
conditions is represented as R? value. Black reference dashed line indicates perfect overlap of values

between the two conditions (i.e. R2=1).

3.4 The proof-of-concept studies of the MS-CETSA application for the

identification of antimalarial drug targets.

The melt curve CETSA is a useful tool for studying proteome
thermodynamics. However, the ITDR CETSA variant is more practical for accurate
identification of drug-protein engagement. Therefore, for the identification of drug-
target interactions in the P. falciparum proteome we leveraged the information gained
from the melt curve CETSA experiments presented above, but primarily relied on the
ITDR approach for hit selection. Target protein engagement in ITDR is recognised as
gradual protein stabilisation in response to increasing drug concentration under
thermal challenge at a single temperature and relative to the non-denaturing
conditions (i.e. 37°C) and the no-drug control (see Fig. 3.1 and materials and
methods). Ligand-induced protein stabilisation curve typically follows a sigmoidal
curve (7143). Hence each protein stabilisation profile is evaluated for the dose-
response curve best-fitting quality (expressed as R?), the level of stabilisation relative
to non-denaturing conditions at 37°C calculated as the difference in Area Under the

Curve (AAUC) and the fold change in the protein level relative drug-free condition. The
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criteria used for hit selection is characterised by R?20.8, AAUC surpassing three times
the baseline Median Absolute Deviation (MAD*3) and the fold change =1.3 in the
protein level in the sample under drug treatment relative to DMSO treated sample (Fig.

3.6).

2.0+

Denaturing condition (>37°C) R?

Fold change

Non-denatured protein fraction

Non-denaturing condition (37°C)

10° 10' 10°

Drug concentration (uM)

Figure 3.6 — The cut-off criteria for detection of significant protein stabilisation in ITDR

Plotted representation of an ITDR result demonstrating drug dose-dependent protein stabilisation under
denaturing conditions (plotted in red). The non-denatured protein level remaining in the soluble fraction
following the thermal challenge (y axis) is plotted relative to vesicle control sample (not shown) along
an increasing drug concentration gradient (x axis). The three principal criteria determining the extent
and significance of protein stabilisation is fold change of protein level between drug treated and vesicle
control samples (in purple), the R? indicating the goodness of fit of expected dose-response stabilisation
plot (in green), as well as the change in the Area Under the Curve (AAUC) (blue) of the protein

stabilisation curve under denaturing conditions (red) relative non-denaturing control (black).

3.4.1 Pyrimethamine

We first carried out an ITDR experiment in lysate for pyrimethamine (PM), the
well-characterised antimalarial drug known to inhibit P. falciparum dihydrofolate
reductase-thymidylate synthase (PfDHFR-TS) (33, 92). Due to the high melting
temperature observed for PFDHFR-TS in the melt curve CETSA (Fig. S3.2A), the ITDR

experiments were carried out at 59°C and 65°C. Among 2102 distinct proteins
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detected only PfDHFR-TS (PF3D7_0417200) exhibited a significant dose-dependent
stabilisation (Fig. 3.7A). Protein response was observed at both temperatures,
although the stabilisation surpassed the significance threshold for hit selection only at
65°C (Fig. 3.7B). The Minimal Dose threshold (MDT) (i.e. the lowest drug
concentration inducing significant protein stabilisation in ITDR assays) for DHFR-TS
was ~14.7nM. This corresponds to the activity concentration range of PM previously
reported for P. falciparum in vitro growth inhibition assays (782, 183) and in vitro
kinetic studies with a purified enzyme (7184). As an additional validation, we conducted
melt curve CETSA experiments in the presence and absence of the drug,
demonstrating PM-dependent stabilisation of PfDHFR-TS (Fig. S3.2B). Stabilisation
observed only at the high-temperature range of the melting curve likely reflects the
dual-domain nature of this protein and corresponds to the temperatures where the
DHFR domain unfolds. In the initial ITDR and melt curve experiments of PM in intact-
cells, no stabilisation was observed for PfDHFR-TS (Fig. S3.2C-D). However, a small
negative DHFR-TS shift was seen, which could be explained by the drug introducing
a reorganisation of this two-domain protein, or alternatively, reflect the out-competition

of another relatively high-affinity ligand such as folate.
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Figure 3.7 — Protein engagement by pyrimethamine in lysate ITDR

(A) Whole proteome analysis in Lysate ITDR experiments under 100-OuM pyrimethamine treatment
with thermal challenges at 59°C (blue dots) or 65°C (red triangles). Distribution of protein stabilisation
is plotted as function of R squared value (which quantifies the adherence of protein stabilisation profile
to the dose-response trend) against AAUC (AUC of heat-challenged sample normalised against non-
denaturing 37°C control). Three times the Median Absolute Deviation of AUC in each dataset (i.e.
MAD*3) and R squared=0.8 cut-offs are indicated on the graph. Significantly stabilised protein - PfDHFR
is highlighted in red. (B) Stabilisation curves of proteins identified in panel A. The extent of stabilisation
under thermal denaturation conditions: 59°C (blue) or 65°C (red) is plotted relative to the no-drug

control. Non-denaturing 37°C control condition is plotted in black.

3.4.2 E64d

As opposed to the PM-PfDHFR-TS interaction, for most drug-target
identification experiments, the targets are unknown and hence no a priori knowledge
exists about their Tm distribution. Therefore, the temperatures for the ITDR analysis
should be selected such that the global proteome is sufficiently sampled. To that end,
two temperatures were selected for ITDRs: 51°C, corresponding to average Tm for
the P. falciparum proteome and an additional temperature, 57°C to account for the
more thermostable portion of the proteome observed in intact-cell samples (Fig. 3.3B).
To validate this drug-target identification strategy in the intact-cell CETSA, we

investigated protein target engagement by the cysteine protease inhibitor E64d in two
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ITDR experiments with the thermal challenge set to 51°C and 57°C, respectively. E64d
is a broad-spectrum inhibitor known to interact with several targets in the P. falciparum
proteome (185-187). Accordingly, following the exposure of intact P. falciparum-
infected RBCs to the drug, four proteins showed significant dose-dependent
stabilisation in ITDR (57°C) experiment (Fig.3.8A-B). Three of the stabilised proteins:
Falcipain 2A (FP2A, PF3D7_1115700), Falcipain 3 (FP3, PF3D7_1115400) and
Dipeptidyl Aminopeptidase 1 (DPAP1, PF3D7_1113400) carry a cysteine protease
domain that is expected to be the primary target of E64d. In contrast, the last identified
protein DSK2 protein homologue (PF3D7_1113400) does not carry a signature
cysteine protease activity site in its primary amino acid sequence. Interestingly, the
MDTs observed for detected stabilisations were all within low nanomolar range (i.e.
FP3 ~3nM; FP2A ~11nM, DSK2 ~9nM, DPAP1 ~11nM), which is significantly lower
than the micromolar concentrations at which the compound inhibits parasite’s growth
in vitro (188). Taken together these results demonstrate that CETSA has the capacity
to detect direct drug-target binding in the proteome of malaria parasites with a high

degree of specificity.
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Figure 3.8 — Protein engagement by E64d in intact-cell ITDR

(A) Whole proteome analysis in Intact-cell ITDR experiments under 125-0uM E64d treatment with
thermal challenges at 51°C (blue dots) or 57°C (red triangles) experiments under 100-OuM
pyrimethamine treatment with thermal challenges at 59°C (blue dots) or 65°C (red triangles).
Distribution of protein stabilisation is plotted as function of R squared value (which quantifies the
adherence of protein stabilisation profile to the dose-response trend) against AAUC (AUC of heat-
challenged sample normalised against non-denaturing 37°C control). Three times Median Absolute
Deviation of AUC in each dataset (i.e. MAD*3) and R squared=0.8 cut-offs are indicated on the graph.
Significantly stabilised proteins are highlighted. (B) Stabilisation curves of proteins identified in panel A.
The extent of stabilisation under thermal denaturation conditions: 51°C (blue) and 57°C (red) for E64d

is plotted relative to the no-drug control. Non-denaturing 37°C control condition is plotted in black.
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3.5 Discussion

Omics technologies remain been the primary tools used for the untargeted
comparative characterisation of malaria parasites. They have been successfully
employed to characterise the differences in parasites’ drug-response, mechanisms of
resistance, pathogenicity and disease outcome (49, 138, 189-195). The differential
gene and protein expression profiling have provided invaluable insights into specific
pathways and signalling cascades associated with drug resistance phenotypes and
drug’s MoA (49, 54, 99). However, due to the indirect association between
transcript/protein levels and given biological phenomenon the relevance of specific
differentially expressed genes/proteins for the phenotype is often poorly understood
and questioned (796, 197). At the same time, the expression levels of proteins
functionally relevant to studied phenotypes, might remain constant across the entire
population. Other changes to parasite’s proteins, such as mutations, post-translational
modifications, their mis-localisation or misfolding could be more relevant for observed
cellular phenotypes than their expression levels. Many of the above would affect
protein’s stability, which can be accurately quantified through MS-CETSA-mediated
unfolding behaviour profiling (7143, 198-200). A functional MS-CETSA protocol for P.
falciparum offers a chance to investigate these diverse parasite phenotypes from a
novel and previously largely unexplored perspective. Our method provides a
satisfactory level of P. falciparum proteome coverage, equal or surpassing previously
achieved levels (171), with an additional benefit of monitoring the unfolding behaviour
of host proteins concomitantly present in analysed samples. We demonstrated that
both adaptations of the CETSA protocol: melt curve and ITDR are highly functional

with malaria samples, both in the lysate and in the intact-cell experimental variants.

68



3.5.1 Thermal proteome profiling

The comprehensive characterisation of P. falciparum trophozoite proteome
melting behaviour provides an unprecedented body of knowledge on protein stability
patterns, both in their native intracellular state and in the in vitro conditions. This
information can be further exploited for studies exploring the effect of protein sequence
motifs, domains and biological features on their thermal stability (207), prediction of
protein-protein interactions and components of protein complexes (152), as well as
serving as a reference for future malaria CETSA studies. Significant differences in
protein thermal stability observed between intact-cell and lysate settings, consistent
with studies in other systems (202, 203), demonstrate how the environment can affect
protein properties. Protein stability within a living cell is affected by multiple factors,
including cross-talk with the intracellular environment, molecular crowding, the rate of
translation, abundance of chaperones and co-factors are likely to strongly affect
protein folding/unfolding behaviour (201, 202, 204). However, even more basic
environment properties, such as fluctuations in pH or the strength and nature of salts
present etc. can affect protein stability. The differences in the melting curve in between
the two conditions may suggest which proteins undergo conformational changes, lose
or gain interactions with other proteins/ligands or are highly sensitive to fluctuation in
the environmental conditions upon cell lysis and purification. Furthermore, detailed
profiing on the ~1400 P. falciparum trophozoite proteins provides invaluable
information for subsequent in vitro protein studies, optimisation of their experimental
conditions, as well as troubleshooting and identifying plausible causative factors

affecting protein stability.

The three characterised proteomes (i.e. P. falciparum, RBC and K562) exhibit
distinct differences in their global melting behaviours and Tm distribution profiles,

which could be a direct result of their distinct intracellular environments. It is not
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surprising that different proteins isolated as different lysates from different cell types
exhibit different melting behaviour. However, even the same proteins derived from
RBC or K562 cells were found to present non-uniform unfolding behaviour. Those
differences might be related to cell-type specific properties of the cellular matrix in the
two cell types (202, 203), but also be a result of isoform variability or differential
patterns of post-translational modifications related to the inherent functions those
proteins have in the two different cell types (205—-207). Alternatively, differential protein
stability pattern in the RBC could be a result of the extensive parasite-induced
erythrocyte remodelling that occurs during the asexual developmental cycle (208—
210). In future, CETSA-mediated comparison of protein thermodynamics in between
Plasmodium-infected and uninfected RBCs would provide valuable information on the

nature and extent of the changes this parasite evokes in the human proteome.

Distinct proteome melting behaviour presented by P. falciparum is challenging
to interpret on its own. To our surprise the parasite proteome contains a large number
of proteins exhibiting relatively low Tm in intact-cells, but also a similar number of
highly thermostable proteins, which are significantly less abundant in human cells.
Perhaps, some of those stability patterns represent essential evolutionary adaptations
to survive in the host. Fever is an evolutionary defence mechanism in vertebrates,
developed to combat infection using body temperature elevation to selectively injure
pathogenic organisms (271). Such thermal stress may have profound effect on
proteins’ conformational stability affecting their biological functions, as has been
demonstrated for fever-induced inhibition of bacterial replication (212). Periodic fever
is also a clinical hallmark of malaria, although rapid parasite growth suggests it does
not offer much therapeutic advantage (2713). Other organisms have been shown to
undergo evolutionary adaptations to elevated temperatures mediated by preferential
thermal stabilisation of physiologically important proteins (2017). It remains unknown if

P. falciparum acquired similar evolutionary adaptations to withstand elevated
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temperatures during fever periods. Although, this warrants additional studies and

CETSA might help to address this question.

The maijority of limitations encountered and expected in this study are intrinsic
to the CETSA technique itself and the principle it's based on, regardless of the model
it is applied to. Thus, the points raised and discussed in Jafari et al. 2014 are valid
both in the cancer cell (147) and malaria CETSA (as presented in this work). In brief,
those include low solubility of the membrane proteins and as a consequence limited
coverage of the membrane proteome in CETSA. The limited depth of proteome
coverage might be particularly relevant for the profiling of the RBC proteome, which
relies on only 362 and 771 proteins in lysate and intact-cell conditions, respectively.
Although those protein subsets likely encompass the most abundant proteins, their
unfolding patterns might not correctly reflect the behaviour of the entire RBC
proteome. Secondly, the protein melting curve assessment and Tm determination are
based on two technical replicate measurements only in all three datasets. Despite the
implementation of a cut-off for maximum variability between measurements, a certain
degree of inaccuracy in Tm determination is expected, due to inadvertently introduced
biological and technical variations unavoidable with only one biological replicate. An
analysis of three independent biological replicate experiments would provide more

reliable data for future experiments.

There remain however challenges specific to the malaria application of
CETSA, including presence of high levels of hemoglobin in samples, which mask
certain peptides derived from less abundant parasite proteins and as a consequence
limit the analysis depth particularly in the intact-cell CETSA application. Further intact-
cell protocol modifications might be required to remove remaining haemoglobin and

increase sample quality for MS analysis. Combination of MACS approach with
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Hemoglobind-mediated haemoglobin depletion in tandem would, in theory, combine
the strengths of both techniques, providing haemoglobin-free sample enriched in
parasite proteins. On the other hand, the sample preparation protocol for the lysate
CETSA variant introduces yet another challenge through employment of saponin for
host-cell removal and could potentially lead to formation of soluble aggregate species
with certain proteins. Furthermore, higher denaturation temperature of malaria
proteins (i.e. requirement of heating cell up to 73°C instead of 64°C in the melt curve
analysis, which could affect the integrity of host cell membrane during the thermal
challenge). Unlike the long thermal gradient used for P. falciparum-RBC sample
analysis, the K562 experiments were carried out with standard (i.e. 37-64°C) gradient
typically employed for analysis of this cell type. This could have affected the profiling
accuracy of the highly thermostable proteins in K562 cells, particularly in relation to
the same proteins in the RBC. Despite those potential issue, the malaria CETSA

workflow is fully functional and serves the purpose it was designed for.

3.5.2 MS-CETSA as a tool to study drug-target engagement in P. falciparum

Decades of research on the two largest and most important groups of
antimalarial drugs: quinolines and artemisinins yielded an only fragmentary
understanding of their MoA, also owing to their pleiotropic effects (99, 214, 215).
Although some candidate targets for quinoline and artemisinin-related compounds
have been proposed in the Plasmodium proteome, only limited evidence has been
provided to support their relevance for the drug’s MoA (96, 99, 216, 217). Hence,
development of novel tools for accurate and reliable drug-target identification in
malaria is of high importance. CETSA has previously proven useful for identification
of direct drug targets (743, 147, 218), downstream effects (742), drug resistance

deconvolution (279) and compound libraries screening for novel inhibitors to target
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proteins (220) in human cells. Here, we adapted CETSA as a tool for identification of

antimalarial drug targets in the P. falciparum proteome.

In order to provide a proof-of-principle for the CETSA method, we demonstrated
its capacity to unambiguously detect well-validated targets of PM and E64d in the
lysate and intact-cell implementations, respectively. PIDHFR-TS remains the sole
identified target of PM in Plasmodium and its inhibition has been directly linked to the
parasiticidal effect of the drug (33, 92). Multiple in vitro and clinical studies have
provided further support for this interaction (34-37, 57), making the MoA of PM one of
the most well characterised among all antimalarial drugs. Consistently, in the present
study, only PfDHFR-TS was identified as an interacting partner of PM. The
stabilisation of PfDHFR-TS in response to PM, was also observed in the lysate melt
curve experiment, albeit displaying a non-canonical stabilisation profile, responding
only at the higher temperatures. It is likely a result of the independent unfolding of the
two enzyme domains at different but overlapping temperature ranges. In intact-cell
ITDR and melt curve experiments of PM, no stabilisation was observed for PfDHFR-
TS. In spite of CETSA efficiently detecting the interaction of PFDHFR-TS in lysate, this
illustrates that certain binding scenarios can mask CETSA shifts under specific
conditions. Few other potential pitfalls exist for efficient identification of drug targets in
P. falciparum using CETSA. While, P. falciparum trophozoite proteome coverage
achieved in lysate CETSA exceeds those attained in most other studies (771), the
proteome coverage in intact-cell CETSA analyses remains much less extensive, likely
due to remaining issues with high haemoglobin abundance. Therefore, all targets of
tested drugs were not necessarily identified, either due to limited MS analysis depth,
or lack of observable thermal stabilisation at temperatures chosen for ITDR

experiments.
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The E64d is a cell-permeable synthetic analogue of E64 — an epoxysuccinyl-
based broad spectrum cysteine protease inhibitor (221, 222). Following cell entry,
E64d is hydrolysed by esterases to its active form, E64c, which covalently binds to a
sulfhydryl group at the active site of the protease (223, 224). Among predicted cysteine
proteases in the P. falciparum genome (225), only three proteins: Falcipain 1, 2 and 3
have been validated as direct targets of E64/E64d (185—187). We successfully verified
the interaction of the drug with two of these proteins: Falcipain 2 and 3. Falcipain 1 on
the other hand, was not present among the detected proteins in the CETSA
experiment. Among the additional two proteins which pass the cut-off criteria, DPAP1
is a cysteine protease and likely a new E64c¢/E64d target. This P. falciparum ortholog
of mammalian Cathepsin C was previously implicated in haemoglobin catabolism
critical for the parasite’s asexual growth (226) and identified as a target of MMV029272
(227). Although no evidence for the interaction of DPAP1 with E64/E64d has been
previously presented, both E64/E64d and MMV029272 are known inhibitors of human

Cathepsin C (221, 228).

