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Abstract

Resistance to common antimalarials is growing, resulting in the need to develop
new therapeutics with the aim of disease elimination. Here we present the malarial
molecular chaperones of the Plasmodium falciparum infected erythrocyte as potential
drug targets and provide structural information for structure-based drug design.
The parasite exports a single Hsp70 into the erythrocyte, PfHsp70-x, which has been
linked to virulence. PfHsp70-x colocalises in J-dots with two parasite Hsp40 proteins
— PFA0660w and PFE0055¢c. PFA0660w is a specific stimulator of PfHsp70-x whilst
PFE0055¢ can also stimulate the activity human chaperones.

In this thesis, it was shown that PfHsp70-x is important in the parasite’s response
to heat shock at certain stages of the intraerythrocytic life cycle. The ATPase
domain of PfHsp70-x was structurally determined using X-ray crystallography and
a unique druggable pocket was discovered. Numerous commercially available Hsp70
inhibitors were found to successfully inhibit the basal and/or the Hsp40 stimulated
activity of PfHsp70-x. A combination of X-ray crystallography, biochemical assays
and biophysical methods were employed to characterise the interaction of PfHsp70-x
with PFA0660w and PFE0055¢ to understand the specificity of stimulation.

The role of PfHsp70-x in protection and proliferation of the parasite, alongside the
inhibition of PfHsp70-x by available Hsp70s inhibitors, demonstrates the possibility
of repurposing chaperone inhibitors as antimalarials. Differential interactions of
PfHsp70-x with its cochaperones provide a route for specifically targeting PfHsp70-
x as Hsp70 proteins require stimulation by a Hsp40. The work presented here
characterises just a part of a wider network of chaperones likely formed of parasite
proteins and hijacked human chaperones.
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1.1 Background

In 2016, malaria caused 445,000 deaths from 216 million cases worldwide . Nearly
half of the world’s population is at risk of malaria with the vast majority of
cases and deaths occurring in sub-Saharan Africa. Children under the age of
5 and pregnant women are particularly at risk of developing severe malaria [2].
The incredible progress previously made towards malaria elimination has recently

stalled with 5 million more cases in 2016 than 2015 and a similar number of
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deaths (446,000 in 2015) (Fig. [L.1). Numerous socio-economical factors, lack of
effective vaccines and emerging drug resistance all contribute to preventing further
progress towards eradication .

A wide variety of symptoms result from malaria with the disease categorized
as uncomplicated or severe . A patient with uncomplicated malaria experiences
fever, headaches and nausea whereas severe cases can lead to cerebral malaria
causing seizures or coma, acidosis, severe anaemia and organ failure. Malaria is
caused by protozoan Plasmodium parasites which are transmitted through the bites
of female Anopheles mosquitoes. Five parasite species cause malaria in humans

with Plasmodium falciparum being by far the most lethal .
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Figure 1.1: Progress towards elimination of malaria has stalled. A: Malaria
cases per year 2010 - 2016. The upper and lower estimates of cases are indicated by the
cyan ribbon. B: Number of malaria related deaths per year 2010 - 2016. C: The World
Malaria Report 2017 from WHO highlights concern over the stalling of progress .

1.2 Plasmodium falctparum

P. falciparum has a complex life cycle in which it inhabits two separate hosts; the
Anopheles mosquito and the human. The life cycle can be simplified into three stages;

the mosquito stage, the human liver stage and the human blood stage (Fig. [1.2/A).
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The mosquito stage of the life cycle begins as the female Anopheles takes
a blood meal from an infected person ingesting parasite gametocytes. In the
mosquito gut, sexual reproduction of the parasite occurs to form an ookinete.
The ookinete is able to penetrate the midgut wall and develop into an oocyst.
Thousands of sporozoites develop inside the oocyst during the process of sporogony
and are released upon oocyst lysis. The highly motile sporozoites then travel to
the salivary gland allowing transmittance of the parasite during the next blood
meal through the mosquito’s saliva.

Injected sporozoites travel through the blood stream to the liver where they
infect hepatocytes thus beginning the liver stage of infection. Sporozoites replicate
and mature into schizonts, which rupture and release merozoites back into the
blood stream. After the liver stage, merozoites infect erythrocytes and so begins

the asexual parasite multiplication of the blood stage.
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intraerythrocytic

merozoites

schizont

36 hours 12

Ty

ring

\\\lll

o\
7 'y //

7 24 \
RTINS

trophozoite

Figure 1.2: The life cycle of P. falciparum. A: The three stage life cycle of P.
falciparum. B: A detailed view of the intraerythrocytic asexual stage of the parasite.
The development of a single parasite within a red blood cell is shown over 48 hours - a
full cycle. The parasite progresses from an merozoite invading the red blood cell into
the ring stage then trophozoite stage followed by the schizont stage. The cycle ends
with the rupture of the schizont causing release of up to 32 merozoites. The released
merozoites can then invade new erythrocytes and thus continue to proliferate asexually.
The parasitophorous vacuole (pink) can be seen to expand as the parasite grows until
both fill the erythrocytes in the late stages of the life cycle.
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1.2.1 Intraerythrocytic life cycle and pathogenicity

The blood stage of P. falciparum is responsible for the clinical manifestations of
the disease and so targeting this stage can be a useful strategy in treating malaria.

Intitially, a merozoite invades an erythrocyte and quickly develops into the
ring stage, named as such due to the appearance of this stage as seen by light
microscopy with Giemsa staining (Fig. [1.2B). In the ring stage, the parasite
expresses and exports a large number of proteins into the erythrocyte cytoplasm
(the exportome). After 24 hours, the ring stage parasite evolves into a trophozoite.
The trophozoite stage is characterized by rapid increase in parasite size and DNA
content in addition to the presence of hemozoin (a crystallized form of heme which
is released by hemoglobin digestion). Finally, the parasite enters the schizont
stage at approximately 36 hours post invasion. During schizogony, up to 32
merozoites are generated and fill the infected erythrocyte [6]. The host cell is
ruptured 48 hours post invasion releasing the next generation of merozoites which
will invade new erythrocytes and continue the blood stage life cycle. The rupturing
of infected erythrocytes leads to anaemia and the release of parasitic proteins upon
rupture triggers fever. A small portion of blood stage parasites will commit to
sexual development and form gametocytes enabling transmission to mosquitos

and thus to other humans [7].

Erythrocyte Remodelling

During the intraerythrocytic lifecycle of P. falciparum infection, the infected
erythrocyte undergoes major changes induced by the parasite. Upon invasion
of the merozoites into the erythrocyte, the parasite forms a tightly fitting vacuole
termed the parasitophorous vacuole (PV) [8]. The PV is thought to be created from
the erythrocyte membrane but is further altered and expanded by lipids secreted
from parasite organelles, termed rhoptries, as the parasite itself grows [9, 10} [11].
The PV forms the parasite-host cell interface during the intraerythrocytic stage
of infection and is crucial for controlling the passage of nutrients, disposing of

waste products and in exporting parasitic proteins in to the host cell. Our current
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understanding of parasite protein export involves the secretion of proteins across
the parasite membrane into the PV through the canonical secretory pathway of the
parasite (endoplasmic reticulum, Golgi apparatus, vesicles) followed by fusion of
vesicles with the parasite plasma membrane |12} |13]. Proteins destined for the host
cell then must cross the PV membrane. The export of parasitic proteins across the
PV membrane has been shown to be mediated by the Plasmodium translocon of
exported proteins (PTEX) [14]. PTEX is a membrane protein complex that unfolds
and transports proteins in an ATP-dependent process [15] [16]. It is believed to be
located in the PV membrane to allow the export of proteins from the PV into the host
cell [17]. Once in the host cell cytoplasm, the exported protein is further targeted
to particular sites through signal sequences or interactions with binding partners.