Together, the data provide strong support for DPAP1 as an additional target of
E64d. In addition to revealing direct drug targets, the intact-cell CETSA experiments
also have the potential to report on biochemical effects on proteins downstream of the
drug interactions (7142). This can provide interesting mechanistic information, but also
presents ambiguities for whether a CETSA shift observed in intact-cell experiment
corresponds to a direct target or a downstream effect. PfDSK2 identified as a
candidate target in the E64d experiment has been predicted to function as a shuttle
protein for Ubiquitin-tagged proteins destined for proteasomal degradation (229, 230).
The observed stabilisation of PfDSK2, might be a result of direct binding of the E64d
di-peptide. However, it could also represent a downstream effect of drug’s action. De-
ubiquitinating enzymes (DUBs), which remove ubiquitin chains from proteins prior to

proteolysis are cysteine proteases in the vast majority (237-233). If they were inhibited
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by E64d, resulting accumulation of ubiquitinylated protein cargo bound to PfDSK2

could lead to its stabilisation.

Summarising, we demonstrated that the MS-CETSA protocol is capable of
identifying antimalarial drug targets in P. falciparum proteome with a high degree of
specificity, providing the first label-free drug-target discovery technique to monitor
drug-protein engagement in lysates and intact cells. In its intact-cell implementation,
CETSA has the ability to detect drug-target binding within a living organism, thus
allowing for possible prerequisites for the interaction to occur including drug-
metabolism following cell entry, the presence of co-factors, compound accumulation
at a specific subcellular site or an appropriate local environment. Furthermore, intact-
cell CETSA is also capable of identifying the potential downstream effects of the drug
action. Considering the intracellular nature of malarial parasites, this technique can
also be used to detect human-protein engagement by a drug, which is relevant for
evaluating potential drug-induced adverse effects or for identifying synergistic targets
within the RBC proteome. Nevertheless, there remain certain limitations to the
technique (7147) including the occurrence of false positives (though unlikely) or false
negatives (i.e. non-detectable shift in in protein stability in an ITDR assay, derived from
inappropriate ITDR temperature, insufficient time for drug penetration, weak or even

no ligand-induced response or other processes masking the CETSA shift).
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CHAPTER 4

De-orphanisation of antimalarial drugs

through MS-CETSA

The increase in the frequency of clinical treatment failures encountered with
standard ACTs is signalling phenotype reinforcement and spread of the multidrug-
resistant P. falciparum (see chapter 1.2.2). As a result, new antimalarial “Triple
Artemisinin-based Combination Therapies” (TACTs) were co-formulated and are
currently undergoing phase 3 clinical trials within the TRACII (Tracking Resistance to
Artemisinin Collaboration 1l) study (234). The TACTs under evaluation include
dihydroartemisinin-piperaquine-mefloquine  (DHA-PPQ-MFQ) and arthemeter-
piperaquine-lumefantrine (ATM-PPQ-LUM). In the absence of a clearly defined MoA
for either of the five compounds used in TACTs, the combinations were formulated
primarily based on drugs’ pharmacokinetic/pharmacodynamic properties, combining
fast-acting artemisinin-derivative with two long-acting partner compounds (personal
communication with TRAC-II study coordinator Dr. Rob van der Pluijm). The clinical
complementarity of each of the three drugs used in TACTs is unknown. Considering
that no in vitro nor in vivo data supporting the effectiveness of chosen combinations
has been produced, there remains a possibility of antagonistic effects between the
three drugs. Such a conclusion was made in a 2004 clinical study in Burkina Faso,
which evaluated the effectiveness of methylene blue — chloroquine combination in 435
young children with uncomplicated malaria (235). Overall, they reported significant
treatment failure rates resulting from antagonistic effects of both compounds. This

illustrates the dire reality we are faced with and how limited our knowledge is on the
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existing antimalarial drugs. There is a desperate need for the deconvolution of the
MoA of the majority of existing antimalarial drugs. Identification of clinically relevant
molecular targets and characterisation of the specific mechanisms in which different
drugs kill the parasite is a prerequisite for the development of new more effective
antimalarial therapies and better designed drug combinations. Additionally,
characterisation of how the existing drugs work can help us better understand the

biology of the malaria parasite.

Among all available antimalarial drugs, beside artemisinins, quinolines represent
the largest and undoubtedly the most clinically important group. From these, quinine
(QN), mefloquine (MFQ) and chloroquine (CQ) are amongst the most historically
relevant drugs still in clinical use (274). Whilst the antimalarial effect of CQ appears
strongly associated with the inhibition of haem detoxification in the parasite’s digestive
vacuole (DV) (64), the MoAs of remaining quinoline drugs remain largely elusive (71,
215). QN, first isolated in 1820 from cinchona tree bark, became the first-in-class
quinoline [for review see (274)]. Currently, it represents an essential alternative for
treatment of severe malaria and remains the treatment of choice for uncomplicated
malaria in pregnant women during the first trimester (236). Over the years, a range of
its derivatives was synthesised, including MFQ developed by the Walter Reed Army
Institute of Research in 1984 (237). Today, MFQ is a crucial partner drug within the
ACT formulations, particularly those used in South-East Asia (SEA) and remains a
vital chemoprophylaxis agent for malaria (234, 238). Taken together, the broad
knowledge gap remaining in our basic understating of the MoA of common antimalarial
drugs substantially hinders implementation of effective counter-measures to clinical

drug failure (26).
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4.1 Identification of molecular targets of quinine and mefloquine

Having validated CETSA as an effective method for identification of molecular
targets for antimalarial drugs with PM and E64d, we applied the ITDR assays to
discover protein targets of two arylamino alcohols: QN and MFQ. Applying the ITDR
(51°C) protocol for lysate samples exposed to QN (10-OpM) or MFQ (100-0uM), we
identified Purine Nucleoside Phosphorylase (PfPNP, PF3D7_0513300) as the most
significantly drug-stabilised among 2157 and 2032 P. falciparum proteins detected in
the two datasets (Fig. 4.1A-D). The MDT for PfPNP stabilisation was ~0.1uM for QN
and ~0.6uM for MFQ. No other targets were detected over the significance cut-off
selection in lysate ITDR for QN or MFQ. Crucially, a significant dose-dependent
stabilisation of PfPNP was also observed upon QN treatment of parasite-infected
RBCs in the intact-cell ITDR (57°C) with an MDT of ~2.5nM, accompanied by smaller
observable shift at 51°C (Fig. 4.1E-F). Similarly to lysate, no other targets were
identified for QN in the intact-cell experiments. No stabilisation of PfPNP was observed
in the two-corresponding intact-cell ITDRs conducted with MFQ, but instead we
detected a dose-dependent stabilisation of three other proteins (Fig. 4.1G). Pyruvate
Kinase Il (PfPyKIl, (PF3D7_1037100) exhibited an early dose-dependent stabilisation
(MDT ~19.5nM) in intact-cell ITDR (57°C), but this was concomitant with an increase
of protein level at 37°C condition (Fig. 4H). The change in basal protein level in
response to the drug suggests that observed ‘stabilisation’ at a higher temperature
likely does not represent a direct binding event. Considering the importance of PyKI|
for parasite’s metabolism (239, 240), the shift in the reference protein levels is likely
reflecting a downstream effect of drug binding, such as the cellular response to stress.
Additionally, a stabilisation of two mitochondrial proteins was observed in the intact-
cell ITDR (57°C): Heat shock protein 70 (Hsp70-3, PF3D7_1134000) and GrpE
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protein homolog (Mge1, PF3D7_1124700) (Fig. 4H). A single point stabilisation
observed for both proteins at the highest drug dose (10uM) makes them unlikely
candidates as direct drug-targets, but rather suggests a downstream response to local
drug-induced perturbations. Mge1 and Hsp70-3 were previously proposed to interact
with each other, assisting protein transport through the mitochondrial membrane (241).
The stabilisation of PfPNP detected by the mass spectrometry approaches was further
verified for both compounds using Western blot, reproducing observed change in
protein stability (Fig. 4.2). Western blotting offers a direct visual validation of MS
results, providing additional proof that the correct protein of the correct size was indeed
identified and stabilized by the drug, as well as, that no-target degradation has taken
place in the assay conditions. Taken together, the collective results from both lysate
and intact-cell ITDRs suggest PfPNP as a new target of QN and to some degree MFQ.
PfPNP has previously been demonstrated to be a promising antimalarial drug target,
due to its key function in purine metabolism (242, 243) and thus it is conceivable that

it plays a role in the MoA of the two drugs.

79



A Condition:
1.50 1

QN lysate ITDR 51°C (n=2157)

1.25 1

1.00 1

0.75 -

Relative Shift (Reading AAUC)

0.50 -

00 02 04 06 08 10
Dose—Response trend (Reading R—squared)

C Condition:
1.50

MFQlysate ITDR 51°C (1=2032)

1.25 4

1.00 A

0.75 4

Relative Shift (Reading AAUC)

0.50 4

00 02 04 06 08 10
Dose—Response trend (Reading R—squared)

QNiintact-cell ITDR 51°C (n=606)

Condition: o intact-cell ITDR 57°C (n=464)

1.504
1.254
1.00 1

0.754

Relative Shift (Reading AAUC)

|
0.50 |
00 02 04 06 08

Dose—Response trend (Reading R—squared)

MFQintact-cell ITDR 51°C (n=1252)
MFQintact-cell ITDR 57°C (n=1121)

Condition:

1507 L by
Hsp70-3] J

1.254 _aMgel

1.00+4

0.754

Relative Shift (Reading AAUC)

0.50+4

|
|
i
l

|

|

|

|

00 02 04 06 0.8 1.0
Dose—Response trend (Reading R—squared)

PNP (PF3D7_0513300)

N
[%,]

=21 = 51°Cr1
= 51°Cr2
- 37°C

g
=}

—_
(=)
°
<
<
b
L

Non-denatured protein fraction
wv

0.5 % - 3 i | 2 ™ M il 0 il 1
10 10 10 10 10 10
QN concentration (uM)

PNP (PF3D7_0513300)

el
n

§ 221-51°Cn

‘g -~ 51°Cr2

= - 37°C

c 20

L

Q

a

25

4

2

g 101

©

5

ZO5 b b B B b | ™
10 10 10 10 10 10
MFQ concentration (uM)

PNP (PF3D7_0513300)

N
[

57°Cr1
57°Cr2
51°Cr1
51°Cr2
37°C

g
=)

bttt

i
)

Non-denatured protein fraction
(9,

0.5 Torrmmr ey ey ey e
10 10 1010 10 10 10
QN concentration (uM)

PyKil (PF3D7_1037100) Hsp70-3 (PF3D7_1134000)
N -

- 57°Cr1l
-~ 57°Cr2 3.04
204~ s1°cn
- 51°Cr2 2.5
- 37°C
1.5 4 201
154 ¢
1.0 4 o
1.07
0.5 vy 0.5 Ty

-4 -3 2 -1 0 1 - 4 3 2 -1 0 1
10 10 10 10 10 10 10 10 10 10 10 10

N
&)

Mge1 (PF3D7_1124700)

Non-denatured protein fraction

g
o
.

1.5
1.0 - ]
L]
0.54-|_3 N T ]
10 10 10 10 10 10
MFQ concentration (uM)

Figure 4.1 — Protein target engagement by QN and MFQ in lysate and intact-cells
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Whole proteome ITDR analysis performed with QN 10-OuM in lysate (A) and intact-cells (E) and MFQ
100-0uM in lysate (C) and 10-OuM in intact-cells (G) with thermal challenges at 51°C (blue dots) or
57°C (red triangles). Distribution of protein stabilisation is plotted as function of R squared against
AAUC. MAD*3 of AAUC and R squared=0.8 cut-offs are indicated on the graph. Significantly stabilised
proteins are highlighted. (B,D,F,H) - Protein stabilisation curves of the candidate targets identified in
the respective preceding panels, thus A->B etc. The extent of stabilisation, depicted as remaining
soluble protein level after thermal challenge: 51°C (blue) and 57°C (red) relative to no-drug control is

plotted along QN or MFQ gradients. Non-denaturing 37°C control condition is plotted in black.
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Figure 4.2 — Western Blot validation of PfPNP stabilisation by QN and MFQ in ITDR

assays

Anti-PfPNP primary antibody was used for the protein detection in samples previously analysed by
Mass Spectrometry (Fig. 4.1) for MFQ lysate ITDR (A) QN Lysate ITDR (B) and QN Intact-cell ITDR
(C). Following visualisation, a single band was present in each sample lane at the same level

corresponding to PfPNP molecular weight.
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In order to maximise the information gained from ITDR experiments, we further
examined QN and MFQ ITDR datasets for proteins, which exhibited apparent
stabilising shifts but did not meet the high confidence cut-off criteria (Table 4.1).
Interestingly, we observed stabilization of four ribosomal subunits and a putative
subunit of the translation initiation factor 2 by MFQ in the lysate assay. The extent of
detected stabilization was considerably lower for each subunit as compared to PfPNP,
satisfying only two of the three cut-off criteria for high-confidence target identification
(Table 4.1). Nevertheless, this finding is consistent with previous studies
demonstrating MFQ interaction with the ribosomal complex (87). Moreover, among
the low-confidence drug-target candidates, only one additional protein was identified
as a potential interacting partner of QN: Uncharacterised protein (PF3D7_1456300)
(Fig. 4.3A). Its strong stabilisation was observed in lysate 51°C ITDR with an MDT and
FC similar to PfPNP (i.e. 124nM and 1.73 respectively), but the protein was not
detected in the 37°C reference condition. Interestingly, the same protein also exhibited
a similar response in the lysate MFQ ITDR dataset, but with weaker stabilisation
(MDT=350nM and FC=1.44) and similarly the lack of protein detection in the non-
denaturing reference condition. Its apparent engagement by both compounds makes
it a more reliable target lead, however without the data on protein behaviour in the
reference control sample makes we are unable to determine if the stabilisation indeed
occurs. When no antibodies were available for this protein, we have not been able to

confirm the CETSA response with WB.
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. . . 2 Sum MDT
Condition Gene id Protein name R AAUC FC PSMs (uM)
PF3D7 0513300 PPNP 0996 143 224 137 00973
QN 51°C
lysate PF3D7_1456300 conserved Plasmodium protein, 0931 134 173 45 0124
= unknown function
QN 57°C PF3D7_0513300 PIPNP 0929 144 197 5100 0.002
intact-cell =
PF3D7_0513300 PPNP 0965 1.14 148 212 0594
PF3D7_1456300 conserved Plasmodium protein, 0801 112 | 144 3 0.35
= unknown function
PF3D7_1234900 conserved Plasmodium protein, 0870 110 127 145 0157
= unknown function
PF3D7_1013900 initiation factor 2 subunit family, 0947 110 141 65 2958
- putative
PF3D7_1351400 60S ribosomal protein L17, putative 0.817 1.12 1.28 25 3.987
MFQ 51°C conserved Plasmodium protein
lysate PF3D7_1466200 vod Plasmodium | 0886 088 137 55 14.802
PF3D7_0932800 conserved Plasmodium protein, 0753 118 144 365 0819
= unknown function
PF3D7_1225900 conserved Plasmodium protein, 0980 125° (249 6 2289
= unknown function
PF3D7_1130100 60S ribosomal protein L38 (RPL38) | 0927 104" 135 2  14.714
PF3D7_0210100.1 60S ribosomal protein L37ae, putative = 0.792 1.12 1.43 25 0.018
PF3D7_1124900 60S ribosomal protein L35, putative 0.824 1.10 1.37 4.5 0.105
PF3D7_1037100 PyKil 0933 136 207 5 0019
PF3D7_1134000 HSP70-3 0804 135 283 615 3628
MEQ 57°C PF3D7_1124700 MGE1 0962 124 238 215 1176
intact-cell . . . .
PF3D7_1434800 mitochondrial acidic protein MAM33 0.927 1.23 2.76 8 1.721
PF3D7_0602200 MYND finger protein, putativ 0781 117 140 8 0122
PF3D7_1360800 falcilysin (FLN) 0813 107 136 555 1.051
PF3D7_1037100 PyKil 0987 109 165 12 0038
MFQ 51°C PF3D7_1124700 MGE1 0818 120 120 285 0.005
intact-cell
PF3D7_1222100 conserved Plasmodium protein, 0920 114 138 13 0045

unknown function

Table 4.1 — High and low confidence protein stabilisations observed in QN/MFQ
ITDR assays

The ITDR-mediated identification of drug-targets presented above is assisted by a stringent hit selection

protocol involving 4 principal prerequisites: the presence of a reference 37°C dose-response curve,

significant protein stabilisation under drug treatment in denaturing conditions relative to 37°C control

(AAUC) and to the untreated sample (protein quantity fold change (FC)), as well as adherence of the

stabilisation profile to the sigmoidal shape of the dose response curve (R?). AUC cut-offs equivalent to

3*MAD for the dataset were as follows: 1.119 (MFQ lysate), 1.235 (MFQ intact cell), 1.083 (QN lysate)
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and 1.321 (QN intact-cell). Fold change cut-off is 1.3 and R squared cut-off 0.8. Passing of cut-off
criteria is coloured in green, not passing in orange. Asterix indicates that AUC has not been normalised
against 37°C control, due to the lack of protein detection in the reference dataset. The sum of peptide-
to-spectrum matches (PSMs) is indicated for each protein along with the minimal dose threshold (MDT)

of the respective drug required for its significant stabilisation.

In order to predict the potential role of the PF3D7_1456300 we carried out
bioinformatic analysis of its sequence (i.e. the extended similarity group Gene
Ontology prediction by iterative PSI-Blast search (ESG)) (244) (Table 4.2). The
analysis suggested with high confidence that the PF3D7_1456300 protein has
nucleotide/ATP binding propensity and possess both cytoplasmic and membrane
features, as well as that it could be involved in transport. None of the remaining
protein stabilisations observed for MFQ was present in both conditions (i.e. lysate and
intact-cell), nor the protein exhibited response to both drugs. They theoretically could
represent actual binding partners of MFQ, the downstream effectors of its MoA, or
experimental artefacts, thus should be analysed with caution. Subsequently, we
assessed the effect of QN and MFQ on the stability of RBC proteins concomitantly
present in the intact-cell ITDR experiments and identified stabilisation of one human
protein: mitochondrial 60kDa Heat Shock protein (HSPD1, P10809) in response to QN

(MDT=0.15uM) (Fig. 4.3B-D).

Probability Cor;;i‘(li:Ince Term Description
54.1% High G0:0000166 nucleotide binding
54.1% High GO0:0005524 ATP binding
52.6% High G0:0016020 membrane
50.3% High GO0:0005737 cytoplasm
40.2% High G0:0005886 plasma membrane
32.3% Moderate G0:0006810 transport

Table 4.2 - ESG prediction model-based protein sequence analysis of

PF3D7_1456300
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Figure 4.3 — PF3D7_1456300 and human protein engagement by QN and MFQ in
intact-cell ITDR assays

(A) Protein stabilisation profile of PF3D7_1456300 under exposure to QN or MFQ in lysate ITDR
assays. The extent of stabilisation, depicted as remaining soluble protein level after thermal challenge:
51°C (blue) relative to the no-drug control is plotted along QN or MFQ gradients. Non-denaturing 37°C
control condition is plotted in black. (B-C) Whole proteome analysis of human proteins identified in
Intact-cell ITDR experiments under (B) 10-OuM MFQ or (C) 10-OuM QN treatment with thermal
challenges at 51°C (blue dots) or 57°C (red triangles). Distribution of protein stabilisation is plotted as
function of R squared value against AAUC. MAD*3 AUC and R squared=0.8 cut-offs are indicated on
the graph. Significantly stabilised proteins are highlighted. (D) Human protein stabilisation curve of the
protein identified in panel B for QN Intact-cell ITDR experiments. The extent of stabilisation in replicate
experiment, depicted as remaining soluble protein level after thermal challenge relative to no-drug

control is plotted along drug gradient. Non-denaturing 37°C control condition is plotted in black.
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4.2 Validation of PfPNP as a target of quinine and mefloquine

4.2.1 Biochemical validation of target engagement

To further investigate if PFPNP is a bona fide target of the two arylamino alcohols
or a ubiquitous quinoline-binding protein, we heterologously expressed His-tagged
recombinant PfPNP. The relative stabilising effects of the MFQ and QN interactions
were quantified with differential scanning fluorimetry (DSF). DSF, similarly to CETSA
allows assessment of ligand-mediated thermal stabilisation, but it quantifies protein
unfolding via binding of a hydrophobic fluoro-probe, rather than monitoring the level of
protein denaturation. The extent of thermal stabilisation of recombinant PfPNP was
determined for 0-100uM concentration gradients of QN, MFQ, related quinoline
compounds: quinidine (QD), chloroquine (CQ), lumefantrine (LM), primaquine (PQ),
as well as Immucillin H (ImmH) a specific inhibitor of PNP proteins (245). Beside Imm-
H, only QN, MFQ and QD exerted gradual stabilising effect with a change in Tm of
25°C (ImmH), 17.3°C (QN), 11.2°C (MFQ) and 1.5°C (QD) at 100uM dose, relative to
the no-drug control (Fig. 4.4A). No change in protein stability was detected in the
presence of CQ, LM, or PQ at <100pM, suggesting no interaction. To complement the
DSF analysis, we investigated the affinity and binding kinetics of QN and MFQ with
the recombinant PfPNP using Surface Plasmon Resonance (SPR) (Fig. 4.4B-C).
Association and dissociation rates of the three compounds were measured using
single- and multi-cycle steady state or kinetic fit experiments (Table S4.2). As
expected, ImmH displayed a tight binding and very slow dissociation rate to PfPNP
with equilibrium constant (Kp) of approximately 250pM, similar to what has previously
been reported (i.e. Kn=860pM) (7154) (Fig. 4.4B). The quinolines have lower affinities
to PfPNP with QN and MFQ exhibiting Kp around 30nM and 40uM, respectively (Fig.
4.4B-C). Finally, we validated the observed PfPNP engagement with QN and MFQ by

Isothermal Titration Calorimetry (ITC). The ITC results were also in a good agreement

86



with the SPR results, showing similar binding affinities for QN, Kp = 65nM, and MFQ,
Ko = 10uM (Fig. 4.4D-E, Table S4.3). Mixed exo- and endo-thermic enthalpy observed
upon QN binding to PfPNP may suggest a secondary binding event with Kp an order
of magnitude higher (i.e. ~534nM). However, the origin of such a secondary binding
event remains uncertain. Next we employed an in vitro enzymatic assay, monitoring
PfPNP-catalysed conversion of inosine to hypoxanthine (245, 246), to investigate the
inhibitory effect of QN and MFQ on PfPNP. Indeed, both drugs can block the PfPNP
enzymatic activity with the inhibitory constants (Ki) of 138nM for QN and 5.9uM for
MFQ (Fig. 4.4F, Table S4.4). This effect is somewhat weaker when compared to
previously reported Ki of ImmH (i.e. Ki=29nM and slow onset Ki*=0.6nM) (245).
However, these values correlate with affinities from SPR and ITC showing that both
QN and MFQ interact with PfPNP, albeit with lower affinities than for ImmH. PfPNP
enzymatic inhibition experiments (Fig. 4.4F, Table S4.4) show that the maximal
velocity (Vmax) of the reaction does not change in the presence of QN or MFQ, while
the Michaelis-Menten constant Km (substrate concentration at 2 Vmax) for the
reaction increases proportionally to increasing drug dose. Such profile is suggestive
of drugs competing with the substrate for binding to PfPNP, following competitive
inhibition model (247). This conclusion is also supported by the Lineweaver-Burk plot
analysis generated through the regression fit of the reciprocal data for PfPNP
enzymatic activity inhibition by each drug (Fig. S4.1). Furthermore, both drugs appear
to exhibit reversible binding to PfPNP, as suggested by the aforementioned analyses
(247) and demonstrated by successful regeneration of SPR chips in QN and MFQ
experiments (Fig. 4.4B-C). Of the two antimalarial compounds, QN exhibits a
consistently higher affinity to PFPNP and increased inhibitory activity, which is also
reflected in the initial CETSA ITDR measurements (Fig. 4.1). It is therefore likely that
inhibition of PfPNP is relevant for the MoA of QN and (possibly to a lesser degree)

MFQ.
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Figure 4.4 — Biochemical validation of PfPNP binding by QN and MFQ
(A) DSF analysis of PfPNP stabilisation by ImmH, MFQ, QN, QD, LM and PMQ in a concentration

gradient (100-OuM). The change in PfPNP Tm under drug exposure relative to untreated sample is
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represented on y axis in relation to drug concentration. (B-C) SPR Sensorgrams, double-referenced
binding data (black traces) and fitted (blue traces) from SPR analysis of PfPNP binding affinity to three
drugs. ImmH and QN (B) were analysed using single-cycle experiments and kinetic 1-to-1 model, whilst
MFQ (C) was analysed in a multi-cycle experiment and fitted using a steady-state model. MFQ binding
isotherm is represented below the sensogram. SPR experiments were conducted in collaboration with
Dr. A. Larsson. Additional details on data acquisition and results are presented in Table S4.1 (D-E) ITC
profiles for the binding of QN (D) and MFQ (E) titrated into recombinant PfPNP in an ITC cell. The area
of each injection peak corresponds to the total heat released/absorbed from that injection. An additional
control run performed for MFQ titration in the absence of PfPNP is included as a flat signature at ~ -
0.21uWatts. Bottom panels represent binding isotherms for QN and MFQ data. ITC experiments were
conducted in collaboration with Dr. Chen Dan. Additional details on data acquisition and results are
presented in Table S4.2. (F) PfPNP enzymatic activity inhibition by QN and MFQ across 0-50uM and
0-250uM drug concentration gradients, respectively. The rate of reaction in the presence of different
inhibitor concentrations indicates the formation of uric acid from the coupled assay with xanthine

oxidase, measured over 1h period at 1min intervals as an increase in absorbance at 293nm wavelength.

4.2.2. Structural evidence for the drug interaction with PfPNP

To shed further light on the inhibition of PfPNP we determined co-crystal
structures of the protein with QN and MFQ at 1.66A and 2.30A resolution, respectively
(Table S4.5). The structures show that both compounds bind in the active site pocket
of PfPNP, consistent with their suspected roles as enzyme inhibitors (Fig. 4.5A-B).
The observed fold of co-crystallised PfPNP-QN-PO4 and PfPNP-MFQ-PO4 complexes
is highly similar, with root mean square deviation (r.m.s.d.) equal 0.2A for C alpha
atoms. The overall structures also correspond to previously determined complexes of
PfPNP-Inosine (162) [r.m.s.d. 0.34/0.41A] and PfPNP-ImmH-SO, (154) [r.m.s.d.
0.24/0.28A] (Fig. 4.6), except for the active site loop Trp212— Val222 of PfPNP which
is not well-defined in the electron density of the PfPNP-MFQ-PO4 complex. The steric
hindrance with MFQ trifluoromethyl moiety likely destabilises the active site loop in the

conformation presented in other complexes and displaces it.
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Quinine (+)-Mefloquine

Figure 4.5 — Co-crystal structures of PfPNP with QN or MFQ

(A) An overlay of PFPNP-QN-PO4 and PfPNP-MFQ-PO4 co-crystal structures. QN is represented as
pink sticks, MFQ as green sticks and the two corresponding protein structures in yellow and blue
respectively. Oxygen (blue), phosphorus (orange), oxygen (red), fluorine (light cyan). (B) Surface
representation of both structures, showing hydrophobic (red) regions and both ligands bound to PfPNP.
(C-D) Magnified binding pockets of structures presented in (A), major interactions between ligands and
binding pocket amino acids are represented by black dashed lines. (E) 2Fo-Fc electron density maps
of QN and MFQ residing within binding pockets of the two co-crystal structures contoured at 1.0 sigma
level. The co-crystal structures preparation was carried out by Dr. Chen Dan, followed by structure
analysis by the author.
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Figure 4.6 — Co-crystal structure overlay with 2bsx and 1nw4 reference PfPNP
structures

Overlay of PfPNP-QN-POQO4 (A,B) and PFPNP-MFQ-PO4 (C,D) co-crystal structures with PfPNP-Inosine
(2bsx) (B,D) or PfPNP-ImmH-SO4 (1nw4) (A,C) co-crystal structures (154, 162). MFQ is represented
as green sticks, QN as pink sticks, ImmH as brown sticks and Inosine as purple sticks. PfPNP protein
structures with QN and MFQ are presented in yellow and blue, respectively, whilst reference 2bsx and
1nw4 structures in grey. Nitrogen (blue), phosphorus (orange), oxygen (red), fluorine (light cyan),

sulphur (yellow), carbon (grey).

The binding of both compounds is mediated mainly through interactions with the
hydrophobic environment of enzyme’s active site (Fig. 4.5C-D). Both compounds are

oriented by =n-stacking and Van der Waals interactions with Tyr160. In the QN
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structure, Trp212 constitutes an additional moiety with which n-stacking and Van der
Waals interactions are formed. Ligand positioning is further mediated by hydrogen
bond formation between the protonated nitrogen of QN quinuclidine ring and a-
carboxylic group of Asp218 [2.6 A]. In both the QN and MFQ structures, a phosphate
ion is bound in the same region as the leaving phosphate ion of enzyme-inosine
product complex. Its positioning is strikingly similar to that of an SO4 ion in previously
described PfPNP-ImmH-SO4 structure, exhibiting central atom displacement by 0.4-
0.5A between two ions (154). Therefore, this phosphate is likely essential for the
binding of the two compounds when it shields the high positive charge of this region
of the pocket. Despite similarities, few notable differences to previously described
structures can be observed in the stereochemistry of the active site, most notably the
orientation of the protonated side-chain carboxylate of Asp206. This catalytic residue
interacts with a purine substrate during phosphorylysis and has been shown important
for transition-state stabilisation of ImmH (754, 162). In PfPNP-QN-PO;4 structure,
Asp206 carboxylate appears to position itself at a distinct angle and likely forms
hydrogen bond with Asn220 [2.9A] stabilising the active site flexible loop. In PfPNP-
MFQ-POs complex, no interaction with that residue was identified. Interestingly,
although MFQ is added to the crystal as a racemic mixture, only the (+)-mefloquine
enantiomer binds to the active site of in the PfPNP (Fig. 4.5E). This is consistent with
previous data supporting a stronger antiplasmodial activity of (+) enantiomer (248—
250) and further supports that the PfPNP inhibition contributes to the antimalarial

activity of MFQ.

4.2.3 The relevance of PfPNP inhibition for the antimalarial effect of QN and MFQ

It is therefore likely that inhibition of PfPNP is relevant for the MoA of QN. The

relevance of PfPNP interaction with MFQ is uncertain due to high doses required for
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the interaction to occur. The principal role of PfPNP is the catalysis of inosine-to-
hypoxanthine conversion. Therefore, in standard in vitro culture conditions where the
parasites are grown in excess of hypoxanthine, the need for the enzymatic activity of
PfPNP is abolished. Consistently, the antimalarial activity of ImmH is also neutralised
in the presence of high hypoxanthine levels (257). Conversely, partial or complete
limitation of purine availability renders ImmH gradually more potent, inducing purine-
less parasite death. To examine the possibility that PFPNP inhibition contributes to the
MoA QN and MFQ, we measured the extent of antimalarial activity of QN and MFQ in
the presence of different purine concentrations and contrasted it with the effect of
ImmH. To that end, we depleted RBCs of their endogenous purines and reconstituted
hypoxanthine or inosine to physiological level (i.e. 10uM), excess level (i.e. 100uM) or
retained them in purine-free media. Subsequently, we measured the extent of parasite
growth inhibition each of these drugs induces in each of the conditions (Fig. 4.7A,
Table S4.5). We reproduced previously reported gradual limitation of the antimalarial
activity of ImmH relative to increasing hypoxanthine levels (257), also demonstrating
that similar but slightly more pronounced effect is obtained using inosine as a purine
source. However, QN and MFQ exhibited identical killing profiles under all conditions,
suggesting that other killing mechanisms might be masking the effect of PfPNP

inhibition.
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Figure 4.7 — Contribution of PfPNP inhibition to the MoA of QN/MFQ in cell culture in
vitro

(A) P. falciparum 3D7 growth inhibition profiles determined in the presence of 0-500uM ImmH, QN or
MFQ concentration gradients under variable purine availability conditions. Endogenous purine-depleted
RBC were reconstituted in MCM containing no exogenous purines (black), 100uM Hypoxanthine (red),
10uM Hypoxanthine (yellow), 100uM Inosine (dark blue), 10uM Inosine (light blue) prior to the drug
addition. Normalised level of parasite growth in the presence of inhibitor relative to the vesicle control
is indicated on the x-axis. Data analysis and regression curve fitting were conducted using
http://www.antimalarial-icestimator.net/ based on two technical replicates per condition. (See Table
S4.5 for details on the determined inhibitory concentrations and 95% CI error margins obtained from
the regression fit analysis). (B) Fractional Inhibitory concentration 50 (FIC) analysis for the combinations
of ImmH with MFQ, QN and E64d. Isoboles representing FIC index of each drug in combination are
plotted across a range of drug pair concentrations. Reference isobole indicating Loewe additivity model

is presented as black dashed line. Drug synergy assays were conducted by Dr. Grennady Wirjanata.
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Subsequently, we evaluated the antimalarial activity of both drugs in
combination with ImmH in the absence of purines. The main rationale was to uncover
synergistic and/or antagonistic effects, among the drug pairs that could signal their
common target (252). In assembled isobolograms of ImmH-QN and ImmH-MFQ
combinations, both quinolines induced lower killing effect (QN > FICs0<1.43, MFQ
> FICs50<1.70), than it would be expected from Loewe additivity model (3 FICs0=1) (Fig.
4.7B, Table S4.6). Essentially, a significant skewing of both isoboles can be observed
across drug ratios tested, which is indicative of drug antagonism. Contrastingly, the
isobologram of ImmH combination with E64d, which is not expected to interact with
PfPNP, does not deviate significantly form a linear function, suggesting an additive
effect and thus independent activities. Since PfPNP is the only known common target
of ImmH and the two quinoline drugs, observed antagonistic effects are likely caused

by the competition for PfPNP active site binding.

4.3 Discussion

An insufficient number of validated druggable targets in the P. falciparum
proteome is one of the major bottlenecks for target-driven drug discovery approaches
(253). Diverse bioinformatic strategies have been undertaken to identify and prioritise
potential drug targets for malaria (254-257), however without extensive supporting
experimental evidence; their output is purely theoretical. More conclusive evidence
can be gained from diverse high-throughput studies employing compound libraries
with antimalarial properties (e.g. MMV Malaria Box) (129, 227, 258). However, their
success in identifying novel drug targets was also limited. Furthermore, whenever a
new drug-target pair is characterised, there remains a risk that the compound will

interact with its human orthologs or other off-targets and exhibit non-mechanistic
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toxicity (259). Identification of specific molecular targets to existing and clinically used
antimalarial drugs offers several advantages over candidate compounds. First of all,
that knowledge can lead to formulation of more effective drug-combinations, providing
direct therapeutic effect. Secondly, targets of the existing and clinically effective
antimalarial drugs are highly druggable and their inhibition results in parasite death,
while not posing extensive health risks to the host. Considering the apparent
polypharmacology of many antimalarial drugs (871, 99, 214, 215), their de-
orphanisation could yield a number of novel druggable protein targets. Those can be
subsequently exploited for fragment-based lead optimisation approaches to
synthesise a new generation of inhibitors, which remain effective against resistant P.

falciparum strains.

QN and MFQ likely have pleiotropic MoA, involving several targets. Based on
MFQ’s direct interaction with the ribosome, it has been proposed that the inhibition of
parasite protein synthesis is a part of its MoA (81). Low-confidence engagement of
several ribosomal subunits by MFQ observed in the lysate ITDR assay (Table 4.1)
seems to corroborate these results. We did not observe the whole 80S ribosomal
complex stabilization in our assay, which could be explained by the very low
thermostability of the 40S and 60S ribosomal complexes in the lysate environment
(Fig. 3.4C). This in turn results in their near complete denaturation under ITDR assay’s
thermal challenges. Additionally, an unknown integrity of the 80S complex in the lysate
environment could have contributed to only low degree stabilization of ribosomal
subunits observed under MFQ treatment. Optimized ITDR conditions with lower
thermal challenge temperature in particular, may be necessary to validate the 80S
Ribosome engagement by the MS-CETSA. Interestingly, the engagement of the 80S
ribosome subunits was observed only in the lysate setting, similarly to PfPNP which
did not exhibit stabilization in intact-cells. This apparent lack of MFQ interaction with

these two targets in the intracellular environment could be a direct result of the
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previously reported drug-induced endocytosis/membrane perturbations in treated
parasites (77). Impaired vesicular transport and membrane dynamics could obstruct
or slow down drug penetration inside the parasite over the 1h-long drug exposure in
ITDR experiments. Alternatively, an intracellular presence of endogenous
metabolites/ligands with higher affinities to these two targets might lead to out-
competition of MFQ-binding in assay conditions at this particular stage of the parasite

developmental cycle.