The parastic exported proteins, also known as the exportome, extensively
remodel the erythrocyte by inducing changes in cell rigidity and the formation of
cytoadherent knobs on the cell surface along with additional changes. P. falciparum
infected erythrocytes cytoadhere to endothelial cells in the microvasculature and to
uninfected erythrocytes forming rosettes. Immobilisation of infected erythrocytes
prevents their clearance by the spleen thereby prolonging infection. Cytoadhesion
of infected erythrocytes can lead to the blocking of microvasculature which, when
occurring in the brain, can cause coma and eventually be fatal, potentially explaining
the lethality of P. falciparum infections [18].

During the blood stage of infection, the parasite and its host cell are exposed to
numerous stresses: episodes of fever characteristically recurring every 48 hours raise
the host temperature up to 41°C; digestion of hemoglobin for use as a source of
nutrition releases soluble heme which can create free radicals [19]; the host’s immune
response generates reactive oxygen species to attack pathogens [20]. The parasite
survives such stresses and in fact proliferates, which indicates some mechanism of
protection. The malaria parasite, as with all organisms, possesses an arsenal of
proteins whose role it is to protect the cell against such stresses. Such proteins

are named molecular chaperones.
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1.3 Molecular Chaperones

Molecular chaperones are responsible for maintaining protein homeostasis and
assisting de novo folding within the cell whether in normal physiological conditions
or under stress [21]. The folding of proteins into their native state is crucial for
their function and, thus, protein quality control is critical in cellular survival and
proliferation. In times of stress, such as by high temperatures, a protein’s fold can
be compromised and may lead to misfolding or aggregation. Molecular chaperones
are able to associate with such compromised proteins to prevent misfolding or
aggregation, actively refold proteins or even target unsalvageable proteins for
degradation. In addition to their role in stress, molecular chaperones also play
important roles in routine de novo folding of large, complex multidomain proteins,
in assembly of macromolecular complexes, the translocation and trafficking of
proteins and complexes, and in maintenance of intrinsically disordered proteins
[22]. Collapse of protein homeostasis can lead to the accumulation of misfolded
and oxidised proteins in addition to the deposition of aggregates resulting in cell
degeneration. Numerous diseases have been shown to be attributed to protein
misfolding including cystic fibrosis, alphal-antitrypsin deficiency, type 2 diabetes
and neurodegenerative conditions such as Parkinson’s disease, Alzheimer’s disease
and Huntington’s disease [23]. Thus, molecular chaperones and their maintenance
of cellular proteins are critical for an organism’s health.

The molecular chaperone family was first discovered by the induction of certain
protein’s expression in Drosophila |24, 25, 26]. These proteins were thus named
heat shock proteins (Hsp) and were found to have roles in protein folding leading
to the discovery of stress-induced molecular chaperones. Hsp’s are subdivided into
families initially based on their molecular weight: Hsp100, Hsp90, Hsp70, Hsp60,
Hsp40 and small Hsps. More recently, chaperones are grouped by common functions
and mechanisms rather than just molecular weight [27]. Molecular chaperones from
different groups work together in a complex network along with cochaperones such

as nucleotide exchange factors to maintain proteostasis. In this thesis we focus
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primarily on proteins from the Hsp70 and Hsp40 groups, so details of the other

molecular chaperone classes will not be discussed here.

1.3.1 The Hsp70 family

The Hsp70 family makes up a major portion of the chaperone network. Members
of the family are highly conserved and ubiquitously found in all organisms from
bacteria to humans [28]. The functions of Hsp70 proteins are wide and varied
[29] but include protein translocation, nascent protein folding, macromolecular
complex association and aggregation prevention. Central to these functions are
Hsp70 protein’s ability to act as both a ‘holdase” and a ‘foldase’. Hsp70 proteins
can bind and hold (hence holdase) to aggregation-prone proteins by interactions
with exposed hydrophobic residues thereby preventing the exposed hydrophobic
regions from associating and forming dangerous aggregates. Additionally, Hsp70
proteins are able to bind non-native proteins and induce their folding into the
native state although this exact mechanism remains unclear. The expression of
Hsp70 proteins is induced in response to stress but a subsection of the Hsp70
family, the heat shock cognate (Hsc) 70 group, are constitutively expressed and
necessary for general housekeeping and day-to-day cellular functions. Often, Hsp70
proteins are found in discrete locations within the cell where they have evolved
specialist functions to cater for client proteins in that subcellular compartment
[30]. The functions of Hsp70 proteins are further expanded and specialised by
their interactions with the rest of the chaperone network. The crucial role of
Hsp70s in the regulation of protein homeostasis and response to stress, alongside its
implication in diseases such as cancer and neurodegeneration, have led to Hsp70s
emerging as attractive potential drug targets [31].

Canonical Hsp70 proteins consist of an N-terminal ATPase domain, also known
as the nucleotide binding domain, and a C-terminal substrate binding domain joined
by a highly conserved hydrophobic linker [32] (Fig. [1.3). The ATPase domain is
composed from four subdomains that form a deep crevice into which ATP binds and

is hydrolysed [33]. The substrate binding domain is divided into two subdomains; a
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twisted beta-sandwich (SBD{) to which the hydrophobic residues of client proteins
bind and an alpha-helical lid (SBDa). The SBD recognises a short degenerate motif
consisting of 5 hydrophobic residues flanked by positively charged amino acids
[34]. Such motifs are present every 30-40 residues in virtually all proteins, but they
are usually hidden within the hydrophobic core unless the protein is denatured

or just exiting the ribosome and yet to fold.
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Figure 1.3: Domain architecture and structure of a canonical Hsp70. A:
Domain organisation of Hsp70 proteins and associated domain folds. At the N-terminus is
the nucleotide binding domain, also known as the ATPase domain for its ATP hydrolysis
activity. The C-terminus contains the substrate binding domain (SBD) which in turn is
made up from a twisted beta-sheet (SBDf) and an alpha-helical lid (SBDa). The two
domains are joined by a conserved linker. The ATPase domain from FE.coli DnaK is
shown to demonstrate the typical fold of an Hsp70 ATPase domain (PDB 5NRO) [35]
with ATP (orange, stick representation) and an Mg?* ion (green, sphere representation).
Both the SBDa and the SBDB from DnaK are shown with the SBD in complex with
a model peptide (red) (PDB 4E81) [36]. B: The solution structure of full-length DnaK
bound to ADP created by combining X-ray crystallography structures with NMR residual
dipolar coupling data (PDB 2KHO) [37]. The ATPase domain is coloured blue and the
SBD is coloured green. For molecules shown in stick representation, such as ATP and the
model peptide, atoms are coloured according to element: nitrogen in blue; oxygen in red;
sulphur in yellow. This colouring is used throughout.
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Figure 1.4: The nucleotide cycle of the Hsp70 machinery. A: A diagram
illustrating the nucleotide cycle of Hsp70. Hsp40 proteins promote ATP hydrolysis
causing large-scale conformational changes which cause the substrate to become trapped.
Upon ADP removal by a nucleotide exchange factor (NEF), the Hsp70 can rebind ATP
and resume the ’open’ conformer allowing the release of the folded protein and the binding
of new substrates. B: The crystal structure of full-length DnaK in the ADP ’closed’ state
in relation to the SBD (PDB 2KHO) [37]. C: The crystal structure of full-length DnaK
in the ATP ’open’ state in relation to the SBD (PDB 4JNE) .
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The molecular mechanism of Hsp70 proteins binding to and releasing client
proteins involves large scale conformational changes linked to the nucleotide cycle
of the ATPase domain and is driven by allosteric communication between the
two domains via the interdomain linker (Fig. [32, 139]. Recently solved
crystal structures of full-length Hsp70 proteins alongside NMR, limited proteolysis,
tryptophan fluorescence and small-angle X-ray scattering studies have allowed
insights into the chaperone cycle of Hsp70 [40, 41, |42]. In the ADP-bound state,
also known as the closed conformation, the SBDa lays across the SBDj acting
as a lid forming a pocket into which the extended substrate is trapped [43], |37].
The closed conformation of Hsp70 has low substrate exchange rates but higher
substrate affinity. Upon ATP binding, the Hsp70 adopts an open conformation
allowing client protein binding [44]. In the ATP bound state, the lobes of the
ATPase domain rotate in relation to each other to remodel the surface allowing
the docking of both the interdomain linker and the SBD leading to the opening
of the SBD in a scissor-like fashion [38]. It is in this state that the Hsp70 binds
the substrate protein due to high association rates yet low affinity. Hydrolysis of
ATP occurs through nucleophilic attack on the y-phosphate by a well-positioned
water molecule. The water is positioned by glutamate, aspartate and threonine
residues within the active site and a lysine residue coordinates the y-phosphate
itself to stabilise the transition state. The positioning of these catalytic residues
in the active site are affected by the rotation of the ATPase domain lobes which
means anything that may externally affect lobe rotation will change the rate of ATP
hydrolysis. Both client protein binding to the SBD and binding of the cochaperone
Hsp40 have been shown to induce such rotations to better align catalytic residues
and therefore stimulate ATP hydrolysis [45].