Nevertheless, our results demonstrating the inhibition of PfPNP by QN and
MFQ (Fig. 4-5) suggest that both drugs possess an additional component to their MoA
involving purine metabolism. PfPNP is a dual specificity enzyme important for purine
salvage, as well as recycling of purines (243, 245). Its relevance as an antimalarial
target has been debated, as the human PNP homologue is present in the RBC in
micromolar concentrations and the parasite is capable of scavenging its downstream
metabolic products (251, 260-262). Several genetic studies were previously
undertaken to shed further light on this issue. PIPNP gene disruption increased
parasite’s requirement for purines and had proven lethal at physiological hypoxanthine
levels in culture in vitro (153). Further evidence in support of the critical importance of
PNP for parasite’s fitness, pathogenicity and sexual development were produced in
Plasmodium yoelli mouse model (263). PyPNP knockout parasites were viable but
attenuated and instead of producing a lethal phenotype were efficiently cleared by
infected mice (263). Gene disruption also inhibited oocyst formation in mosquito
midgut, preventing parasite transfer to a new host (263). On the other hand, no
significant effect of PNP gene knockout was found in P. berghei ANKA cerebral
malaria model, as both WT and APbPNP infected mice developed cerebral paralysis
and haemorrhaging (264) suggesting some variability in PNP essentiality between
species. Strong evidence in support of PNP importance as a drug-target was

generated from a non-human primate P. falciparum infection model, demonstrating
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clinical efficacy of orally administered DADMe-Immucillin-G, an inhibitor of both human
and plasmodium PNPs (265). Drug treatment provoked parasite clearance in
otherwise lethal infection in Aeofus monkeys, although recrudescence was observed
in two out of three subjects few days after the treatment was stopped (265). More
recently, it has also been shown that prolonged exposure of P. falciparum to sub-lethal
concentrations of DADMe-Immucillin-G in vitro results in resistance, mediated by point
mutations in the catalytic site of PfPNP and mutant gene copy number amplification
(266). This study provided conclusive evidence, supporting previous findings that
inhibition of PfPNP is crucial for the antimalarial effect of immucillins (154, 243, 251).
Efforts to evaluate the effect of specific inhibition of PfPNP led to synthesis of MT-
ImmH, an inhibitor with 100-fold higher affinity for parasite enzyme (7154). The drug
displayed an antimalarial IC50 in in vitro assays within nanomolar range, however it
did not completely attenuate parasite growth below micromolar concentrations (754,

243), suggesting that inhibition of the host enzyme is also required to kill the parasite.

The antagonistic interactions observed for QN and MFQ in combination with
ImmH supports the notion that PfPNP inhibition contributes to their antimalarial effect.
Interestingly, while Immucillins appear to exert their antimalarial effect through
simultaneous inhibition of host and parasite PNP enzymes, we found no evidence that
QN and MFQ interact with human PNP. The composition of the binding pocket of two
structures resolved in this study is very similar to previously described PfPNP
structures (154, 162). The co-crystal structure of PFPNP-ImmH determined by Cassera
and colleagues revealed a large solvent-filled pocket within enzyme’s active site
located near 5’-hydroxyl group of ImmH (265). This structural feature distinguishes the
plasmodial enzyme from its human counterpart resulting in distinct substrate binding
specificities between the two (265) and could be responsible for the interaction with
quinoline compounds or the lack thereof. Overall, the data suggest that QN and MFQ

might represent specific inhibitors of the P. falciparum PNP, however the lack of
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interaction with the host enzyme needs to be further verified. The positioning of both
quinoline drugs within the active site pocket of PIPNP is very similar to that of inosine
and ImmH in the previously determined co-crystal structures (154, 162) and their
binding is also mediated mainly through hydrophobic interactions. This is agreement
with our data suggesting that both quinolines represent competitive reversible
inhibitors of the enzyme, similarly to Immucillins (267). Inhibition of PfPNP by the two
quinolines, coinciding with retaining a fully functional hPNP in the host-cell, would
explain observed invariable drug efficacy under different purine availability conditions.
Nevertheless, we suggest that the described MFQ/QN-PfPNP interaction is additive
rather than representing the dominant MoA of either drug. Other killing mechanisms
might be more pronounced at concentrations required to kill the parasite in the in vitro
assay conditions. However, in a clinical setting both quinoline methanols remain in
circulation for substantially longer, either due to very long half-life (MFQ) or repetitive
administration (QN) (236), thus the potential impact of a prolonged PfPNP inhibition

on parasite fitness is likely.

The identification of PfPNP as the target of QN and MFQ illustrates one of the
main advantages of CETSA - its capacity to identify direct drug-targets without any
prior knowledge about their mechanism or site of action (742). The current gold
standard traditional approach in P. falciparum relies on generating resistant mutants
through prolonged in vitro parasite exposure to sublethal drug concentrations and
identifying genetic mutations responsible for increased drug tolerance (227). However,
this methodology poses the risk of identifying mechanisms of resistance to the drug,
rather than their actual molecular targets. This was recently demonstrated by
identification of PFCARL as the protein mediating resistance to KAF-156, rather than
its direct protein target, it was originally believed to be (268, 269). The majority of other

studies (e.g. the recent identification of 80S ribosome as the target of MFQ (81)) rely
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on initial data pointing to a specific target/MoA and are targeted at validating or

rejecting that given interaction.

Nevertheless, CETSA possesses its limitations and may omit clinically relevant
targets, similarly to other drug-target identification techniques and studies. QN and
MFQ ITDR assays revealed a number of other proteins exhibiting apparent low
significance stabilisations under drug exposure. A protein might not satisfy cut-off
criteria in the ITDR analysis due to low abundance, poor solubility, particularly high/low
Tm, sub-optimal assay conditions or other factors. Therefore, those could theoretically
represent other direct protein targets, downstream effectors of the drug’s MoA or other
interacting proteins, such as transmembrane drug transporters. The Uncharacterised
protein PF3D7_ 1456300, was the sole protein other than PfPNP responsive to both
drugs. Furthermore, it showed a stabilisation profile similar to that of PFPNP and based
on a structure-driven prediction of its function, similarly to PNP might be involved in
nucleotide binding. Its predicted transmembrane nature suggests that it could
represent an unknown transporter of QN/MFQ. If it is indeed involved in drug import
of efflux from the cell and/or an organelle, mutations and copy number amplification to
this gene might affect parasite susceptibility to those two quinoline drugs. However,
prior to launching a full-scale target validation studies, the occurrence of observed
stabilisations should be reproduced and demonstrated with a higher degree of
confidence. Such follow-up studies, could for instance, involve ITDR assays with
different thermal challenge temperatures or the melt curve CETSA assays in the
presence or absence of physiologically relevant drug concentrations. In particular, the
employment of an additional ITDR thermal challenge temperature or extending drug-
exposure time could also allow validation of previously reported 80S Ribosome
engagement (87) with a higher degree of confidence than the current study offers.
Other experimental approaches could also be explored for the validation of potential

drug-target interactions suggested by CETSA. Those, for instance, may involve the in
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vitro biochemical studies using purified protein or genomic modifications of the
parasite attempting to knock-out, knock-down or overexpress the protein in question.
However, any identified and biochemically validated target of QN and MFQ, including
the PfPNP should be subsequently evaluated for its clinical significance. Targeted
genetic, proteomic and transcriptomic analysis of existing MFQ/QN-resistant clinical
isolates and in vitro laboratory strains might reveal mutations, gene copy number
variations, significant changes in gene/protein expression strongly associated with the

resistance phenotype.
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CHAPTER 5

Antimalarial drug discovery from Traditional

Chinese Medicine (TCM)

The emergence of resistance to nearly all groups of antimalarial drugs has
substantially decreased their usefulness in affected regions. The shrinking array of
compounds, which still retain clinical effectiveness is stressing the need for the
development of novel drugs, preferably representing radically different chemotypes
and possessing distinct MoA (17). Natural products are known for the unprecedented
structural variability they offer, while retaining biological activity (270). Unsurprisingly,
the majority of pharmaceuticals currently in use are natural products themselves, their
derivatives or have been inspired by natural products (270, 271). Antimalarial drugs
are not an exception, considering that the two most important compound families:
quinolines and artemisinins are derived from natural products: quinine and artemisinin.
TCM represents the largest and the most extensively documented body of knowledge
on medicinal applications of plants, naturally occurring minerals and animal-derived
products dating to ~2000BC (7174). Artemisinin, the active antimalarial compound
isolated from a medicinal plant Artemisia annua in 1972, was discovered based on
ancient records of TCM preparations for the treatment of malaria-like symptoms (98).
In this work, we explored TCM preparations in the search of new lead antimalarial
compounds. For that purpose, we designed a pipeline for isolation and identification
of natural products with antimalarial properties from raw TCM materials (Fig. 5.1). We
provide the proof of principle for the pipeline, screening a batch of 15 selected TCM
candidates, identifying the most potent antimalarial extracts and isolating bioactive
compounds from one of them. Subsequently, we applied CETSA to identify potential

molecular targets of the more potent of the two isolated compounds. Following
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necessary validation of the candidate druggable target’s relevance for the antimalarial
effect of the isolated compounds, those targets could be used for subsequent target-
based drug discovery approaches in order to identify novel more potent inhibitors

through compound or fragment library screening.
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Figure 5.1 — Antimalarial drug-discovery from TCM pipeline overview

The initial prerequisite for a functional ‘Drug discovery pipeline from TCM’ was
establishing a suitable method for extraction of bioactive phytochemicals from the
crude biological material. Methods traditionally used in the medicinal preparations in
TCM: infusion, maceration and decoction, although effective they tend to produce
herbal extracts of high complexity (272). This has proven a major obstacle for the
identification of their biologically active components, primarily due to difficult sample
clean-up and challenging separation of their component phytochemicals (results not
shown). The implementation of a sequential Soxhlet extraction method partially
resolved that problem, providing high extraction efficiency with an added benefit of
pre-fractionation of plant’s component phytochemicals, which decreased the crude
sample complexity (273). Preliminary extraction with hexane, permitted us to eliminate
highly nonpolar compounds, such as oils and waxes, which tend to interfere with
subsequent chromatographic separation (274). Remaining ‘defatted’ plant powder

was subjected to further 2-step extraction with additional solvents of increasing
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polarity: dichloromethane (DCM) and methanol (MeOH), producing two extracts

composed of phytochemicals of moderate and high polarity, respectively.

5.1 Preliminary screening of selected TCM materials for antimalarial activity

Fifteen TCM antimalarial candidates (Table 5.1), selected based on their
proven activity against malaria or historical use for treatment of malaria-like symptoms
(163—-165) were pulverised and extracted. Consequently, each TCM candidate
produced three independent extracts (Hex/DCM/MeOH) each composed of a distinct

set of phytochemicals.

Abbreviation Chinese name Latin name Type of material
AY Ai Ye (41 Artemisia argyi Leaves / stems
BJ Bie Jia (¥ H) Trionyx sinensis Bones
BL Bing Lang (E#5) Areca Catechu Nuts
CE Cang Erzi (BEF) Xanthium sibiricum Nuts
CG Cao Guo (ER) Ammomum Tsao-Ko Nuts
CH Chai Hu (4£#3) Radix Bupleuri Stems
CX Chuan Xiong (JIIZ) Ligusticum Rhizome Roots
(074 Cang Zhu (&) Atractylodes lancea Bark

DGP Di Gu Pi (B ) Lycium chinense Stems

HQ Huang Qin (&%) Scutellaria baicalensis Roots
HSW He Shou Wu (i & ) Polygonum muiltiflorum Bark

JH Ju Hua (%7%) Chrysanthemum Flowers
LDC Long Dan Cao (#ZREE) Gentiana manshurica Stems
XHC Xian He Cao (fll#8%) Herba Agrimoniae Leaves / stems
XXC Xi Xian Cao (}%%%) Siegesbeckia oritentalis Stems

Table 5.1 — Antimalarial Traditional Chinese Medicine candidates

Their antimalarial activity was determined based on a standardised growth
inhibition assay in the presence of varying extract concentration against the T996 P.
falciparum parasites, determining their respective 1Cso, ICo0 and 1Co9 (Fig. 5.2). In brief,
synchronised mid-ring parasites in culture in vitro were exposed to varying
concentrations of isolated extracts and incubated for 48h (equivalent to an entire P.
falciparum developmental cycle. Subsequently parasites were stained with DNA-

binding fluorescent dye and the density of parasitized cells was measured in each
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condition via flow cytometry and contrasted with that of vesicle- and death- controls.
Regression analysis of resulting data allowed accurate quantification of extracts’
inhibitory effect on parasite growth. A range of extracts (i.e. Hex: BL, HSW; DCM: BL,
CE, CH and HSW; MeOH: CE, CH, CX, LDC, CZ) exhibited no apparent activity
against P. falciparum at concentrations tested. The remaining extracts inhibited
parasite growth to a varying extent, with 1Csos spanning from 3 to 366 pg/mL. Overall,
DCM extracts exhibited the highest activity, whilst highly polar MeOH extracts required
in general much higher concentrations to attenuate parasite growth (Fig. 5.2).
Interestingly, despite their highly hydrophobic character, several Hex extracts also
exhibited potent antimalarial activities suggesting they might contain active
compounds. Partial (i.e. >50%; <90%) inhibition of parasite growth observed for Hex:
CE, BJ, CH, CX and MeOH: XXC, JH extracts prohibited us from defining their
respective ICgoo and 1Cgo. Thus, the values were extrapolated from the regression fit
analysis of available experimental data. Additionally, different degree of haemolysis in
treated samples was observed at high concentrations of 14 extracts, which can be
considered an indicator of general cytotoxicity (275). The haemolytic effect, defined as
>10% loss in the cell concentration of treated sample and quantified through Flow
Cytometry, was observed at >125ug/mL for CH-DCM and XXC-DCM extracts, at
>250ug/mL CG-Hex, CZ-Hex, XHC-Hex, CH-Hex, JH-Hex, DGP-DCM, CZ-DCM CH-
MeOH and BL-MeOH extracts and at 500ug/mL for HQ-DCM and XHC-DCM extracts

(Fig. 5.2).
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Figure 5.2 — Antimalarial activity of crude TCM extracts
Inhibitory concentration values [ ICso — dark grey; ICoo — light grey; 1Co9 — white (ug/mL)] calculated
based on the regression fit analysis of T996 strain P. falciparum in vitro growth inhibition assays are

represented as a bar chart for 15 extracts isolated with Hexane (A), DCM (B) and Methanol (C) from
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selected TCM candidates (indicated on the x axis). The IC values are listed below each graph in a table.
‘ND’ refers to extracts which did not inhibit parasite growth by more than >50% in 500ug/mL
concentration and their respective 1Cso could not be determined. Error bars represent 95% confidence
intervals. Additionally, the extent of haemolytic effect, observed during antimalarial growth inhibition
assays and defined as the decrease in cell concentration by >10% in treated samples is indicated for
each extract with red asterisks. Haemolytic effect was observed only at the 500ug/mL extract
concentration (one asterisk), at 250ug/mL and higher conc. (two asterisks) and at 125ug/mL

concentrations and higher (three asterisks).

The selection of extracts for further processing was based on three main
characteristics: (i) relative antimalarial potency (i.e. 1Cso values), (ii) ability to
completely attenuate parasite growth represented by 1Ce and (iii) the general
cytotoxicity represented by the degree of extracts’ haemolytic activity. Among the six
most potent extracts (i.e. IC50<20ug /mL and ICg9<50ug /mL), four were extracted with
DCM (AY, XXC, HQ and XHC) and remaining two with Hex (CG and XHC). The
highest relative antimalarial activity accompanied by the lack of haemolytic effect at
the highest dose (i.e. <600ug/mL) was observed for AY-DCM extract suggesting that
its antimalarial activity is likely specific. Conversely, the remaining five top candidates
exhibited different degrees of haemolytic activity with HQ-DCM and XHC-DCM
extracts being the least and XXC-DCM the most cytotoxic. Despite the extensive
chromatographic separation of AY-DCM extracts, we did not succeed in isolating its
component bioactive compounds in a purity high enough to allow structure resolution
studies. Therefore, fractionation of HQ-DCM was conducted instead, aiming to isolate

the compound(s) responsible for its potent antimalarial properties.
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5.2 Bioassay-guided fractionation of Scutellaria baicalensis (HQ) DCM extract

The material isolated with DCM extraction of ‘defatted’ pulverised HQ was an
equivalent to 0.88% of starting dry plant biomass. In order to de-complexify the
phytochemical mixture present in the HQ-DCM extract, we conducted
chromatography-based fractionation using a gradient of Hex and Ethyl Acetate,
separating compounds based on polarity. Resulting fractions were subsequently
tested for the extent of antimalarial activity they possess. Upon chromatographic
separation of HQ-DCM, three fractions (i.e. F3, F4 and F5) with substantially improved
antimalarial activity over the Crude HQ-DCM extract were isolated (Fig. 5.3). Their
respective ICso values were 70-80% lower and ICgg values 60-84% lower than the non-
fractionated extract with higher relative potency observed in F3-F4. Mass spectrometry
analysis revealed the same ion pattern in F3 and F4 with peaks at m/z 285, 179 and
157 and distinct signal present in F5 with m/z 375 (Fig, S5.1). The similarity of 'H-
NMR profiles position between F3/F4 (Fig. S5.2) suggested a similar chemical
composition. The "TH-NMR spectrum of F5 exhibited a distinct peak pattern from F3/F4,
but some similarities were present suggesting potentially structurally related
compounds. However, due to insufficient purity and low quantity of isolated material,
structure resolution of their components or their further chromatographic separation
could not be performed. De novo high-resolution separation of 1.1g of HQ-DCM was
performed targeting the polarity region corresponding to the F3-5 elution range. All
three compounds previously enriched in F3, F4 and F5 were successfully re-isolated
in high purity in F9’ [16.8mg], F12’-F13’ [45mg] and F17’ [31.3mg], respectively (Table
5.2, Fig. S5.3). Characteristic peaks were also observed in neighbouring fractions F10’
and F18-F19’, however TLC and NMR analysis indicated a higher degree of

contamination with other compounds.