The basal ATP hydrolysis of Hsp70 proteins is low with turnover numbers
of 1 ATP molecule per 20-30 minutes, therefore stimulation by synergism with
substrates and Hsp40 proteins is a crucial part of the chaperone cycle (Fig. )
[46, 47). Nucleotide exchange factors also play an important role in the chaperone

cycle as they remove ADP post-ATP hydrolysis, thereby allowing ATP to rebind
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causing the substrate to be released and allows the cycle to continue [48, |49]. It is
thought that client protein binding induces changes in the SBD that expose and
reposition loops carrying ATPase domain interacting residues, thereby increasing
the ability of the SBD to dock to the ATPase domain and thus induce lobe rotation;
in this manner substrate binding affects ATP hydrolysis [50]. The stimulation
of ATPase activity by client binding protein provides a way for the chaperone to
increase its activity in a high concentration of denatured proteins, for example
in a time of stress, to maintain proteostasis.

An important and unresolved part of the Hsp70 mechanism is exactly how the
chaperone acts on its substrate protein to cause refolding of denatured or aggregated
proteins, translocation of proteins across membranes and assembly of complexes.
There are several models that attempt to explain how Hsp70 proteins are able to
bind to both folded proteins (in aggregates, complexes and for translocation) and
unfolded proteins (nascent and denatured) and how they are able to induce correct
folding or disaggregation, but the field is far from a definitive answer. Current
models include conformer selection, induced unfolding and entropic pulling with
all models relying on the highly dynamic nature of the Hsp70 chaperone and the
intrinsic fluctuations of a substrate protein’s structure; it is possible that Hsp70
functions through a combination of the aforementioned models [51].

The activity of Hsp70 proteins is highly regulated and carefully controlled in
the cell. The intrinsically low basal ATPase activity of Hsp70 proteins is stimulated
by client binding, as previously discussed, and by the cochaperones Hsp40s. Hsp40
proteins not only stimulate the ATPase activity of Hsp70s but also impart substrate
specificity by delivering client proteins [49].

1.3.2 Cochaperones of Hsp70 - the Hsp40 family

Like Hsp70s, the Hsp40 family of proteins is found ubiquitously in all organisms.
The family is characterised by the presence of the J domain and thus members
are often called J proteins as many Hsp40 proteins exceed 40 kDa in molecular

weight. Excluding the characteristic J domain, Hsp40 proteins are highly diverse in
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sequence and function. Organisms have gained versatility of the Hsp70 chaperone
machinery not through amplification and diversification of Hsp70 genes but through
Hsp40 proteins instead; for example, humans have only 11 Hsp70 proteins but
an arsenal of 41 Hsp40s [52, 53].

The defining feature of Hsp40 proteins, the J domain, is a highly conserved
domain of 70 amino acids (Fig. [[.B). J domains consist of 4 alpha-helices with two
main helices (II and III) running antiparallel to each other. Within this domain is
the invariable histidine, proline and aspartate (HPD) motif which lays between the
two main helices on an extended loop. This motif has been shown to be crucial for
stimulating the ATPase activity of Hsp70s through interactions with the ATPase
domain and interdomain linker of the Hsp70 [49].

Outside the J domain, Hsp40 protein are extremely dissimilar and contain a
combination of additional domains that impart specific functions on the cochaperone
[54, 149]. Hsp40 proteins have been classified into three groups by their domain
organization (type I, II and III) with type I based on the architecture of DnaJ —
an E. coli Hsp40 (Fig. [L.5A) [55] [56] 57]. A type I Hsp40 has an N-terminal J
domain, followed by a region rich in glycine and phenylalanine amino acids (G/F),
a zinc finger motif consisting of four cysteine-rich repeats (ZF), and a client protein
binding domain at the C-terminus (CTD) [58, 59, 60]. At the extreme C-terminus
of the Hsp40 is a dimerization domain which leads to an increased affinity for clients
and Hsp70s (Fig. [L.5C)[61] [62]. Type II Hsp40s are similar to type I but lack
the zinc-finger domain. Type III Hsp40s contain a J domain that can be located
anywhere within the protein, not just at the N-terminus. Often an additional
group, type IV, is added as members contain a J domain however the HPD, a
crucial tripeptide motif, is mutated suggesting this group does not function like
canonical Hsp40s. This classification does not relate to function or mechanism
however as even within classes Hsp40s are very diverse which allow them to drive
the multifunctionality of Hsp70s. Often there is ambiguity as to which class a
Hsp40 protein may belong as the G/F region is ill-defined. The G/F region acts
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as a linker between domains but its functional importance in Hsp70 stimulation

or client protein binding has been disputed and remains unclear.
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Figure 1.5: Classification of Hsp40 cochaperones. A: Classification of Hsp40s
based on domain organisation. All three types of Hsp40, I-I1I, contain a J domain. Type I
and II Hsp40s additionally contain a glycine and phenylalanine rich region (G/F) following
the J domain and a C-terminal domain shown to bind peptides (CTD). Type I Hsp40s
also contain a zinc-finger domain (ZF). Type III Hsp40s also differ from I and II by the
position of its J domain; Type I and II have the J domain at the N-terminus of the
protein but in type III the J domain can be anywhere in the protein. B: The structure of
the J domain of E.coli DnaJ solved using NMR (PDB 1XBL) [63]. C: The structure of
full-length dimeric Thermus thermophilus DnaJ (PDB 4J80), a Type II Hsp40, created
by combining crystal structures with electroparamagnetic resonance (EPR) data .

Hsp40 proteins are able to bind and deliver client protein to the Hsp70 and
stimulate ATPase hydrolysis through the J domain. Hsp40s can also function
without client binding and simply act to stimulate Hsp70 action. In addition to

their role in stimulating the activity of ATP hydrolysis, many Hsp40 protein have
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Hsp70-independent activity and are able to prevent aggregation and modulate
protein complex stability alone [49]. Many studies have attempted to elucidate
the mechanism through which the J domain is able to stimulate ATP hydrolysis,
but the picture is still far from complete.

NMR studies indicated that the binding site for both ADP- and ATP-bound
DnaK (E. coli Hsp70) was located in helix II and the HPD motif of the J domain
of DnaJ (E. coli Hsp40) [64]. This work led to the model that the HPD motif
mediates docking of the negatively charged helix II onto a positively charged groove
on the underside of the ATPase binding domain. Later work indicated that the
J domain also interacts with a second site located on the SBD of Hsp70 and
that the J domain has a greater affinity for Hsp70 when in the ATP-bound state
suggesting it plays an important role in allosteric communication between domains
of Hsp70 [65]. A recently solved structure of full-length DnaK in complex with the
J domain of DnaJ provides us with a snapshot to understanding the mechanism
of stimulation [35]. The transient nature of the complex was overcome by fusing
the two proteins together by joining the G/F region of DnaJ and the N-terminus
of DnaK to form a covalent linker, thereby increasing the local concentration of
subunits. The complex was further stabilised by amino acid mutations to trap
DnaK in its ATP-bound form. The crystal structure revealed that the J domain
interacts with an interface formed between the ATPase domain, the interdomain
linker and SBDp of Hsp70. The interdomain linker has inserted into a groove on
the underside of the ATPase domain as in previous ATP-bound Hsp70 structures.
The interaction occurs through contacts with helix II and IIT of the J domain with
the SBDB and ATPase domain/linker respectively. The interaction of the J domain
with the SBDJ3 was shown to be necessary for the J domain — substrate synergistic
mechanism that results in proper alignment of catalytic residues in the ATPase

domain to achieve high rates of ATP hydrolysis.
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Figure 1.6: The DnaK-DnaJ complex. A: The recently solved crystal structure
of full-length ATP-bound E. coli DnaK in complex with the J domain of DnaJ (PDB
5NRO) . The complex structure was achieved by fusing the two partners using the
G/F linker to increase local concentration. The ATPase domain of DnaK is shown in
blue, the SBD in green and the interdomain linker in magenta. The J domain of DnalJ is
coloured yellow. B: The interdomain linker (magenta) inserts into the underside of the
ATPase domain (blue) allowing domain rotation causing the ATPase surface to remodel
and expose areas important in SBD domain docking. C: A zoomed view of the interface
between the DnaJ J domain and DnaK. The J domain interacts with a beta-sheet on the
underside of the ATPase domain, the interdomain linker and the SBDB. D: The sequence
of DnaK interdomain linker.
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1.4 Molecular chaperones of P. falciparum

The P. falciparum parasite undergoes a great deal of stress in the red blood
cell stage from fever, haemoglobin digestion and reactive oxidative species. P.
falciparum encodes a wide range of chaperones to survive such stresses and to
aid the drastic remodelling of the red blood cell necessary for pathogenesis. The
parasite genome encodes at least 95 chaperones making up 2% of the genome which
are expressed at different points in the parasites lifecycle and localised to different
subcellular compartments [66]. Among these P. falciparum (Pf) chaperones are
two PfHsp110 proteins, four PfHsp100/Clp proteins, an essential Hsp90 and two
more putative Hsp90s, two PfHsp60s, six Hsp70-like proteins, 50 PfHsp40s and
several small Hsps. In comparison, the human genome encodes 13 Hsp70s, 40
Hsp40s and 9 Hsp90s amongst other chaperones indicating the disproportionate
number of PfHsp40s in the parasite.

P. falciparum Hsp70s are found in various cellular compartments and thus are
thought to carry out specialized functions (Fig. [67]. PfHsp70-1 is localised to
the parasite cytosol and is one of the most highly expressed P. falciparum genes
with expression induced further by stress such as heat shock and antimalarial
drug pressure [68]. The PfHsp70-1 homologue, PfHsp70-2, localises to the ER of
the parasite where it is able to channel damaged proteins to the ER associated
degradation (ERAD) pathway [67]. PfHsp70-2 is found expressed in the blood
stage of infection along with PfHsp70-1. PfHsp70-1 has been the main topic of
malarial chaperone research to date, with numerous studies performed showing that
PfHsp70-1 functions as a chaperone that is able to rescue thermally sensitive F.
coli and is essential to the parasite’s survival [67]. PfHsp70-3 is the mitochondrial
Hsp70 homologue and is thought to serve as a motor to translocate preproteins into
the mitochondria; however little experimental information on this chaperone exists
169, 70]. PfHsp70-y and PfHsp70-z are in fact Hsp110 homologues and are believed
to serve as nucleotide exchange factors for PfHsp70-2 and PfHsp70-1 respectively
due to corresponding cellular localisation [67]. It is possible that PfHsp70-y and

PfHsp70-z have additional roles outside acting as nucleotide exchange factors. The
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sixth PfHsp70, PfHsp70-x, is exported from the parasite into the parasitophorous
vacuole and beyond to the red blood cell cytosol.

Knobs
1 N

Maurer's
clefts ~.__

*~ Parasite

Mitochondria

PfHsp70-1 ? PfHsp70-2 ? PfHsp70- 3’ PfHsp70-x ?

Figure 1.7: P. falciparum Hsp70s. A: The infected red blood cell (iRBC) after the
extensive remodelling caused by P. falciparum infection. Remodelling of the 1RBC causes
the formation of cytoadherent knobs on the cell surface and the establishment of parasite
induced structures such as Maurer’s clefts and J dots. The parasite resides inside the
parasitophorous vacuole (PV).

1.4.1 PfHsp70-x — the exported Hsp70

Reannotation of the P. falciparum genome lead to the discovery of the sixth Hsp70,
PfHsp70-x, previously thought to be a pseudogene . Hsp70-x is specific to
the Laverania sub-genus of Plasmodium. The Laverania sub-genus parasites are

the most pathogenic species of Plasmodia as infected erythrocytes cytoadhere to
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host cell surfaces via parasite-exported virulence factors such as the erythrocytic
membrane protein 1, PEEMP1 [1§]. Cytoadherence is achieved by the export of
multiple proteins from the parasite into the red blood cell to remodel the host cell
[72, |73, [74]. The presence of Hsp70-x only in pathogenic species of Plasmodium
suggests a role in contributing to host cell remodelling and resultant cytoadherence
leading to virulence. PfHsp70-x lies in the sub-telomeric region of chromosome
8 which is highly vulnerable to chromosomal breakage [75 [76]. However, loss
of the PfHsp70-x has not been reported in any parasites isolated from patients
suggesting it may be playing an essential role.

PfHsp70-x is found in the parasitophorous vacuole and the cytosol of the red
blood cell despite its lack of a PEXEL export amino acid sequence |71]. Within the
red blood cell, PfHsp70-x is found to co-localise with the virulence factor PFEMP1
to highly mobile, cholesterol rich structures termed ‘J dots’ particularly in ring and
early trophozoite stages indicating a role for PfHsp70-x in the trafficking of PfTEMP1
to the cytoadherent knobs on the cell surface (Fig. [1.§). PfHsp70-x was also found

to partially associate with Maurer’s clefts, but was not found in knobs.
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Figure 1.8: Colocalisation of PfHsp70-x with J dot Hsp40s and PfEMP1 A:
PfHsp70-x (a-70x) is shown to colocalise with PFA0660w (A660-GFP) and PFE0055¢
(0055-GFP) in punctuate dots within the host cell cytosol.B: Localisation of PfHsp70-x
through the intraerythrocytic life cyle (LR: late ring; ET: early trophozoite; LT: late
trophozoite; S: schizont). In the LR and ET stages, PfHsp70-x colocalises with PTEMP1
(a-ATS). Taken from [71].

In addition to the proposed role of trafficking pathogenic parasite proteins to the
surface of the host cell, a role in protein translocation across the parasitophorous
vacuole membrane (PVM) into the red blood cell cytosol has been proposed. Protein
translocation across the PVM occurs via a protein pore complex called PTEX and
requires the exported protein to be in an unfolded state [77]. PTEX consists of
five core components including a Hsp100-class chaperone, Hsp101, which has been
shown to be essential for parasite viability |78]. Hsp100 proteins are able to interact
with Hsp70 chaperones and it is thought that PfHsp70-x is perfectly localised in
the PV and the host cell cytosol to interact with this component of PTEX, thereby
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allowing the folding and unfolding of export proteins necessary for translocation.