108



Antimalarial activity Hemolytic activity

—~5001 [ IC50 O1C90 O1C99 *¥% 2125pg/mL
I i %%  2250pug/mL
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Z i x
.8300— T
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& 200 < £ T S
v ElS
< 7 =3
S100-
Crude F1 F2 F3 F4 F5 F6 F7 F8 FO  F10 F11 F12 F13 F14 F15 F16
*

22.8 77.8 70.5 6.7 4.8 6.2 21.9 254 359 329 36.9 86.2 584 1695 422 826 993
Icso (£1.6) (¥10.7) (£5.6) (£0.3) (+0.1) (+0.8) (£3.1) (£3.5) (£3.2) (¥1.7) (+2.8) (£88) (¥4.1) (¥20.9) (£3.8) (£8.7) (£11.2)

51.9 1735 1392 123 9.6 16.9 62.0 63.4 87.9 77.3 94.4 2175 1397 4633 1290 2119 226.0
Icgo (#1.9) (¥13.2) (#6.9) (+0.4) (+0.1) (+1.0) (+3.8) (+43) (+4.0) (+2.1) (#3.5) (£10.9) (£5.1) (£25.7) (¥4.7) (£10.8) (x£13.8)

1275 4164 2927 240 20.7 509 1924 1721 1721 1964 2634 5969 3619 13884 4364 5922 5542
|C99 (+24) (+164) (£8.8) (+0.5) (+0.2) (+1.2) (+4.8) (£5.5) (£5.5) (+2.7) (+4.4) (£13.8) (+6.5) (£32.7) (£56) (*13.7) (£17.6)

Figure 5.3 — Antimalarial activity of HQ DCM extract fractions

Inhibitory concentration values [ ICso — dark grey; ICoo — light grey; 1Co9 — white (ug/mL)] calculated
based on the regression fit analysis of T996 strain P. falciparum in vitro growth inhibition assays are
represented as a bar chart for 16 fractions isolated from initial chromatographic separation of HQ DCM
extract (indicated on the x axis). The IC values are listed below each graph in a table. ‘ND’ refers to
extracts which did not inhibit parasite growth by more than >50% in 500ug/mL concentration and their
respective 1Cso could not be determined. Error bars represent 95% confidence intervals. Additionally,
the extent of haemolytic effect, observed during antimalarial growth inhibition assays and defined as
the decrease in cell concentration by >10% in treated samples is indicated for each extract with red
asterisks. Haemolytic effect was observed only at the 500ug/mL extract concentration (one asterisk),

at 250ug/mL and higher conc. (two asterisks) and at 125ug/mL concentrations and higher (three

asterisks).
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F3 F4 F5 Fo’ F13’ F17’
13.00 (1H,s, | 12.49 (1H,s, | 12.28 (1H,s,
12.98 (s) 12.98 (s) 12.28 (s) OH(-5) 5-O(H) oén
7.87~7.89 (2H, | 7.91~7.93 (2H, | 7.28~7.32 (1H,
12.49 (s) 1249(s) | 7.897.93(m) | "5/772 é,) i 65) e (H)
7.49~7.57 (3H, | 7.55~7.57 (3H, | 6.65~6.67 (2H,
7.87~7.93 (m) | 7.87~7.93 (m) | 7.50-7.65 (m) | 4% T e | i 4,(5,) o700 H()
7.50~7.57 (m) | 7.52~7.58 (m) | 7.28~7.32 (m) 6'66(18'_)"3’ - 6'69(;')_"3’ - 655522'23 (,L')_'
6.69 (s) 6.69 (s) 6.65~6.68 (m) | 66 (13';’3’ H- 6'45(16';’3’ H- 4'(1)&'1’)3’
3.91~3.93 (6H,
6.67 (s) 6.67 (s) 6.52~6.54 (d) 5'360(1H'fé)br3’ 6.3 %':i)br’ 7| s, 's, OCH,
’ OCHs3),
405(3H,s, | 404(3H s | 3.81(3H s,
6.61 (s) 6.61 (s) 5.29 (s) OC(HS) s OC(HS) s OC(HS)_ s
6.45 (s) 6.45 (s) 4.1 (s)
5.35 (br) 5.29 (s) 3.94 (s)
5.29 (s) 4.04 (s) 3.93 (s)
4.05 (s) 3.94-3.98 (m) 3.91 (s)
2.8-0.8 (m) 14 (s) 3.8 (s)
1.25 1.28 (s)

Table 5.2 — "H-NMR evidence of a successful re-isolation of HQDCM F3-5

5.2.1 Structure determination of wogonin

Aiming to identify the structure of the antimalarial compound present in active
fractions HQ-DCM F12’ and F13’ we employed a combination of available analytical
chemistry techniques to characterise it. The compound isolated in HQ-DCM F12’ and
F13’ was yellow and had a crystalline powder appearance. Upon TLC examination,
the compound of interest has proven UV active, which suggests the presence of
aromatic rings in its structure. It was also detected by Molybdate staining with trace
amounts of one more polar compound. In order to further elucidate the compound’s
structure, F13’ was analysed by 'H-NMR and *C-NMR Spectroscopy. The 'H-NMR
spectrum (Fig. 5.4A) suggested the presence of 12 independent hydrogen atoms. The
sharp singlet corresponding to 3H of identical character at ~4ppm was identified as
typical for methoxy group and its location closer to 4ppm rather than 3ppm suggested

its attachment to an aromatic moiety, rather than a non-aromatic moiety. Another very
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sharp distinct peak at ~12.5ppm was identified as characteristic for hydrogen bonded
enolic or phenolic proton, rather than carboxylic acid, which tends to produce broad
peaks in this region. Several peaks in the aromatic region (7.9-6.3ppm) confirmed the
aromatic character of the molecule with two independent H (s, 6.7ppm and s 6.4ppm),
two very similar but non-identical H (two overlapping doublets, 7.9ppm) and a complex
multiplet at 7.6ppm, which could correspond to 3H. Another variable (i.e. sometimes
sharp, sometimes broad, sometimes absent) peak at 6.3ppm was identified as an
exchangeable proton changing its character depending on the pH of the environment.
Remaining peaks were classified as irrelevant: 5.3ppm-CHCI3, 7.26ppm-CDCl3,
~2ppm-H20/long hydrocarbon chains, ~Oppm-reference. Based on the '*C-NMR
spectrum (Fig. 5.4B) we determined that the molecule is likely composed of 16
independent carbon atoms. Two larger peaks at 129.2ppm and 126.1ppm each
appeared to represent two carbons in a symmetrical aromatic system. The peak at
182ppm was characteristic for an acid, ester or a ketone, the peak at 61ppm was
typical for C-O orientation in the methoxy group and peaks at 131-126ppm were
identified as C=C in alkenes. Overall, the molecule profile suggested presence of one
aryl group (6C), one methoxy group (1C) leaving 9C including a carbonyl group, which
fit the flavonoid ring system. The sample was then analysed by COSY-NMR revealing
only one cross-peak (results not shown) between 7.6ppm and 7.9ppm suggesting
coupling of corresponding protons, which based on previous NMR experiments were

most likely associated with the aryl group.
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Figure 5.4 — HQ-DCM-F13’ profiling by "H-NMR and "*C-NMR Spectroscopy

Relative signal intensity (y-axis) is plotted against the chemical shift (ppm) (x-axis) of detected hydrogen
(A) or carbon (B) atoms. The chemical shift of each atom is indicated on top of each peak and in case
of the proton NMR the integration of each peak area is indicated below the x-axis. (A) '"H NMR (400Hz,

CDCI3) 5 12.49 (1H, s, 5-OH), 7.91~7.93 (2H, d, H-2,6), 7.55~7.57 (3H, m, H-3,4,5), 6.69 (1H, s, H-3),
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6.45 (1H, s, H-6), 6.3 (1H, br, 7-OH), 4.04 (3H, s, OCH3). (B) *C-NMR (400Mhz, CDCI3) & 182.38 (C-
4), 163.46 (C-2), 157.72 (C-7), 155.21 (C-5), 148.79 (C-9), 131.92 (C-4’), 131.19 (C-2',6’), 129.18 (C-
1’), 126.78 (C-3', 5), 126.14 (C-8), 105.83 (C-3), 105.21 (C-10), 98.78 (C-6), 61.96 (OCH3).

Mass Spectrometry analysis of F12" and F13’ revealed a dominant molecular
ion peak of 285 m/z, identical minor peaks at 157m/z and 179m/z as in HQ-DCM F3
and F4 and a small ion at m/z, 363 or 622, presumably representing previously
observed trace contaminants (Fig. S5.4). Based on the above evidence the m/z 285
peak could correspond to [C16H1205] dihydroxy-methoxyflavone, whilst the m/z 179
and 157 peaks to its fragments produced during ionisation (276, 277). The crystallised
compound was analysed by X-Ray crystallography, which confirmed the presence of
the previously assumed flavonoid ring system and allowed us to determine the exact
regiochemistry (Fig. 5.5). The isolated compound was identified as 5,7 —Dihydroxy - 8
-Methoxyflavone (wogonin) and the obtained NMR spectra were matched to the

previously reported profile (Table 5.3) (278).

Figure 5.5 — X-ray spectroscopy crystal structure resolution of HQDCM-F13’
compound

The x-ray diffraction analysis was performed at NTU SPMS X-ray crystallography facility. Carbon atoms

are represented in grey, oxygen red and hydrogen white.
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Wogonin

1 Wogonin 3C-NMR 13C-NMR
H NMR (400Hz, CDCl:) 1H-NMR (100MHz, (400Mhz, (125 Mie. GDCI)
CDCls)(278) CDCls) o7
12.49 (1H, s, 5-OH), - 163.46 (C-2) 163.6 (C-2)
7.91~7.93 (2H, d, H-2’,§), ' 91~793 ,‘f)H m, 2.5 | 405.83 (C-3) 105.9 (C-3)
7.55~7.3§,74’(,3€;|’?, m, H- 7.54~7.585(§HI-)|, m 3.4 | 1g238 (Ca) 182.5 (C4)
6.69 (1H, s, H-3), 6.69 (1 H, s, 3-H), 155.21 (C-5) 155.4 (C-5)
6.45 (1H, s, H-6) 6.45 (1 H, s, 6-H), 98.78 (C-6) 98.9 (C-6)
6.3 (1H, br, 7-OH), ] 157.72 (C-7) 157.8(C-7)
4.04 (3H, s, OCH) 4.04 (3H, s, OCHa), 126.14 (C-8) 126.2 (C-8)
148.79 (C-9) 148.9 (C-9)
105.21 (C-10) 105.3 (C-10)
129.18 (C-1) 129.3 (C-1)
13119 (C-2,6)  131.3(C-2.6)
126.78 (C-3,5)  126.9 (C-3 ,5)
131.92 (C-4) 132.0 (C-4)
61.96 (OCHs) 62.1 (OCH)

Table 5.3 — '"H-NMR evidence for identification of HQDCM-F13’ as wogonin

5.2.2 Structure determination of negletein

In order to define the structure of the antimalarial compound present in active
fraction HQ-DCM F9 we employed NMR Spectroscopy and Mass Spectrometry.
Similarly to wogonin, the compound isolated in F9’ was a yellow crystalline powder. It
was UV active and stained by Molybdate suggesting the presence of aromatic rings in
its structure. The NMR spectroscopy analysis revealed 'H/'3C NMR profiles very
similar to wogonin suggesting that the F9’ compound is likely a structurally related
compound. The proton NMR spectrum (Fig. 5.6A) indicated the presence of 12H
atoms including a single methoxy group (4.05ppm), an oxygen-bound enolic/phenolic
proton (13ppm), an exchangeable likely hydroxy-proton (5.3ppm) and two uncoupled
protons in the aromatic region (6.61ppm and 6.66ppm). The '*C-NMR analysis
revealed 16 independent carbon atoms fitting the profile of a flavonoid ring system
observed in HQ-DCM F3 and F4 (Fig. 5.6B). Two larger peaks at 129ppm and 126ppm

corresponding to two carbon atoms in a symmetrical aromatic system each were
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determined a part of the aryl group. Furthermore, carbon atoms corresponding to a
methoxy group (60.8ppm), a ketone (183ppm) and C=C alkenes were observed.
COSY-NMR analysis revealed only one cross peak (results not shown) between
7.53ppm and 7.88ppm peaks. Therefore, the two corresponding proton pairs were
deemed likely located on the aryl group. Mass spectrometry analysis of the
corresponding fractions F9’ and F10’ revealed the same molecular ions previously
identified in F3, F4, F12° and F13’ (Fig. S5.4). The comparison of HQDCMF3
compound’s '"H-NMR and "*C-NMR spectra with published NMR profiles of possible
compounds containing the flavone skeleton, a methoxy group and two hydroxy groups
permitted identification of the molecule in 5,6-Dihydroxy-7-methoxyflavone (negletein)
(Table 5.4) (279), a compound never before isolated from S. baicalensis to our

knowledge.

115



13.010
896
892
877
872
544
539
535
523
260
664
617
—5.299
4050

N
-
-
-
=]
©
©
~N
)
v
»
w
N
-
T
-]
3

N O —00M ostmmst no

B a Q. o QMO N = 0
o < wmaN ——OoWO [Yal%a) M @
© O N AN oo by 2

T T T T T T T T T T T T T
240 220 200 180 160 140 120 100 80 60 40 20 ppm

Figure 5.6 — HQDCM-F9’ profiling by "H-NMR and "*C-NMR Spectroscopy

Relative signal intensity (y-axis) is plotted against the chemical shift (ppm) (x-axis) of detected hydrogen
(A) or carbon (B) atoms. The chemical shift of each atom is indicated on top of each peak and in case
of the proton NMR the integration of each peak area is indicated below the x-axis. (A) 'H NMR (400Hz,
CDCls) 6 13.00 (1H, s, OH-5), 7.87~7.89 (2H, d, H-2", 6’), 7.49~7.57 (3H, m, H- 3’, 4, 5’), 6.66 (1H, s,

H-8), 6.61 (1H, s, H-3), 5.36 (1H, br s, OH-6), 4.05 (3H, s, OCHs). (B) *C-NMR (400Mhz, CDCl3) &
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182.97 (C-4), 164.06 (C-2), 155.11 (C-8), 153.18 (C-6), 152.03 (C-10), 131.80 (C-1), 131.24 (C-7),

130.33 (C-4’), 129.03 (3, 5), 126.24 (C-2’, 6’), 105.85 (C-5), 105.20 (C-3), 93.38 (C-9), 60.82 (OCHs)

Negletein
1 Negletein 3C-NMR 3C-NMR (100
H NMR (400Hz, CDCls) 4} \\vR (400 MHz, CDCls) (279) | (400Mhz, CDCls) MHz,
CDCls)(279)
4.05 (3H, s, OCH). 4.05 (3H, s, A-OCH3); 182.97 (C-4)  183.02 (C4)
5.36 (1H, br s, OH-6), 6.50 (1H, s, C6 -OH), 164.06 (C-2)  164.11(C2)
6.61 (1H, s, H-3) 6.61 (1H, s, C3 -H) 155.11 (C-8)  155.34 (C7 )
6.66 (1H, s, H-8) 6.66 (1H, s, C8 -H) 153.18 (C-6)  153.27 (C5)
7.49~757 (3H, m, H-3,  7.54-7.52 (3H, m, C3' -H, C4' -H, ]
) ) 152.03 (C-10)  152.19 (C8a)
7.87~7.89 (2H, d, H-2',6)  7.89-7.87 (2H, m, C2'-H, C6'-H) | 131.80 (C-1),  131.84 (C1/)
13.00 (1H, s, OH-5) 13.01 (1H, s, C5 -OH) 131.24 (C-7)  131.35(C6)
130.33 (C-4), 13052 (C4')
o ey 12009 (C3
129.03 (C-3, 5, )
ey 12631(C2,
126.24 (C-2., 6), 25
105.85 (C-5)  105.89 (C4a)
105.20 (C-3)  105.28 (C3)
93.38 (C-9) 93.53 (C8)
60.87 (C 7 -
60.82 (OCHs)a oot

Table 5.4 — '"H-NMR evidence for identification of HQDCM-F9’ as negletein

5.2.3 Structure determination of skullcapflavone Il

The third active compound initially observed in the HQDCMF5 fraction and

isolated in high purity at HQ-DCM F17’ shared several characteristics with wogonin

and negletein. The substance was a light-yellow powder, exhibited UV activity and

was also stained by Molybdate. '"H-NMR spectroscopic analysis of F17’ suggested the

presence of 19 hydrogen atoms, including four methoxy groups in an aromatic setting

(3.8-4.1ppm) and a sharp peak in the 12.28ppm region, characteristic for an oxygen

bonded enolic or phenolic proton (Fig. 5.7A). The remaining peaks within the 6.5-

7.3ppm region suggested the presence of four single protons in the aromatic

environment. 3C-NMR spectroscopy analysis of HQDCM-F17’ suggested the

presence of 19 carbon atoms in its structure, including 4 methoxy groups (55-62ppm),
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a ketone (183ppm) and remaining peaks within 103-162ppm range coherent with C=C
profile in alkenes (Fig 5.7B). This would be in agreement with the flavonoid ring system
with four methoxy groups. An unaccounted for hydrogen/group could be explained by
the presence of an exchangeable proton in a hydroxy group, which tends to form
ambiguous peaks or a different group (e.g. Cl, Br, F, NO) residing on its place.
However, given known flavonoid natural products, the hydroxy group seemed most
likely. Mass spectrometry analysis if F17’ identified one major component with m/z 375
and a smaller peak 175 m/z, which likely represents fragmentation ions (Fig. S5.5).
Overall, "H-NMR and MS profiles of F17’ suggest that we successfully re-isolated
enriched component of HQDCM-F5 and its profile fits dihydroxy-tetramethoxy-
flavonoid. In order to determine the exact structure of this molecule, we investigated
the coupling between '3C and/or 'H atoms through 2D NMR experiments.
Homonuclear correlation spectroscopy (COSY) analysis (Fig. S5.6) revealed cross-
peaks between 7.3ppm ‘triplet’ and two 6.5/6.7ppm ‘doublet’ protons, suggesting their
adjacent localisation in the structure. Further information on short and long-distance
heteronuclear coupling between *C and 'H atoms was gained through Heteronuclear
Multiple Bond Correlation (HMBC) (Fig. S5.7) and Heteronuclear Single Quantum
Coherence (HSQC) (Fig. S5.8) 2D NMR experiments (Table 5.2). Based on the above
we identified the compound isolated from HQ-DCM F17’ as skullcapflavone 1l (SKF-I1)
and matched it to previously reported 'H-NMR spectrum (280) in the absence of

spectroscopic data provided by the authors.
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Figure 5.7 — HQDCM-F17’ profiling by "H-NMR and *C-NMR Spectroscopy

Relative signal intensity (y-axis) is plotted against the chemical shift (ppm) (x-axis) of detected hydrogen

(A) or carbon (B) atoms. The chemical shift of each atom is indicated on top of each peak and in case

of the proton NMR the integration of each peak area is indicated below the x-axis. (A) 'H NMR (400Hz,

CDCls) 6 12.28 (1H, s, OH), 7.28~7.32 (1H, t, J=8.36, H), 6.65~6.67 (2H, d,s, H, H), 6.52~6.54 (1H, d,
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J=8.32, H), 4.1 (3H, s, OCHs), 3.91~3.93 (6H, s, s, OCHs, OCHs), 3.81 (3H, s, OCHs). (B) *C-NMR
(400Mhz, CDCls) 5 183.24 (C-4), 161.76 (C-2), 158.87 (C-2'), 156.43 (C-1), 152.93 (C-8), 149.23 (C-
10), 146.15 (C-5), 136.51 (C-7), 132.90 (C-9), 132.80 (C-4’), 112.15 (C-3), 110.24 (C-5'), 108.51 (C-6),

106.88 (C-6’), 103.10 (C-3’), 62.15 (C-9 OCHs), 61.69 (C-8 OCHzs), 61.11 (C-7 OCHs), 55.92 (C-2’

OCHs3)
13C atom HSQC "'H cross-peak HMBC 'H cross-peak

112.15 6.67 H

161.76 6.67 H

106.88 6.67 H

183.23

110.24 6.67 H 6.53 H
103.1 6.53 H 6.67 H

108.51

156.43

55.92 3.81 OCH3

158.87 3.81 OCH3

132.80 7.3

132.90 3.91 OCH3
62.15 3.91 OCH3

61.11 3.93 OCH3

136.51 3.93 OCH3
61.7 4.1 OCH3

152.93 4.1 OCH3

Table 5.5 — Cross-peaks observed in HMBC and HSQC NMR spectroscopy analysis
of HQDCM F17°

The less pure F18’ fraction exhibited nearly identical "H NMR spectrum as F17’
except for a small shift in the position of certain peaks, most noticeable with the change
of the sharp single proton peak from 6.7ppm to 7.1ppm, no longer overlapping with
the 6.7ppm doublet in F18’ (Fig. S5.9). This could be suggestive of presence of close
analogues in the two fractions. This is further supported by the MS analysis, which
identified the same major peak m/z 375 with several minor peaks likely representing

contaminants or fragmentation ions (Fig. S5.5).
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5.3 Assessment of the antimalarial properties of wogonin, negletein and

skullcapflavone i

Upon initial antimalarial activity screening of 19 HQDCM fractions obtained from
the high-resolution extract separation, only three fractions containing 'H-NMR
signature peaks of SKF-II (i.e. F17’-19’) exhibited activity substantially superior to that
of the crude extract (Fig. 5.8A). Contrastingly, fractions containing negletein and
wogonin (i.e. F9’-10’ and F12’-13’) displayed antimalarial activity comparable to or
higher than the reference crude extract. In order to verify the obtained results, we
carried out extensive antimalarial activity profiling of the isolated fractions against the
reference 3D7 P. falciparum strain in a triplicate biological assay. The parasiticidal
activity was determined for fractions with highly purified compounds (i.e. F9’ —
negletein, F13’ —wogonin and F-17’ — SKF-Il), those enriched in identified compounds
(F10’, F12’, F18, F19’) and in case of wogonin and negletein the synthesised
molecules (Fig 5.8B). The fractions continuing SKF-II (F17’) and its possible analogue
(F18’) exhibited antimalarial activity significantly superior to those previously observed
for fractions F3-5, with 1Csos equal 2.8ug/mL and 4.1ug/mL, respectively. Both
fractions were also able to completely attenuate parasite growth at 7.4ug/mL and
11ug/mL respectively. Furthermore, the F17° and F18' did not exhibit haemolytic
activity previously observed in HQDCM-F5. Instead, the F19’ induced more severe
haemolysis than F5 in the prior test, suggesting that it contains the cytotoxic
compound. Wogonin and negletein enriched fractions, as well as the synthesised
compounds exhibited substantially lower activity than initially observed in
corresponding fractions F3 and F4 with 24.6ug/mL and 19ug/mL for HQ-DCM F13’
and F9', respectively. The less-pure neighbouring fractions (i.e. F10’ and F12’ )

displayed somewhat higher activity with ICsos in 10-13pg/mL range, likely owing to the
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additional antimalarial activity of unidentified impurities. The ICso of synthesised
wogonin was equal 32.6uM, whilst that of negletein 57uM (Fig.5.8B). Overall, validated
highest antimalarial activity of F17’ fraction supports the role of SKF-Il as the principal
compound responsible for the antimalarial activity of HQ-DCM extract, however

moderate activity of wogonin is likely a contributing factor.
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Figure 5.8 — Antimalarial activity profiling of wogonin, negletein and skullcapflavonell

Inhibitory concentration values [ ICso — dark grey; ICoo — light grey; 1Co9 — white (ug/mL)] calculated

based on the regression fit analysis of P. falciparum in vitro growth inhibition assays are represented

123



as a bar chart for fractions isolated from the targeted chromatographic separation of HQ DCM extract
and (A) tested against the T996 parasite strain in one replicate, or (B,C) in biological triplicate against
3D7 strain together. ‘Wogonin’ and ‘negletein’ refer to pure synthesised commercially procured
compounds. The IC values are listed below each graph in a table. ‘ND’ refers to extracts which did not
inhibit parasite growth by more than >50% in 500ug/mL concentration and their respective 1Cso could
not be determined. Error bars represent (A) 95% confidence intervals for the regression curve fit (B,C)
Standard deviation between three biological replicates. The extent of haemolytic effect, defined as
decrease in cell concentration by >10%, is indicated for each extract with red asterisks, with one
asterisk- haemolytic effect observed only at the 500ug/mL extract concentration, two at 250ug/mL and
above and three asterisks at 125ug/mL and above. (D) The growth inhibition plot following curve fitting
for three samples of interest based on experiments presented in panels B and C. The extent of parasite
growth (y axis) is plotted against drug concentration (x axis). Left panel in each set represents linear
and the right panel logarithmic plotting of extract concentration. While wogonin and negletein were
purchased from a commercial supplier and represent pure chemical compounds, the data obtained for
SKF-Il are derived from a high purity compound isolated in-house (i.e. the fraction F17’ of the HQ-DCM

extract)

In order to shed more light on the plasmodiocidal mechanism of SKF-Il, we
assessed compound’s effect on parasite’s morphology following 12, 24, 36 and 48h
incubation across a range of drug concentrations (i.e. 0-250ug/mL of HQDCM-F17’)
(Fig. 5.9). Compound concentrations <1.9ug/mL did not significantly affect parasite
morphology and development. However, a dose-dependent developmental stalling
effect was present at higher concentrations. Strong developmental inhibition can be
observed at 7.8ug/mL dose for young trophozoites, which exhibit heavily perturbed
morphology and do not reach schizont stage after 48h of drug administration. Higher
doses of the drug completely attenuate parasite growth once it reaches early
trophozoite stage (i.e. ~12h post drug administration) and further developmental stage
progression is not observed, suggesting that the compound is active against

trophozoite, but not ring parasite stages.
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Figure 5.9 — The effect of skullcapflavone Il on P. falciparum morphology in vitro

The morphology of parasites exposed to different concentrations of HQ-DCM-F17’ in a standard P.
falciparum 3D7 strain in vitro growth inhibition assay, visualised through Giemsa-stained malaria smear
microscopy analysis. The addition of the extract was initiated at the mature ring-stage (i.e. 10-14hpi)

followed by sampling and smear preparation 12h, 24h, 36h and 48h after assay initiation.
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5.4 Identification of molecular targets of skullcapflavone Il through MS-CETSA

Further elucidation of the MoA of SKF-Il was conducted through Lysate ITDR
experiments, aiming to identify its respective molecular targets. Whole-cell soluble
protein lysate derived from in vitro P. falciparum 3D7 parasite culture was incubated
with a range of HQDCM-F17’ concentrations (i.e. 100-Oug/mL) for 3min, followed by
51°C thermal challenge or a 37°C control. Protein thermal stability under drug
exposure was assessed relative to the vesicle-control treated sample and the non-
denaturing 37°C condition. Among 1531 P. falciparum proteins detected in both 51°C
and 37°C conditions only two exhibited a significant dose-dependent stabilisation: a
conserved protein of unknown function (PF3D7_0217900) and kinesin—-13, putative
(KLP8, PF3D7_1245100) (Fig. 5.10A). Both proteins exhibited stabilisation in a similar
concentration range corresponding to the in vitro antimalarial activity of HQDCM-F17’
with MDTs of 0.56 pug/mL and 1.10 ug/mL for PF3D7_0217900 and KLP8 respectively
(Fig. 5.10B). In order to identify the potential function of the PF3D7_0217900 protein,
we carried out the extended similarity group Gene Ontology prediction by iterative PSI-
Blast search (ESG) (244) based on protein’s sequence. The structure analysis
suggests a very high degree of confidence that the protein in question is an acyl-CoA
hydrolase localised to the mitochondrion (Table 5.6). However, the further

experimental evidence is required to validate this prediction.
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Figure 5.10 - MS-CETSA mediated identification of skullcapflavone Il -binding protein

targets

Whole proteome ITDR analysis performed with HQ-DCM-F17’ in lysate with the thermal challenge at
51°C (blue dots) conducted for (A) P. falciparum and (C) human proteome. Distribution of protein
stabilisation is plotted as a function of R against AAUC. MAD*3 of AAUC and R squared=0.8 cut-offs
are indicated on the graph. Significantly stabilised proteins are highlighted. (B,D) Stabilisation curves
of the proteins identified in the respective preceding panels, thus A->B, C->D. The extent of stabilisation

depicted as remaining soluble protein level after thermal challenge: 51°C (blue) relative to the no-drug

control is plotted along the drug gradient. Non-denaturing 37°C control condition is plotted in black.
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Probability Confidence level Term Description

100.0% Very high GO0:0016787 [+] hydrolase activity

97.7% Very high GO:0052689 [+] carboxylic ester hydrolase
activity

81.4% Very high G0:0047617 [+] acyl-CoA hydrolase activity

74.6% Very high GO:0006637 [+] acyl-CoA metabolic process

61.3% High GO:0005739 [+] mitochondrion

48.7% High G0:0003986 [+] acetyl-CoA hydrolase activity

39.6% Moderate G0:0005829 [+] cytosol

39.0% Moderate GO:0005737 [+] cytoplasm

30.4% Moderate GO:0006631 [+] fatty acid metabolic process

30.1% Moderate G0:0035338 [+] long-chain fatty-acyl-CoA

biosynthetic process
Table 5.6 — ESG prediction model-based protein sequence analysis of

PF3D7_0217900

An additional target engagement analysis conducted for 136 human proteins
detected in the sample suggested that the HQ-DCM F17’' also stabilizes Flavin
reductase (BLVRB, P30043) with an MDT=1.99 ug/mL. BLVRB is a host-cell protein
known to be actively imported and accumulated in parasite’s cytoplasm (727) (Fig.
5.10C-D), thus its engagement by SKF-Il could theoretically have therapeutic effects.

However, similar mechanism has not been reported before for antimalarial drugs.
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5.5 Discussion

The pressing need for new antimalarial drugs is not answered solely by
phenotypical screening studies and identification of novel bioactive molecules. Only
after resolution of their MoA and identification of their respective molecular targets can
the follow-up optimisation and drug development studies take place. ldentifying drug-
target pairs gives not only mechanistic insights into the biological processes relevant
to the disease or the pathogen, but also provides invaluable information on the
structure-activity relationships (281). Those can be exploited for the rational drug-
design and further optimisation of the drug’s molecular structure to increase its
potency, specificity, half-life and avoid potential toxicity issues (282). In this work, we
provide a proof of principle for the preconceived antimalarial drug discovery pipeline,
which allows identification of bioactive molecules from raw medicinal plant material,
their isolation and characterisation of their candidate targets in the P. falciparum
proteome. The pipeline therefore not only produces leads for new antimalarial drug

candidates, but also identifies their associated and possibly novel druggable targets.

Here, we isolated two active antimalarial compounds from Scutellaria
baicalensis (a.k.a. Baikal skullcap), one of the 50 fundamental herbs in TCM and a
very common component of recipes for a wide range of illnesses (283). Its’ aqueous
extract has previously been found to possess potent (4.2 ug/mL) antimalarial activity,
however, no specific bioactive compounds were isolated nor characterised (284). Low
bioactivity of corresponding HQ-Hex and MeOH extracts, contrasted with substantial
antimalarial activity displayed by the HQ-DCM extract suggests that HQDCM likely
contains the bioactive compound isolated previously. While SKF-II and wogonin are
known bioactive constituents of S. baicalensis (285, 286), negletein has not been
isolated from this plant to date. The three flavonoids had remained outside of the scope

of antimalarial activity investigations until recently when Fernandez-Valdes and
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colleagues reported antimalarial activity of wogonin against P. berghei malaria mouse
model with an ICs0=15uM (287). Our results indicate the similar extent of antimalarial
activity of wogonin against P. falciparum culture in vitro with an 1C5,=32.6uM. More
interestingly, SKF-Il was found to poses previously unreported antimalarial activity
superior to wogonin with an 1Cs0=2.8ug/mL, which would be an equivalent of ~7.5uM
for the pure compound. Whilst both compounds have not been pursued so far as
candidate drugs for malaria, their anti-cancer and anti-metastatic activities have been
well-established and demonstrated both in vitro and in vivo on multiple cancer lines
and mouse tumour models (288-292). Numerous studies have shown that wogonin
preferentially kills tumour cells, evoking none or little toxicity to normal tissues (293—
296) making it a good drug candidate. Furthermore, it possess neuroprotective (297,
298) anti-inflammatory (299) anti-viral (300) and antioxidant (301) properties.
Regarding SKF-Il, some anti-inflammatory properties in addition to its anti-cancer
effect have been reported (302, 303), but the compound has been studied to a lesser
extent. Interestingly, several other structurally-related flavonoids displaying
antimalarial properties have been described in the literature (304-308), suggesting
that the flavonoid ring backbone could represent an interesting antimalarial drug lead,

and its structure can likely be further modified to increase its parasiticidal activity.

The two P. falciparum proteins identified as possible targets of SKF-II: the
uncharacterised protein PF3D7_0217900 and KLP8 were both responsive within the
same concentration range correlating with drug’s antimalarial activity. The
uncharacterised gene PF3D7_0217900 exhibits peak expression profile during the
late trophozoite stage and is essential for in vitro asexual blood stage growth (309,
310), supporting its role as a potential drug target. Its predicted function of an Acyl-
CoA hydrolase needs to be further verified and its role in parasite’s metabolism
remains to be characterised. The KLP8 functions as the motor domain for microtubule

depolymerisation essential for spindle assembly and chromosomal kinetochore
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organisation in cell division (311, 312). The insertional gene mutagenesis survey in P.
falciparum found no significant deleterious effects of its disruption for the asexual
blood stage parasite growth in vitro, suggesting its dispensability (309) and making it
an unlikely drug-target. The concomitant stabilisation of a human protein: BLVRB,
observed within similar concentration range of SKF-Il is intriguing, as the protein has
been shown to be imported by the parasite (7127). The BLVRB complements the haem
Oxygenase in the haem catabolic pathway of the host cell, catalysing its second step
and converting soluble biliverdin into insoluble pigment bilirubin. The bilirubin is a
highly potent antioxidant for peroxyl radicals (313, 314) and the biliverdin-BLVRB pair
serves as an important physiological cytoprotectant. It has been previously shown that
low concentrations of bilirubin can protect mammalian cells from oxidative stress
induced by 10,000-fold higher concentrations of H2O> (315). The presence of
endogenous haem detoxification pathway in P. falciparum has been debated (376)
and only the haem-Oxygenase enzyme has been identified in the P. falciparum
genome (317, 318). The parasite’s reliance on the host’'s enzyme to complement its
endogenous partial haem detoxification pathway is a rather controversial hypothesis,
but would explain the accumulation of BLVRB in its cytoplasm. Similar mechanisms
have been suggested for several other parasite pathways, but no conclusive proof was
provided (379-322). Although no host protein has been previously identified as a
target of an antimalarial drug, if the parasite indeed relies on the enzymatic function of
BLVRB, or at the very least, the enzyme has a supportive role for parasite’s
metabolism and redox management, its inhibition could have negative consequences
for the cellular integrity of the parasite. Further investigation is required to examine the
relevance of the observed interactions with the three proteins for the MoA of SKF-II

and to validate them as actual molecular targets of this candidate compound.
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Some small molecules can exert their biological activity in a manner
independent of their interaction with protein targets. In respect to the antimalarial
compounds, such MoAs have been suggested for instance for CQ — physical
interference with hemozoin crystal formation (63), MFQ — interference with parasite
membrane integrity (77), QN — intercalation with parasite DNA (323) or ART —
oxidative damage (97). The structures of wogonin, negletein and SKF-II feature planar
aromatic ring system, characteristic for flavonoids and which has been shown capable
to intercalate with DNA (324, 325). Whether those compounds are capable of binding
to parasite DNA and if this interaction is relevant for their antimalarial activity should

be addressed in future research.