The mature red blood cell is anuclear and thus is not able to regulate protein
expression like a nucleated cell. The life span of a red blood cell is therefore
relatively short (~100 days) as it cannot respond to environment changes or protein
deterioration. It is thought that PfHsp70-x is exported to work in concert with
the stock complement of human Hsp70 proteins present in the cell, such as Hsc70,
and to provide additional stress relief to the parasite. As previously mentioned,
the parasite and the infected red blood cell are exposed to much stress in the form
of heat shock and oxidative stress suggesting an important role of PfHsp70-x in
the survival and proliferation of the parasite in such times. It has been reported
that the heat shock caused by fever actually increases proliferation of ring stage
parasites and causes increased cytoadherence demonstrating that stress plays an
integral part in the parasites life cycle and pathogenicity [79, [80].

PfHsp70-x is a canonical Hsp70 in that it consists of an ATPase domain and an
SBD joined by a flexible, hydrophobic linker. The chaperone has been shown to have
ATPase activity and folding abilities in vitro. PfHsp70-x lacks the PEXEL motif
usually necessary for signalling export but instead has an N-terminal 25 amino acid
sequence that functions as an ER-type signal sequence allowing secretion into the
PV followed by a novel octameric sequence that causes export further into the host
cell cytosol [71]. A number of non-PEXEL containing exported proteins (PEXEL
negative exported proteins: PNEPs) have previously been reported but most contain
a membrane spanning region necessary for export |77]. The novel export signal
sequence of PfHsp70-x indicates an alternate pathway of export that may not
involve the PTEX complex. Following the PfHsp70-x SBD, there is a stretch of
30 amino acids predicted to be disordered. At the C-terminus of the protein is an
EEVN motif similar to the EEVD motif characteristic of cytosolic Hsp70 proteins
which has been implicated in cochaperone binding and the allosteric mechanism of
substrate folding. The EEVN motif of PfHsp70-x was shown to be important for
conformational integrity and involved in binding the human Hsp organising protein

(Hop), a co-chaperone that mediates the interaction of Hsp70s with Hp90s [81].
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A number of recent studies have genetically modified P. falciparum to explore
the role of PfHsp70-x in parasite viability and pathogenicity. Work by Charnaud
et al generated PfHsp70-x knockout parasite lines (APfHsp70-x) and found that
PfHsp70-x was not necessary for parasite viability and growth under standard
in vitro culturing conditions [82]. They additionally tested the effect of stress on
APfHsp70-x parasites in the form of heat stress, oxidative stress, nutrient deprivation
and culturing in aged erythrocytes. It was found that APfHsp70-x parasites are
as susceptible to most stressors as control parasites except for a slight growth
defect upon oxidative stress and hypoxanthine restriction. Of particular interest,
APfHsp70-x parasites were shown to have a reduced virulence phenotype with less
efficient export of PEEMP1 (32% reduction in PFEMP1 exposure at 26-28 hpi) and
cytoadherence to the chondroitin sulfate A receptor (reduction in binding of 63%).
The infected red blood cells also had increased stiffness of the membrane causing
increased cell rigidity, which in vivo might result in increased iRBC clearance by
the spleen. thus, this study confirmed the role of PfHsp70-x in the export and/or
trafficking of parasitic proteins involved in pathogenesis. It was found, however, that
APfHsp70-x parasites had increased expression of several exported proteins such as
the kinase FIKK13 and PHIST proteins including PFE1605w and the ring-infected
erythrocyte surface antigen (RESA). Additionally, PfHsp70-3, the mitochondrial
PfHsp70, was found to be upregulated. At the same time, numerous proteins were
found to be downregulated, including many exported proteins of unknown function
and the intraparasitic Hsp110. Charnaud et al suggested that the change in gene
expression may be due to selection pressure to compensate for the loss of PfHsp70-x,
thereby masking some effects of PfHsp70-x loss. A seperate study by Cobb et
al generated a post-transcriptional conditional knockdown of PfHsp70-x capable
of rapidly reducing PfHsp70-x levels without allowing selection of compensating
parasites to occur [83|. This study found that the knockdown cell line showed no
significant effect on growth or viability under standard culturing conditions but

did not explore the effect of stress on the knockdown line.
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A recent study performed by Mabate et al [81] aimed to further characterise
PfHsp70-x in vitro found this chaperone had a preference for binding arginine-rich
peptides. Arginine-repeat rich proteins make up over 25% of the P. falciparum
proteome and are known to be prone to aggregation therefore it seems likely that
PfHsp70-x preferentially binds such proteins compared to human Hsp70s.

Work towards inhibiting PfHsp70-x and other PfHsp70s was carried out by
Cockburn et al. Initially, a screen for small molecules that modulate the protein
aggregation suppression activity of PfHsp70-1 was performed [84]. A number of
compounds were identified that also possessed antimalarial activity with certain
small molecules showing preferential inhibition of PfHsp70-1 compared to human
Hsp72. Further work by Cockburn et al [85] concentrated on this new class of
antimalarials, testing their effect on the ATP hydrolysis activity of PfHsp70-1
and PfHsp70-x in comparison to the human Hsp72 to determine specificity. Two
compounds were found to be particularly interesting in their modulatory effects:
malonganenone A (MA) and bromo-beta-lapachol (BBL). MA was not capable of
inhibiting the basal ATPase activity of any of the Hsp70 proteins but was able to
inhibit the stimulated activity of certain Hsp70/Hsp40 pairs — particularly PfHsp70-
1/PfHsp40. BBL strongly inhibited the ATPase activity of PfHsp70-x (reduced
to 20 % of control) but not of other Hsp70s tested. BBL was also capable of
inhibiting the Hsp40-stimulated activity of PfHsp70-x and PfHsp70-1 depending
on the Hsp40 used. Both compounds had antimalarial activity with ICsq values
of 18 uM and 800 nM for BBL and MA respectively. BBL showed to be highly
cytotoxic to mammalian cells but MA showed minimal cytotoxicity. These studies
have suggested that preferential inhibition of PfHsp70-x activity by small molecules
is possible despite the high conservation of Hsp70 proteins, and also showed the
potential for targeting specific Hsp70-Hsp40 partners. Targeting Hsp70-Hsp40
complexes is proposed to be particularly promising in developing modulators of
Hsp70 activity, as there is a greater specificity to these interactions which allows

the fine-tuning of the chaperone network [86].
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1.4.2 J dot resident PfHsp40s

PfHsp70-x is found incorporated into high molecular weight complexes in the
infected red blood cell alongside Hsp40s of parasitic origin [87]. The complexes are
found in J dots which are highly mobile parasite induced structures and named
after the presence of Hsp40s also known as J proteins [88]. Two type II parasite
Hsp40s, PFE0055¢ and PFA0660w, are exported into the host cell cytosol where
they colocalise with J dots (Fig. ) It was found that the two Hsp40 proteins
are tightly associated with J dots despite lacking a hydrophobic membrane spanning
region and it has been shown that localisation to these cholesterol-rich structures
relies on the C-terminal substrate binding region of the Hsp40s [88, [89]. Attempts
to create a PFA0660w knockout line have so far been unsuccessful implying that
this Hsp40 is essential, whereas PFE0055¢ has been successfully knocked-out [90].

Daniyan et al [91] demonstrated that both PFA0660w and PFE0055¢ are capable
of stimulating the chaperone activity of PfHsp70-x in vitro providing evidence for
functional Hsp70/Hsp40 complexes in J dots. In particular, they found that
PFA0660w specifically stimulates the activity of PfHsp70-x but not the human
Hsp72. PFA0660w was also shown to have considerable aggregation suppression
activity alone showing the ability of the Hsp40 to bind substrates. This information
suggests that PFA0660w is able to direct PfHsp70-x function by bringing specific

substrates through its own substrate binding domain to be folded or trafficked.