The antimalarial activity profiling of TCM herbs revealed several other extracts
displaying comparable or even higher antimalarial activity than HQ-DCM. Bioactivity-
driven separation of those candidate extracts could result in the identification of
structurally diverse natural products with antimalarial properties. However, the
haemolytic activity often coinciding with extracts’ antimalarial activity suggests that
they might contain phytochemicals with general cytotoxic properties, not specific to P.
falciparum. Therefore, the priority should be given to those extracts which kill the
malaria parasite without affecting the integrity of the host cell within a similar
concentration range. Such specific antiparasitic effect was observed with AY DCM
extract, which had no haemolytic properties while displaying the highest relative
antimalarial activity among all tested extracts. The raw material AY-DCM was isolated
from the leaves of Artemisia argyi, which is traditionally used in TCM to stop bleeding,
promote contractions, dissipate cold, reduce pain, as well as for treating malaria,
asthma, inflammation, hepatitis, bacterial and fungal infections (326, 327). More recent
studies reported that extracts derived from this plant possess potent antiheminthic.
(328), anti-HPV and antitumoral (329, 330) activity and are cytotoxic to multiple cancer

cell lines (331-333). Whilst, A. argyi’s antimalarial activity has not been investigated
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to our knowledge, several other Artemisia species have been reported to possess
antimalarial properties (334-336) owing to the presence of artemisinin and/or other
compounds including several flavonoids (335, 337, 338). The significant antimalarial
activity of AY-DCM extract determined in this study offers a chance to identify
potentially novel antimalarial compounds structurally related or unrelated to
artemisinin. The preliminary bioassay-guided fractionation attempted for the AYDCM
extract yielded phytochemical fractions with improved antimalarial activity (results not
shown), but the identification and purification its active molecules was not achieved
due to low yields, insufficient chromatographic separation and the project’s time
constraints. Overall, this pilot implementation of the drug discovery pipeline allowed

us to identify its weaknesses and areas with the potential for improvement.

Sequential Soxhlet extraction has proven to be a highly reliable and
reproducible technique for isolation and pre-fractionation of phytochemicals present in
TCM materials. Extracts obtained from different batches of the same herb exhibited
comparable yields and exhibited corresponding 'H-NMR profiles suggesting that their
general composition was consistent, at least in regard to the main constituents.
However, some variability was observed in the antimalarial activity between different
batches of crude extracts. Despite quality control and stringent standards required by
the TCM clinics from their suppliers, a degree of variability in the presence and quantity
of phytochemicals in plants from different shipments is expected and unavoidable due
to variable conditions and fluctuating environmental factors during growth in various
locations (339—-341). Nonetheless, the major challenge encountered in the pipeline
development was achieving sufficient separation of extracts’ constituent
phytochemicals to isolate their active components in high purity. Silica-gel column
chromatography with elution profiling through TLC is a low-cost method offering good
level fractionation and detection of a wide range of diverse compounds, but has limited

sensitivity and resolution capacity (342). The method was successfully used in this
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study to isolate two bioactive compounds from S. baicalensis in a purity sufficient for
their structural identification. However, unsuccessful attempts to isolate active
antimalarial compounds devoid of contaminants during pilot fractionations of several
other extracts (including AY, XXC and CG-DCM) demonstrated its limits.
Implementation of a more robust separation technique should be considered in the
interest of increasing the throughput and the analysis depth of the pipeline. High
Pressure Liquid Chromatography (HPLC) offers several advantages over the
traditional column chromatography, including capacity for full automatisation,
fractionation reproducibility and significantly higher resolution (343, 344). In order to
take the full advantage of the HPLC, it could be coupled with two independent
detectors, such as the diode array detector and the GC-MS, what would allow real-
time profiling of eluting compounds and in-turn a more accurate fractionation (345,
346). Overall, incorporation of HPLC into the pipeline could substantially accelerate
the process of extract fractionation and provide better profiling of their component
phytochemicals. The second principal area for protocol improvement concerns the
biological testing of extracts’/fractions’ antimalarial activity. Although current protocol
is functional and delivers expected results, introduction of an additional pre-screening
step could be advantageous. Activity testing of a single extract concentration, deemed
the minimal activity threshold expected from extract/fraction to be considered for
further processing, would allow removal of the ‘non-active’ substances from the
processing pipeline in an early stage. Consequently, it would increase the throughput
of the pipeline through a decrease in the necessary workload and sample processing
cost.

Future iterations of the drug discovery pipeline could also involve more
extensive safety/toxicity screening protocol. While the information on the RBC-
haemolytic effect induced by TCM fractions gained from standard antimalarial drug

activity assays is valuable, it cannot account for all potential cytotoxic effects the
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phytochemicals might have on other cell types. Current protocol efficiently identifies
compound mixtures with lytic properties, but will not indicate which phytochemicals
interfere with normal physiological processes of eukaryotic cells, such as transcription
and translation absent from RBC. Implementation of a standardised in vitro cytotoxicity
screening involving one of the commonly used cell types (e.g. Caco-2, HaCaT, CalL.u,
Hela, 3 T3 or HEK293) would allow more extensive toxicity screening. Such approach
should include assessment of cell morphology and activities of metabolic biomarkers
attributable to cell survival and maintenance (e.g. Lactate dehydrogenase, ATP

reductase, mitochondrial reductase or different homeostatic enzymes) (347).

Altogether, the identification of wogonin and SKFIl along with candidate
molecular targets of the latter demonstrates the functionality of the designed natural
products drug discovery pipeline. Moreover, it illustrates that TCM still represents an
attractive source of previously unidentified antimalarial compounds, despite past and
present studies conducted in this field. The implementation of suggested
improvements to the current pipeline should further increase its robustness and
throughput. Further deconvolution of the MoA of SKF-Il should be carried out, initially
validating target engagement in the intact-cell setting and followed by more in-depth
characterisation of the downstream molecular effects through transcriptomic and

metabolomic studies.
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CHAPER 6

Conclusions and future prospects

6.1 Summary and conclusions

The development of MS-CETSA for identification of antimalarial drug targets in
the P. falciparum proteome represents one of the very first translational medicine
applications of this technique extending beyond cancer cells. We provided a
comprehensive characterisation of method’s performance through the analysis of
parasite’s trophozoite stage, both in the lysate setting, as well as in the
intraerythrocytic ‘intact-cell’ condition. This work represents the very first proteome-
wide melting curve characterisation of P. falciparum and RBC proteins and the
generated data can be used in the future to structural and functional studies on P.
falciparum protein properties. More importantly, we demonstrated that MS-CETSA
protocol constitutes a novel promising platform for drug-target identification in P.
falciparum. We have proven the method’s functionality to unambiguously identify
known interacting protein-partners of well-characterised antimalarial compounds: PM
and E64d. Subsequently, we deployed it to identify the molecular targets of two
clinically used antimalarial drugs with poorly-understood MoA: QN and MFQ, leading
to the identification of PfPNP, a previously unknown common putative target of both
drugs. Binding of the two compounds to PfPNP was validated and extensively
characterised, but the degree of the clinical relevance of this interaction remains
uncertain for both drugs. Our results warrant further studies to investigate how the
PfPNP inhibition contributes to the therapeutic effect of QN and MFQ. Considering that
CETSA might not identify all relevant targets of a drug and that not all of the identified
drug-protein interactions might be relevant for its principal MoA, the results of the
CETSA analysis should be analysed with caution. This is illustrated for instance by

only partial (and low confidence) detection of the ribosomal subunit as a plausible
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target of MFQ in the lysate ITDR assays. The interaction between the drug and the
80S Ribosomal complex was previously characterised and validated (87), but was not
confidently identified in this study due to inadequate thermal challenge temperatures
chosen for the ITDR assays, relative to low thermal stability of the Ribosome.
Additionally, there always remains the need for additional experimental evidence to
validate or refute the occurrence and clinical relevance of the protein-engagement
observed in CETSA. Nevertheless, the method represents a novel and previously
largely unexplored approach to identify antimalarial drug targets. This might be
particularly relevant for compounds for which the identity of their molecular targets
have remained elusive for decades, despite a significant scientific effort to deconvolute
their MoA. We demonstrated this through identification of PfPNP as a previously
unreported target of QN and MFQ. Even though, we were unable to prove the clinical
relevance of PfPNP for the MoA of QN and MFQ, it shows how CETSA might be used
to uncover direct molecular partners of antimalarial drugs, providing a starting point

for subsequent comprehensive characterisation of their MoA.

Furthermore, we designed a drug-discovery pipeline from TCM and identified
two compounds with previously unknown antimalarial properties from S. baicalensis:
wogonin and SKF-Il. We demonstrated how CETSA could complement drug discovery
efforts, using it to identify candidate molecular targets of SKF-II, the more potent of the
two compounds. Drug-protein interactions identified for SKF-II: Uncharacterised
protein PF3D7_0217900, KLP8 and BLVRB need be further validated and their clinical
relevance needs to be investigated before pursuing SKF-Il as a novel drug candidate.
Overall, the work presented here supports the notion that CETSA represents a
valuable novel tool for drug-target identification studies in P. falciparum,
complementing existing techniques and assisting research efforts to characterise the
MoAs of known and candidate antimalarial drugs. Even the information concerning

drug interactions unrelated to drug’s intended MoA may be valuable. In the context of
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antimalarial drugs, these might include drug-engagement of RBC proteins, which may
be responsible for treatment’s side-effects. Information on drug’s predisposition for
off-target engagement is invaluable particularly during the early stages of the drug
development process (348). An MS-CETSA-mediated assessment of off-target
engagement by candidate antimalarial drugs could be conducted for a variety of
human cell-lines beyond the RBC to signal potential toxicity risks before the compound

reaches human trials.

6.2 Existing limitations of MS-CETSA and how to overcome them

Despite the proven functionality of the drug-target identification CETSA protocol
in P. falciparum, current methodology contains several key limitations. On a side of
previously discussed modifications of the sample preparation protocol, which could
help increase the depth of the P. falciparum proteome coverage; there remain more
global conceptual changes to the experimental design, which can be implemented in
future to further CETSA’s robustness. Firstly, all CETSA-mediated drug target
discovery efforts presented in this work were focused on the mature trophozoite
parasite stage, due to its proven high metabolic activity and susceptibility to the
majority of antimalarial drugs (349). However, it is likely that different molecular targets
are relevant for the MoA of tested compounds at different stages of parasite’s IDC
(349, 350). Considering that the gene expression (357) and proteomic (352) analyses
of the P. falciparum IDC demonstrate temporal gene/protein expression patterns, only
a proportion of parasite proteome was included in our analysis and others might have
been missed. Additionally, the predominantly insoluble nature of membrane proteins
(353) results in their near absence in the soluble protein fraction analysed by CETSA,
resulting in limited coverage of the membrane proteome (7144). Membrane proteins
may be vital to antimalarial drug’s MoA, as illustrated by the example of atovaquone
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targeting the bc1 complex located on the mitochondrial membrane (95). Consequently,
drug-target identification experiments presented in this work encompasses only ~20-
25% of the entire parasite proteome (309). It is therefore likely, that some clinically
relevant protein targets of tested compounds were not identified due to their absence

in the analysed sample.

The coverage of the parasite proteome in future implementations of P.
falciparum MS-CETSA can be increased through two protocol modifications. In order
to ensure a more comprehensive characterisation of drug’s MoA throughout the IDC,
additional corresponding CETSA experiments with schizont and ring parasite forms
should be performed. Although, analysing the ring-stages will necessitate the
development of a parasite enrichment strategy alternative to MACS. An improved
membrane proteome coverage in P. falciparum CETSA analysis can be potentially
achieved, through modification of the lysis protocol. Addition of low concentration of a
mild detergent, such as NP-40, to the lysis buffer has been recently demonstrated to
be compatible with CETSA, increasing membrane protein solubility, without
significantly affecting their temperature-induced unfolding patterns (354). A
combination of those approaches may significantly increase the proportion of the P.
falciparum proteome included in the CETSA analysis and render the method more

widely-applicable.

The second drawback of the ITDR analysis presented in this study is its limited
scope resulting from a relatively low number of conditions tested. Among those, the
thermal challenge temperature and the length of the drug treatment step being most
relevant. A non-optimal thermal challenge temperature could result in a lack of an
observable protein stabilisation response (747). While an overly low temperature will
not provoke sufficient degree of protein unfolding, thus a significant stabilising effect

cannot be observed; an overly high temperature might induce irrevocable precipitation
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of the target protein, making stabilization of the protein, if possible, unachievable. In
an attempt to include proteins with diverse thermostability profiles in this study, we
implemented 51°C and 57°C challenge temperatures for the ITDR analysis. However,
it is possible that the selected thermal challenge temperatures were still inadequate to
detect certain stabilising events taking place upon binding of tested compounds.
Similarly, the time required for the drug to penetrate to its intended intracellular
localisation, accumulate to required levels and engage the target will differ for different
compounds. Therefore, an hour-long exposure time in intact-cell ITDR assays might
be insufficient for some drugs and be overly long for others, with a considerable

number of downstream events taking place.

An ITDR experimental set-up involving additional diverse (i.e. lower and higher)
thermal challenge temperatures, analogous to the 2D-TPP experiments conducted in
cancer cells (355) would ensure that even proteins with particularly low/high melting
temperatures or a non-canonical melting profile (e.g. PFDHFR-TS) would be included
in the analysis. An assessment of drug’s stabilising effect under more diverse
denaturing conditions would therefore lead to identification of a higher number of direct
molecular partners and provide more conclusive data on the low significance
stabilisations, such as those observed in the MFQ ITDR experiments. The intact-cell
ITDR experiments can identify possible downstream effectors of drug’s MoA (144).
However, the characterisation of a contextual relationship between observed
stabilisations and drug’s MoA may be challenging, especially when a large number of
proteins are involved. Further multiplexing of the experimental setup to include
different exposure time (e.g. 1min, 5min, 10min, 30min, 1h, 2h and 5h) in addition to
the drug concentration gradient and the thermal challenge temperature variable, would
provide invaluable information on the sequence of events following drug binding. Such

3D experiments would allow distinction between direct-drug engagement and the
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downstream effects, as well as could enable complete characterisation of drug’s MoA

including the resulting downstream perturbations and parasite’s response to them.

The successful identification of drug-targets through MS-CETSA, or the lack
thereof might be additionally influenced by integral properties and the nature of a given
drug-target pair. For instance, not all proteins will exhibit canonical stabilisation in
response to drug binding, thus might not be detected. Additionally, the MoA of a drug
might not be dependent on binding to a protein, but rather rely for instance on a non-
specific oxidative damage, disruption of structural integrity of parasite membranes,
DNA-damage or physical inhibition of haemozoin crystal growth, as has been
suggested for some clinically used antimalarial compounds (7, 63, 71, 77, 91). In such
cases, CETSA would not be able to identify the drug targets, nor directly help the MoA

deconvolution efforts.

6.3 Future prospects

MS-CETSA has the potential to extend beyond its applied use and serve to
address more fundamental questions about the parasite biology (Fig. 6.1). The
molecular mechanisms responsible for diverse phenomena observed in malaria are
still not fully comprehended. Parasite’s metabolism is distinct to that of eukaryotic
organisms and plants, sharing characteristics of both systems. Consequently, the
relevant components and the sequence of events in many metabolic pathways
remains only partially characterised. Diverse in silico metabolic network models for P.
falciparum try to reconstruct the associations and roles of different proteins in the
parasite’s metabolic cascades (356—-359). However, our limited understanding of the
cellular role of a substantial number of P. falciparum proteins severely hampers those
efforts. CETSA could be used to gather additional information on the protein binding

properties to an array of important metabolites, helping to predict their molecular
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functions (200). The perturbations of proteins, metabolites under parasite exposure to
ROS, heat or starvation could help to profile how the parasite responds to stress.
Furthermore, the variation in protein stability and solubility in response to different
post-translational modifications could provide additional information regarding
enzymatic activity and metabolic pathway regulation (798, 200). CETSA data can also
be used to predict protein-protein interactions and identify unknown protein
complexes, exploiting the fact that independent complex components exhibit co-
aggregation behaviour and homogeneity in their melting profiles (152). Such an
approach might help to discover interactions central to various cellular processes.
Together, this data combined with available genomic, transcriptomic, and proteomic
information would help to construct more reliable and complete regulatory and

metabolic networks giving us a holistic insight into the lifestyle of this peculiar parasite.
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Figure 6.1 — Possible applications of MS-CETSA in the P. falciparum research

Early transcriptomic studies in P. falciparum revealed hard-wired gene
expression patterns governing parasite’s life-cycle progression (351, 360). Beyond
transcriptional regulation, the involvement of genomic (361), translational (362),
epigenetic (363, 364) and phosphoregulatory (365, 366) factors in this complex
regulatory network driving parasite development has been demonstrated to date.
Nevertheless, the exact mechanisms governing the cell division and parasite

development remain not fully understood. Recent work in cancer cells demonstrated
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that the protein thermal stability profiling approaches could be used to study cell-cycle
progression (367, 368). The changes in protein thermal stability and solubility can
signal varying enzyme activity, interactions with other proteins or DNA or complex
formation and can be correlated with protein roles in transcription, translation and
chromatin remodelling across the cell cycle stages (367, 368). A melt curve CETSA
assessment of protein thermostability across the IDC would reveal which proteins
exhibit a change in Tm in relation to each other and the parasite development, which
could signal protein complex assembly, protein-protein association, chromatin
association, post-translational modifications, etc. Therefore, the MS-CETSA in P.
falciparum could offer new insights into the mechanisms governing the

intraerythrocytic developmental cycle progression.

Additionally, a comparison of host-cell protein melting curves in parasite-
infected and -uninfected RBCs, could help to identify specific parasite-driven changes
occurring during the host-cell remodelling (208-210). It could also help determine if
the host-proteins, which seemingly are imported by the parasite (727) undergo post-
translational or other modifications. The technique might also be used to better
characterise emerging antimalarial drug resistance. Comparative characterisation of
global protein melting curves between drug-susceptible and drug-resistant clinical
isolates might help to identify which specific changes in the parasite proteome mediate
increased drug tolerance. Similarly, the corresponding comparison conducted for
different P. falciparum clinical isolates could help to narrow down which proteins are
directly involved in determining parasite virulence or the severity-onset of the disease

it causes.
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In conclusion, MS-CETSA represents a valuable addition to already existing
methods for the identification of antimalarial drug targets. Though, more importantly,
it has the potential to become a novel tool for the analysis of parasite biology with
widely diverse applications. It offers a highly comprehensive global assessment of the
parasite proteome and its fluctuations in response to chemical, physical, physiological
or genetic variables. It can help identify drug-protein, protein-protein, protein-
metabolite, and protein-DNA interactions and the differences in those between
parasite lines. Overall, the development of CETSA for P. falciparum can complement
existing techniques and help achieve a more complete understanding of this protozoan

parasite’s biology.
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Supplementary Figures and Tables
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Figure S3.1. Comparison of proteome coverage in Lysate and Intact-cell CETSA

method variants

Sub-cellular localisation of proteins in Lysate melt curve CETSA and Intact-cell melt curve CETSA
experimental sets. Only proteins with >3 PSMs were included in the analysis. Reported values reflect
the percentage of total number of detected proteins falling within a given category. Protein assignment
to subcellular localisation was conducted manually based on Gene Ontology (GO) terms. “Unassigned”

refers to proteins with ambiguous localisation profile and “NA” to proteins with no GO information.
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Figure S3.2 — PIDHFR-TS engagement by pyrimethamine across four CETSA
variants

DHFR-TS stability under pyrimethamine treatment in lysate 100-OuM (A) or intact-cells 250-0uM (C).
Protein relative abundance in soluble protein fraction (y axis) is represented for each drug concentration
point relative to OuM (i.e. DMSO control). The behaviour of DHFR-TS in melt curve CETSA experiments
in lysate (B) and intact-cells (D) conditions upon exposure to DMSO or 100uM of pyrimethamine. Non-
denatured soluble protein fraction (y axis) remaining after thermal challenge (x axis) is plotted in two

replicates as fold change relative to 37°C non-denaturing condition.
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Figure S4.1 — Lineweaver-Burk plot analysis of PfPNP inhibition by QN/MFQ

Inosine-to-hypoxanthine conversion assay coupled with Xanthine Oxidase mediated hypoxanthine-to-

uric acid reaction, conducted with recombinant PfPNP in the presence of varying concentration of

substrate (inosine) and an inhibitor: (A) Quinine (QN) or (B) Mefloquine (MFQ), as described and plotted

on figure 4.4F. In brief, Lineweaver Burk plots were generated by linear regression of the reciprocal

data of triplicate assays of PfPNP enzymatic activity across 400-50uM Inosine concentration gradient

and in the presence of 0-25uM QN or 0-125uM MFQ concentration gradients.
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Supplementary Tables

Rank GOID Term Count % p-value Enr::c(::glent
1 G0:0005829 cytosol 89 7.04 6E-21 2.43
2 GO0:0005737 cytoplasm 153 12.09 7E-18 1.81
3 G0:0005634 nucleus 146 11.54 8E-16 1.77
4 G0:0022625 cytosolic large ribosomal subunit 42 3.32 7E-14 2.90
5  GO:0006511 “b'q“ég?éﬁﬁﬁfgfggégme'” 40 316  5E-10 2.26
6 G0:0005838 proteasome regulatory particle 14 1.1 3E-07 3.80
7 G0:0022627 cytosolic small ribosomal subunit 23 1.82 1E-06 2.65
8 GO0:0004175 endopeptidase activity 22 1.74 4E-06 2.33
9 G0:0005839 proteasome core complex 13 1.03 5E-06 3.52
10 GO:0008540  Proteasome ;ﬁ%ﬂfggamde’ 10 079  4E-05 3.80
11 GO:0004298 threo”i”e'ty:(ii\‘firt‘j"pep“dase 14 111 8E-05 2.57
12 G0:0003743 translation initiation factor activity 29 2.29 1E-04 1.86
13 G0:0016282 e“kary"t'z:riﬁlge'”'t'at"’” 10 079  2E-04 3.45
14 GO0033200 ~ CUKAVONS IS premniation 10 079  2E-04 3.45
15  GO:0005665 O drected RNA gg){merese "1 087 2804 3.21
16 GO:0006457 protein folding 37 2.92 4E-04 1.64
17  G0:0006446 regulation of translational initiation 13 1.03 5E-04 2.45
18 GO:0005852 A 9 071  6E-04 3.42
19  GO0:0003723 RNA binding 72 5.69 6E-04 1.38
20 G0:0020020 food vacuole 21 1.66 7E-04 2.04
21 GO:0001731 formation of tgﬁsgin preinitiation 44 g7  9E-04 2.60
22  G0:0051082 unfolded protein binding 21 1.66 0.0012 1.87
23  G0:0002181 cytoplasmic translation 13 1.03 0.0014 2.30
24 GO:0006888 ~ CR© GO'?;anSSF')‘(’)'ﬁ'med'ated 17 134  0.0016 2.01
25 GO0:0031595 nuclear proteasome complex 7 0.55 0.0018 3.80
26 GO:0019773 promaso&%&?&igﬁ;’;ﬂi* apha- 7 955  0.0018 3.80
27  G0:0006412 translation 77 6.09 0.0020 1.32
28 G0:0006260 DNA replication 19 1.50 0.0028 1.85
29 GO0:0005643 nuclear pore 8 0.63 0.0047 3.04
30 GO0:0005832  chaperonin-containing T-complex 7 0.55 0.0055 3.32
31 GO0:0031597 cytosolic proteasome complex 6 0.47 0.0059 3.80
32  GO0:0042555 MCM complex 6 0.47 0.0059 3.80
33 GO0:0003746 translation elongation factor activity 16 1.26 0.0076 1.84
34 GO0007264  SMall GTPase mediated signal 14 111 00113 1.89
35 GO0:0005681 spliceosomal complex 15 1.19 0.0127 1.90
36  GO0:0000502 proteasome complex 7 0.55 0.0129 2.95
37 GO:0005794 Golgi apparatus 13 1.03 0.0159 1.97
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Table S3.1 — Functional enrichment of GO terms in lysate melt curve CETSA datasets

Rank GOID Term Count % p-value E !:OId
nrichment
1 G0:0005829 cytosol 88 6.49 1E-18 2.28
2 G0:0005634 nucleus 147 10.84 4E-14 1.69
3 GO:0005737 cytoplasm 149 1099 9E-14 1.67
4 G0:0022625 cytosolic large ribosomal subunit 42 3.10 5E-13 2.75
5 GO:0006511 ubiquitin-dependent protein catabolic 492 3.10 2E-11 235
process
6 G0:0022627 cytosolic small ribosomal subunit 27 1.99 1E-09 2.95
7 G0:0006457 protein folding 45 3.32 5E-08 1.96
8 G0:0005838 proteasome regulatory particle 14 1.03 6E-07 3.60
9 GO0:0004175 endopeptidase activity 23 1.70 9E-07 2.36
10 G0:0005839 proteasome core complex 13 0.96 1E-05 3.35
11 G0:0003743 translation initiation factor activity 31 2.29 1E-05 1.92
12 G0:0051082 unfolded protein binding 24 1.77 3E-05 2.07
13 GO:0008540 proteasome regulatory particle, base 10 0.74 7E-05 3.60
subcomplex
14 G0:0004298 threonine-type endopeptidase activity 14 1.03 1E-04 2.49
15 G0:0020020 food vacuole 23 1.70 1E-04 213
16 G0:0033290 eukaryotic 48S preinitiation complex 10 0.74 3E-04 3.28
17 G0:0016282 eukaryotic 43S preinitiation complex 10 0.74 3E-04 3.28
18 G0:0006446 regulation of translational initiation 13 0.96 6E-04 242
19  GO0:0006412 translation 80 5.90 6E-04 1.35
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20
21
22
23

24
25

26
27
28

29
30
31
32
33
34
35

36

37
38
39
40

41

42
43
44
45
46
47

48
49

50

51
52

53
54
55
56

57

58
59
60
61
62
63

G0:0005515
G0:0005852
G0:0005643
G0:0001731

G0:0002181
G0:0050776

G0:0005665
GO0:0031595
GO0:0019773

G0:0000502
G0:0003746
GO0:0002377
G0:0005759
G0:0008234
GO0:0005615
G0:0006099

G0:0051603

G0:0005832
GO0:0031597
G0:0042555
GO0:0005764

G0:0007264

G0:0006413
G0:0009408
G0:0006986
GO0:0006334
G0:0030126
G0:0000166

G0:0008541
G0:0006606

G0:0045899

GO0:0006414
G0:0006890

G0:0036402
GO0:0017025
GO0:0003723
G0:0003735

G0:0004722

G0:0005623
G0:1990225
G0:0000786
G0:0020008
G0:0006096
G0:0006888

protein binding
eukaryotic translation initiation factor 3
complex
nuclear pore
formation of translation preinitiation
complex
cytoplasmic translation
regulation of immune response
DNA-directed RNA polymerase I, core
complex
nuclear proteasome complex
proteasome core complex, alpha-subunit
complex
proteasome complex
translation elongation factor activity
immunoglobulin production
mitochondrial matrix
cysteine-type peptidase activity
extracellular space
tricarboxylic acid cycle
proteolysis involved in cellular protein
catabolic process
chaperonin-containing T-complex
cytosolic proteasome complex
MCM complex
lysosome
small GTPase mediated signal
transduction
translational initiation
response to heat
response to unfolded protein
nucleosome assembly
COPI vesicle coat
nucleotide binding
proteasome regulatory particle, lid
subcomplex
protein import into nucleus
positive regulation of RNA polymerase I
transcriptional preinitiation complex
assembly
translational elongation
retrograde vesicle-mediated transport,
Golgi to ER
proteasome-activating ATPase activity
TBP-class protein binding
RNA binding
structural constituent of ribosome
protein serine/threonine phosphatase
activity
cell
rhoptry neck
nucleosome
rhoptry
glycolytic process
ER to Golgi vesicle-mediated transport

38

11
13

10

13
10
14

2.80
0.66
0.66
0.81

0.96
0.66

0.74
0.52
0.52

0.59
1.25
0.59
0.96
0.81
0.81
0.88

0.96

0.52
0.44
0.44
0.66

1.03

1.03
0.96
0.81
0.74
0.44
3.76

0.37
0.44

0.44

0.81
0.52

0.44
0.44
4.87
5.24

0.74

0.59
0.44
0.44
0.96
0.74
1.03

6E-04
9E-04
9E-04
0.0010

0.0016
0.0016

0.0022
0.0024
0.0024

0.0026
0.0033
0.0041
0.0042
0.0044
0.0068
0.0073

0.0073

0.0073
0.0075
0.0075
0.0109

0.0128

0.0128
0.0135
0.0144
0.0144
0.0202
0.0228

0.0229
0.0245

0.0245

0.0263
0.0280

0.0301
0.0301
0.0307
0.0343

0.0376

0.0415
0.0418
0.0418
0.0457
0.0477
0.0491

1.58
3.24
3.24
2.56

2.27
2.79

2.77
3.60
3.60

3.20
1.89
2.79
2.23
2.26
2.33
2.09

2.02

3.15
3.60
3.60
2.50

1.86

1.86
1.91
2.05
2.15
3.09
1.28

3.60
2.79

2.79

1.92
2.44

2.67
2.67
1.22
1.21

1.91

2.22
2.70
2.70
1.74
1.86
1.63

Table S3.2 — Functional enrichment of GO terms in intact-cell melt curve CETSA

datasets
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Fold

Rank ID Term Count % p-value Enrichment
1 G0:0005730 nucleolus 25 2.33 4E-06 2.60
2 GO0:0005634 nucleus 87 8.1 1E-05 1.53
3 GO:0003700 setqrﬁgﬁEg?éfe”cfﬁgtgk?m{ng 20 186 1E-05 2.75
4 GO0:0071013 catalytic step 2 spliceosome 18 1.68 3E-05 2.84
5 G0:0008270 zinc ion binding 45 419 5E-05 1.78
6 G0:0003676 nucleic acid binding 42 3.91 8E-05 1.78
7 G0:0046540 U4/U6 x U5 tri-snRNP complex 10 0.93 0.0012 3.24
8 G0:0000398 mRNA splicing, via spliceosome 19 1.77 0.0012 2.16
9 G0:0032040 small-subunit processome 13 1.21  0.0014 2.66
10  GO:0006355  regulation ‘igmrl‘:ferc'jpt"’”’ DNA- 18 1.68 0.0015 2.18
11 G0:0000387 spliceosomal snRNP assembly 7 0.65 0.0016 4.33
12 G0:0010501 RNA secondary structure unwinding 15 140 0.0017 2.39
13  G0:0005686 U2 snRNP 10 0.93 0.0020 3.06
14  G0O:0005682 U5 snRNP 8 0.75 0.0021 3.68
15 G0:0004004 ATP'depe”‘;i[‘if/ENA helicase 19 177  0.0028 2.02
16 G0:1990225 rhoptry neck 6 0.56 0.0066 4.14
17 GO:0000375 RNA sPlieing, via ransesterification 44 403 0,007 2.45
18  G0:0006364 rRNA processing 13 1.21  0.0087 2.20
19 GO0:0019013 viral nucleocapsid 10 0.93 0.0104 2.51
20 GO0:0005681 spliceosomal complex 12 112  0.0122 2.21
21 GO:0071011 precatalytic spliceosome 10 0.93 0.0144 2.40
22  G0:0017070 U6 snRNA binding 5 0.47 0.0156 4.24
23  G0:0000166 nucleotide binding 31 2.89 0.0174 1.49
24 G0:0030490 maturation of SSU-rRNA 5 0.47 0.0225 3.98
25 G0:0034399 nuclear periphery 9 0.84 0.0246 2.36
26 G0:0003688 DNA replication origin binding 4 0.37 0.0256 5.09
27 G0:0006468 protein phosphorylation 17 1.58 0.0317 1.69
28  G0:0004386 helicase activity 8 0.75 0.0336 2.40
20 GO:0005664 ”“Clzigé’;'i%g‘noégfnpg'l‘;it'°” 4 037 0.0442 4.41
30  GO0:0003677 DNA binding 35 3.26 0.0459 1.35

protein ubiquitination involved in
31 GO0:0042787 ubiquitin-dependent protein 6 0.56 0.0475 2.79
catabolic process
32  G0:0046872 metal ion binding 30 2.80 0.0475 1.39
33 G0:0071004 U2-type prespliceosome 6 0.56 0.0497 2.76

Table S3.3 — Functional enrichment of GO terms in the non-melting protein subset of
lysate melt curve CETSA
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Compound N Model pKD £ SD KD (M)

MFQ 3 1:1 Steady-state 4395 + 0.192 4.03E-05
QN 3 1:1 Kinetic 7.524 * 0.204 2.99E-08
ImmH 3 1:1 Kinetic 9.618 = 0.129 2.41E-10

Table S4.1 — Surface Plasmon resonance measurements of PfPNP-MFQ/QN/ImmH

KD

MFQ QN
Model One site Two sets of sites
Ko 1 (M) 11.6 e-6 65.8 e-9
AH1 (kcal/mol) 2.286 + 0.88 -5.12+9.0
Kb 2 (M) - 534e-9
AH2 (kcal/mol) - 14.0 £ 0.762

Table S4.2 — Isothermal Titration Calorimetry binding affinities for PfPNP-MFQ/QN

interaction
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QN MFQ
Km (uM) 22.77 23.68
Ki (uM) 0.1380 5.869
Vmax (pM/min) 331.9 296.4
Std. Error Km 3.573 3.479
Std. Error Ki 0.01975 0.8828
Std. Error Vmax 9.211 6.850

95% Cl Km

95% CI Ki

95% CI Vmax

15.71 t0 29.84

0.09901 to 0.1771

313.7 to 350.1

16.80 to 30.56

4.124 to 7.614

282.9 10 309.9

R squared

Absolute Sum of Squares

Table S4.3 — PfPNP in vitro enzymatic activity inhibition by MFQ and QN

0.9443

68813
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PfPNP-MFQ PfPNP-QN

0.1 M sodium citrate tribasic pH
Crystallisation condition 0.2 M magnesium formate 56 and 1.0 M ammonium
phosphate monobasic

Data collection

Wave length (A) 1.000 1.000
Space group H32 P321
Cell dimension (A) 95.59, 95.59, 136.57 95.12, 95.12, 47.14
Resolution (A) 25.94 -2.30 47.14 - 1.66
(outer shell) (2.38 - 2.30) (1.69 — 1.66)
Rmerge, % 4.6 (8.3) 5.0 (19.2)
<I>/ol 21.6 (10.5) 27.7 (7.9)
Completeness (%) 99.6 (100.0) 99.3 (89.3)
Redundancy 5.5 (5.6) 10.7 (9.7)
No. of observed reflections 59 291 313 554
No. of unique reflections 10 842 29 272
Model refinement
Resolution (A) 25.94 -2.30 47.14 - 1.66
No. of protein molecules/AU 1 1
Rwork/Rfree, % 19.3/25.4 17.2/20.5
Number of atoms
Protein 1762 1913
Ligands 26 (mefloquine) and 5 (one 24 (quinine) and 15 (three
phosphate ions) phosphate ions)
Water 82 212
Average B factor (A2) 28.0 19.0
r.m.s. deviations
Bond length (A) 0.0144 0.0226
Bond angle (°) 1.7459 2.1969
Ramachandran plot (%)
Favoured region 96.9 971
Allowed region 3.1 2.9
Outlier region 0.0 0.0
PDB entry 5ZNI 5ZNC

Table S4.4 — Data collection and refinement statistics of PfPNP-MFQ and PfPNP-
QN co-crystals
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Hypoxanthine Hypoxanthine Inosine Inosine
No Purine
100 uM 10 uM 100 uM 10 uM
ICs0 N/A 53.95 £4.37 289.09 £13.75 51.32 £8.01 7.1 +£0.39
ImmH
) ICq0 N/A 74.76 £5.36 360.12 £17.12 98.62 £9.83 16.67 £0.48
(nM
ICo9 N/A 106.72 £6.81  457.71 £21.77 201.15+12.49 42.29 +0.61
ICs0 34.26 £3.94 35.5+4.73 31.31 £1.11 33.36 £1.75 38.21 £4.27
QN
ICq0 53.97 £4.84 60.56 +5.8 39.01 £1.39 54.26 £2.15 57.61 £5.24
(nM)
ICo9 88.61 £6.14 108.48 £7.38 49.58 +1.76 92.26 £2.74 90.18 £6.67
ICso 7.18 £0.63 8.4 +1.24 7.51 £0.36 7.24 £0.71 8.39 +0.73
MFQ
(nM) ICq0 13.86 +0.77 18.66 £1.52 14.07 £0.44 12.64 +0.88 15.5+0.9
ICe9  28.42 +0.98 44.56 +1.93 27.93 +0.56 23.21£1.12 30.3£1.14

Table S4.5 — The influence of purine availability on the antimalarial drug efficacy in

vitro
Drug ZFICs0 Mean .
Combination ZFIC Interaction
4:1 3:2 2:3 1:4 %0
MFQ + ImmH 1.24 1.54 1.69 1.28 1.44 Antagonism
QN + ImmH 1.43 1.40 1.18 0.95 1.24 Antagonism
E64d + ImmH 0.87 1.20 1.21 1.10 1.09 Additivity

Table S4.6 — Combinatory effect of fixed-ratio drug combinations against P.
falciparum 3D7 strain
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