1.5 Molecular chaperones as drug targets

Molecular chaperones have emerged as potential drug candidates due to their
involvement in a number of diseases ranging from cancer, neurodegenerative diseases
and infectious diseases [92]. Hsp90 proteins, perhaps the most studied class of
all the chaperones, have been shown to be important for the development and
proliferation of several types of cancer and thus Hsp90 inhibitors such as 17-
allylamino-17-demethoxygeldanamycin (17-AAG), Tanespimycin and Ganetespid
have been developed as anti-cancer drugs [93] 94, 95, 96]. Hsp60 proteins have
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been implicated in inflammation and transplant rejection alongside cancer and
neurodegeneration leading to the development of inhibitors such as mizoribine [97].
In animal models of Parkinson’s disease, Alzheimer’s disease and Huntington’s
disease, overexpression of Hsp70 proteins delayed disease protection leading to
the development of dihydropyrimidines that can modulate the activity of Hsp40-
stimulated Hsp70s [31]. Hsp70s have also been implicated in cancer as high Hsp70
levels are associated with adverse outcomes in breast, endometrial and prostate
cancers as well as certain leukemias. Thus, a broad range of anti-cancer Hsp70
inhibitors have been developed in the form of ATP mimetics, spergualin-like

compounds, fatty acids, peptides and various dyes.

1.5.1 Malarial chaperones - an emerging therapeutic target

Repurposing of known chaperone inhibitors as antimalarials may prove to be
an effective strategy when combined with other therapeutics |98]. For example,
geldanamycin (GA), an Hsp90 inhibitor and precursor of 17-AAG, can act synergis-
tically with chloroquine to efficiently kill parasites in vitro [99]. GA also proved to
be effective against chloroquine-resistant parasites suggesting that the combination
of these two drugs could be an effective option.

The exported malarial chaperones, PfHsp70-x and associated PfHsp40s, make
particularly interesting targets as small compounds targeting the erythrocyte cyto-
plasm have fewer membranes to transverse; inhibition of intraparasitic chaperones
require small compounds to cross the parasite membrane and the parasitophorous
vacuole membrane in addition to the host cell membrane. However, as Hsp70
chaperones play such diverse roles in the cell and fold hundreds of proteins,
broad-spectrum inhibition of Hsp70s could lead to adverse and unpredicted effects.
Therefore, we must aim to specifically inhibit PfHsp70-x, which is potentially difficult
as Hsp70s are highly conserved, or aim to break interactions between PfHsp70-x
and its cochaperones. Targeting Hsp70-Hsp40 complexes, such as PfHsp70x —
PFA0660w, has been suggested to be particularly attractive as one can aim to

disrupt specific chaperone-cochaperone pairs and fine-tune chaperone network.



1. Introduction 27

1.6 Aims and work presented

In this thesis, I aim to address the following questions:
1. Does PfHsp70-x play a role in protecting the parasite from stress?
(a) Does this make PfHsp70-x a suitable drug target?
2. Does PfHsp70-x differ from human Hsp70s in structure or function?

(a) Can we specifically inhibit PfHsp70-x?

(b) Can we gain insights on its role?

3. Can we inhibit PfHsp70-x towards repurposing existing Hsp70 inhibitors as

antimalarials?
4. Can the PfHsp70-x - Hsp40 interaction be specifically targeted?

Chapter 3 probes the role of the exported parasite Hsp70, PfHsp70-x, in response
to stress using genetically modified P. falciparum parasites and thus attempts to
answer Question 1. The following chapter aims to structurally characterise the
catalytic domain of PfHsp70-x allowing comparison to human Hsp70s to answer
Question 2. Question 3 is explored in Chapter 5 as we investigate the inhibition of
PfHsp70-x to test the potential of repurposing Hsp70 inhibitors as antimalarials
and to understand so-called specific inhibitors of the malarial chaperone. Finally,
Chapter 6 investigates the interactions of PfHsp70-x with J dot resident Hsp40s,
PFA0660w and PFE0055¢, to understand the preferential stimulation of chaperone
activity by these proteins towards answering Question 4. Taken together, these
results will enable the future design of small molecules that can modulate and
fine-tune the chaperone network in the malaria infected erythrocyte to reduce
pathogenesis and parasite proliferation. Chapter 7 discusses the impact of work
presented here and the future directions of studying the chaperone network of

the P. falciparum infected erythrocyte.
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2.1 Cloning

Plasmodium falciparum PfHsp70-x (Uniprot accession number K7NTP5) constructs
were derived from a codon optimised synthetic DNA fragment from Integrated
DNA Technologies (IDT) encoding for protein residues 25 — 679. Human Full
length Hsc70 (Uniprot accession number P11142) was cloned from sequence verified
cDNA from the Source BioScience .M.A.G.E Consortium. Plasmodium falciparum
PFA0660w (Uniprot accession number Q8I2E1) and PFE0055¢ (Uniprot accession
number Q81489) constructs were generated using codon optimised synthetic DNA
fragments from IDT encoding for protein residues 81 — 402 and 77 — 402 respectively.
DnaJ (Uniprot accession number P08622) was amplified from Escherichia coli strain
Rosetta2(DE3) genomic DNA obtained from cell lysate.

PCR was used to amplify DNA sections using primer oligos from Sigma.
Amplified regions were cloned into a pFloat vector containing an N-terminal His6-tag
and a human rhinovirus (HRV) 3C protease cleave site [100] using Gibson Assembly
(New England BioLabs). Resulting assembly products were transformed into 5-alpha
competent E. coli cells (New England BioLabs). Transformed cells were plated
onto 1.5 % w/v Luria Bertani (LB) agar plates containing 50 ug mL™ kanamycin
for antibiotic selection of correctly transformed cells. Plates were incubated for
16 hours at 37°C. Colonies were picked and used to inoculate separate 10 mL
LB cultures with 50 pug mL™' kanamycin. LB cultures were grown overnight for
16 hours at 37°C . Cells were harvested, and plasmid DNA extracted using the
Qiagen Miniprep kit according to manufacturer’s instructions. Plasmid DNA was

sequenced by Eurofins Genomics to confirm correct cloning of constructs.
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Table 2.1: Table of constructs.

Protein name Construct Construct
(UniProt accession number) name boundaries
PfHsp70-x (K7NTP5) PfHsp70-xg_ 25-679

PfHSP70-Xatpase 29 - 419

Hsc70/HSPA8 (P11142) Hsc70q 1-638
PFA0660w (Q8I2E1) PFA0B60W, 81- 157
PFE0055¢ (Q81489) PFE0055¢, 77 - 148

DnaJ (P08622) DnaJ 1-376

2.2 Protein Expression and Purification

2.2.1 PfHsp70-x, Hsc70, PFA0660w;, PFE0055¢;

DNA constructs were transformed into E. coli strain Rosetta2(DE3) cells for protein
expression and grown in LB or, for NMR usage, in M9 minimal media supplemented
with N NH,Cl and/or 3CgD-glucose as appropriate at 37°C with 50 pg mL™*
kanamycin and 34 pg mL™? chloramphenicol. Upon reaching an ODggo of 0.5-0.6,
the incubation temperature was reduced to 18 °C and protein expression initiated by
addition of isopropyl 3-D-1-thiogalactopyranoside (IPTG) to a final concentration of
250 uM. Protein expression was allowed to proceed for 18 hours before harvesting.

Cells were harvested by centrifugation and resuspended in ATP lysis buffer
(10 mM NayHPO,4, 2 mM KHyPOy, 2.7 mM KCI, 500 mM NaCl, 0.01% Triton
X-100, 5 mM ATP, 2 mM MgCl, pH 7.4) in the case of PfHsp70-x and Hsc70
proteins or lysis buffer (10 mM Na,HPO,, 2 mM KH,PO,, 2.7 mM KCI, 500
mM NaCl, 0.01% v/v Triton X-100 pH 7.4) for PFA0660w and PFE0055¢c J
domains. Sonication was used to lyse resuspended cells and the resulting lysate
was clarified by centrifugation at 30,000 x g. The clarified lysate was loaded
onto a pre-equilibrated HiTrap TALON metal affinity column (GE Healthcare Life
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Sciences) and washed with the appropriate lysis buffer. Proteins were eluted with
lysis buffer supplemented with 500 mM imidazole.

Proteins were extensively dialysed in 3C cleavage buffer (20 mM NayHPOy,
150 mM NaCl, 1 mM 1,4-Dithiothreitol (DTT) pH 7.4) and incubated with
recombinant HRV 3C protease to cleave the purification tag at 4 °C for 16 hours [101].
Size exclusion chromatography was performed as the final purification step using
Superdex 75 or Superdex 200 columns (GE Healthcare Life Sciences) equilibrated in
NMR buffer (20 mM NayHPOy, 150mM NaCl, 2 mM DTT pH 7.4), crystallography
buffer (20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 50
mM NaCl, 1 mM DTT pH7.4) or assay buffer (10 mM HEPES, 100 mM Na(Cl,
0.5 mM DTT, 2 mM MgCl, pH 8).

Protein purity was assessed by sodium dodecyl sulphate-polyacrylamide elec-
trophoresis (SDS-PAGE) (2.1 and [2.2). Proteins were concentrated using spin
ultrafiltration with concentrations calculated by UV absorption at 280 nm and an

extinction coefficient estimated from amino acid sequence [102].
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Figure 2.1: SDS PAGE of purified PfHsp70-x FL and ATPase constructs.
A: SDS PAGE of PfHsp70-xpy, after size exclusion. L = Markl2 Unstained Ladder
(ThermoFisher Scientific). 1 indicates the post affinity chromatography sample. 2-10 are
samples from size exlusion. 2-10 all have purity of >95% with 6-10 having a purity of
>99% as determined by ImageJ. B: SDS PAGE of PfHsp70-xaTpase after size exclusion.
L = Mark12 Unstained Ladder (ThermoFisher Scientific). 1-10 are samples after size
exlusion. 1-10 all have purity of >95% with 1,4 and 6-10 having a purity of >99% as
determined with ImageJ.



2. Methods 33

A: PFA0G60w,

22
14

.-

B: PFE0055c,

L |
66
S

37—
31

22

14

e .

Figure 2.2: SDS PAGE of purified PFA0660w and PFE0055c J domains.
A: SDS PAGE of PFA0660w; after size exclusion. L = Markl2 Unstained Ladder
(ThermoFisher Scientific). 1 indicates the post size exclusion samples with a purity of
>95% as determined by ImageJ. B: SDS PAGE of PFE0055¢; after size exclusion. L =
Mark12 Unstained Ladder (ThermoFisher Scientific). 1 indicates the post size exclusion
samples with a purity of >99% as determined by ImagelJ.

2.2.2 Dnal

The DnaJ full length construct was transformed into E. coli Rosetta2(DE3) for
protein expression and grown in LB at 37°C. Upon reaching an ODggyy of 0.5-0.6,

protein expression was initiated by addition of IPTG to a final concentration of 250
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1M and protein expression was allowed to proceed for 5 hours before harvesting.

Cells were harvested by centrifugation and resuspended in mild denaturant lysis
buffer (10 mM Na,HPOy4, 2 mM KH,PO,, 2.7 mM KCI, 500 mM NaCl, 0.01%
v/v Triton X-100, 2 M Urea, pH 7.4). Sonication was used to lyse resuspended
cells and the resulting lysate was clarified by centrifugation at 30,000 x g. The
clarified lysate was loaded onto a pre-equilibrated HiTrap TALON metal affinity
column and washed with lysis buffer. Proteins were eluted with mild denaturant
lysis buffer supplemented with 500 mM imidazole.

Proteins were then dialysed in 2-(N-morpholino)ethanesulfonic acid (MES)
dialysis buffer (50 mM MES, 50 mM NaCl, 1 mM DTT, 2 mM EDTA pH 6) and
incubated with HRV 3C protease to cleave the purification tag.

Ion exchange chromatography using a HiTrap SP HP Sepharose cation exchange
column (GE Healthcare Life Sciences) was used as the final purification step in
which proteins were eluted by a gradient of MES dialysis buffer supplemented with
1 M NaCl. Protein was then dialysed into assay buffer (10 mM HEPES, 100 mM
NaCl, 0.5 mM DTT, 2 mM MgCl, pH 8).

Protein purity was assessed at each step by SDS-PAGE. Protein was concentrated

using spin ultrafiltration with concentrations calculated by UV absorption at 280nm.

2.3 NMR

All NMR experiments were conducted using Bruker Avance III spectrometers with
cryogenic TCI probeheads operating at field strengths of 500, 600 or 750 MHz and
controlled with Bruker TopSpin software. Samples consisted of protein in NMR
buffer supplemented with 5% w/v D20 and 50 uM 4,4-dimethyl-4-silapentane-1-
sulfonic aid (DSS) unless stated otherwise. Data were processed with NMRpipe
[103] and analysed with Sparky [104] or TopSpin software.

2.3.1 HSQC Titrations

Heteronuclear single quantum coherence (HSQC) NMR spectra were recorded

with samples of N isotopically enriched protein at 100 M concentration unless
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stated otherwise. Spectra of PfHsp70-xarp.se and PFA0660w; and PFE0055c;
were collected at 25°C. Spectra were collected with increasing amounts of either
unlabelled protein or small molecule and overlaid for comparison and analysis.
Where percentage change of peak intensity is discussed, the following equation

was used to calculate this value:

PIcomplex -

Pl
100 2.1
P, % (2.1)

PC =

Where, PC is percentage change in intensity, Pl,,, is the peak intensity of
the residue with only labelled protein and Pleomplex is the peak intensity of the
residue with labelled protein and ligand /binding partner. Associated errors were
calculated from the estimated level of noise for each spectrum using the following
equation, derived from the propagation of uncertainties principle, to propagate

errors through the percentage change calculation [105].

2
6P]com ex2+ 5P1302 ?
5PC (W piex)? + (6P apo) ) ) <5P1apo> 22

PC B P]complex - P]apo PIaPO

2.3.2 Backbone Assignments

Sequential resonance assignments of the backbones of PFA0660w; and PFE0055¢;
were performed using 3D HN(CO)CACB and HNCACB experiments at 25 °C and

protein sample concentrations at 1 mM [106, |107].

2.3.3 Saturation Transfer Difference

Saturation transfer difference (STD) experiments were used to probe small molecule
binding to proteins. Proteins were buffer exchanged into DO PBS (10 mM
NayHPOy, 2.7 mM KCI, 137 mM NaCl pH 7.4 in 100 % v/v D5O) using SpinTrap 25
columns (GE Healthcare Life Sciences) to minimise 'H signal from water. Methylene
blue and BBL were dissolved in D,O and deuterated dimethyl sulfoxide (DMSO)
respectively. Irradiation frequencies for data collection were optimised at the

maximum small compound concentration of 1 mM with 10 uM protein. Both
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on- and off-resonance frequencies were irradiated to allow calculation of the STD
amplification factor. Data were collected at decreasing concentrations of small
molecules and also with small molecules alone as controls. All STD experiments
were performed at 10°C. The STD amplification factor for each 'H resonance

was calculated using the equation below [108]:

ST D gig
ST D g

Where STD,y,p is the STD amplification factor, STDgis is the 'H resonance

ST Doy of resonance = x ligand excess (2.3)

intensity of the STD difference spectrum and STD,.g is the 'H resonance intensity
of the off-resonance spectrum.
STD experiments were used to estimate the dissociation constant, Kp, of

binding using the equation below [108]:

ASTD [L]

STD, p = ————=
" Kp+|[L]

(2.4)

Where ogrp is the maximum amplification factor and L is the ligand concentra-

tion.

2.4 Biophysics and Biochemical Assays
2.4.1 Mass Spectrometry

Protein identity and mass were confirmed with time of flight mass spectrometry

using a Micromass LCT.

2.4.2 Circular Dichroism

Circular dichroism (CD) was used to confirm correct folding, secondary structure
composition and thermal stability of proteins. All spectra were measured using a
Jasco J-815 Spectropolarimeter in a quartz cuvette with a 1 mm path length with
samples in diluted NMR buffer. Initial spectra were recorded between 260 — 180 nm
at 20 °C and buffer-only background subtracted. Thermal stability was measured by

following the CD signal at 222 nm at temperatures increased from 10 — 80 °C at a rate
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of 1°C/min. Spectra were also collected at 15°C following thermal denaturation
to the check ability of the protein to refold. Data were normalised for sample

concentration, number of amino acids and the molecular weight of the protein.

2.4.3 MESG ATP Hydrolysis Assay

The rate of ATP hydrolysis was measured using a coupled enzymatic reaction in
which purine nucleoside phosphorylase enzyme (PNPase) uses released inorganic
phosphate (Pi) to modify the substrate 2-amino-6-mercapto-7-methylpurine riboside
(MESG) causing absorption at 360 nm to increase [109]. All MESG assays were
performed using a CLARIOstar microplate reader (BMG LABTECH). 5 uM
chaperone was incubated with 400 pM MESG and 2 U PNPase in assay buffer for 30
minutes at 25 °C before the addition of ATP to a final concentration of 1 mM. The
absorbance at 360 nm was followed over 2 hours and the steady state reaction rate
was calculated. Values were converted to moles of ATP hydrolysed using a standard

curve derived from variable concentrations of inorganic phosphate samples.

2.5 X-Ray Crystallography

For all crystallization trials, optimal concentration of protein was determined using
pre-crystallisation tests (Hampton Research). Crystallization trials involved a broad
approach using commercial screens from Qiagen (JCSG I — IV) and Molecular
Dimensions (Morpheus). Screens were set up in sitting drop vapour diffusion plates
(TTP Labtech) using a Mosquito robot to deposit 200 nLL drops at 1:1 and 2:3 ratios
of protein to mother liquor in each plate well. Commercial screens were set up at

both room temperature and 4°C to increase the screening space.

2.5.1 Structure Determination of PfHsp70-xA1pase:AMP-PNP

Diffracting crystals from a sample of 15 mg mL™" PfHsp70-XaTpase in complex with
adenylyl-imidodiphosphate (AMP-PNP) at a 1:10 molar ratio were obtained at
20°C in a condition containing 24% w/v PEG 1500 and 20% v/v glycerol.
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Diffraction data for these crystals were collected at Diamond Light Source
beamline 103 at 100 K to a resolution of 1.81 A. The space group was determined
to be P 27 27 2; with two copies of PfHsp70-xaTpa.se per asymmetric unit. Data
were processed with XTA2 [110] and solved by molecular replacement using the
automated mode in Phaser [111] with the human Hsp72 ATPase domain structure
[112] (PDB 5MKR). Coot was used for model building alongside iterative refinement
with Phenix Refine [113] |114]. Not all loop residues could be built due to poor
electron density; chain A 215-221 residues, and chain B residues 215 — 221,and
279-283, 413 — 416. Additionally, the first 11 amino acids of both molecules could
not be modelled due to missing electron density. The structural model of PfHsp70-
XaTPase Was validated using MolProbity [115]. Statistics of data collection and

refinement are shown in Table in Chapter 4]

2.5.2 Structure Determination of PfHsp70-xA1pase:ADP

Diffracting crystals for a sample of 15 mg mL™' PfHsp70-Xa7pase in complex with
adenosine 5’-diphosphate (ADP) at a 1:10 molar ratio were obtained at 20 °C in a
condition containing 0.1 M MES, 5% w/v PEG 3000, 30% v/v PEG 200 pH 6.
Diffraction data were collected at Diamond Light Source beamline 104 at 100 K
to a resolution of 1.87 A. The space group was determined to be P 2y 2y 2; with two
molecules per asymmetric unit similar to PfHsp70-xa1pase: AMP-PNP. Data were
processed with XIA2 and solved using Phaser and the PfHsp70-xarpase: AMP-PNP
structure without ligand as the molecular replacement search model. Coot was
used for model building alongside iterative refinement with Phenix refine. The
structural model was validated using MolProbity. Statistics of data collection and

refinement are shown in Table in Chapter []

2.5.3 Imhibitor Soaking of PfHp70-xarTpa.se Crystals

Crystals of PfHsp70-xaTpase Wwith AMP-PNP were grown as described above. 100
mM stock solutions of compounds were made in DMSO. Crystals were harvested

and then soaked in drops consisting of mother liquor and final concentrations of
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either 10 mM or 1 mM of compound. Crystal soaking was allowed to proceed for
16 hours at 20°C before being harvested and flash cooled.

Diffraction data were collected at the European Synchrotron Radiation Facility
using the automated MASSIF-1 beamline at 100 K. Data were processed with auto-
matic processing pipelines: XIA2, XDSAPP [116], autoPROC [117] and EDNA [118].

The structure of PfHsp70-xaTpase Without ligand was rigid body refined in Phenix
using the resulting MTZ maps from crystal soaking experiments to assess structural

changes, presence of ligand or modifications.

2.5.4 Structure Determination of PFA0660w;

Crystals of PFA0660w; from protein samples at 8.75 mg mL™! concentration were
obtained at 4°C in a condition containing a 0.12 M mix of ethylene glycol, Tris
(base)/Bicine 0.1 M pH 8.5, PEGMMEDS550 30% w/v and PEG 20,000 30% w/v.

Diffraction data were collected at Diamond Light Source beamline 124 at 100
K to a resolution of 1.39 A. The space group was determined to be P 1 2; 1 with
two molecules per asymmetric unit. Data were processed with autoPROC and
solved by molecular replacement using Phaser and the J domain of Sisl protein
from Saccharomyces cerevisiae (PDB 4RWU)[119]. Coot was used for model
building alongside iterative refinement with Phenix refine. The structural model

of PFA0660w; was validated using MolProbity.

2.6 Computational methods

2.6.1 Homology Modelling

A homology model of the PFE0055¢; structure was generated using the one-to-one
threading mode on SWISS-MODEL [120] using the crystal structure of PFA0660w
as the template. Secondary structure features of the resulting model were cross

checked against secondary structure prediction from NMR '3C backbone chemical

shifts performed by PECAN [121].
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2.7 In vitro Plasmodium falciparum Assays

Plasmodium falciparum parasite lines PfHsp70-x glmS, M9 and APfHsp70-x were
kindly gifted by Dr. Vasant Muralidharan from University of Georgia, USA [83].

2.7.1 Parasite Culturing

Plasmodium falciparum 3DT cell lines were cultured according to standard proce-
dures. Briefly, parasites were cultured in Roswell Park Memorial Institute (RPMI)
+ Albumax complete medium (1 x RPMI 1640, 0.5% Albumax II, 25 mM HEPES,
25 mM NaHCOs3, 0.5 mL L' gentamicin, 0.36 mM hypoxanthine, 100 pug mL™
Neomycin). Human erythrocytes (Zurich blood bank) were used as host cells and
hematocrit was maintained at 5%. Cultures were grown in modular chambers at
37°C in culturing gas (3% Oa, 5% CO4 and 92% Ny by volume). Parasitaemia was
measured using Giemsa smears and kept between 0.5% and 5%.

Where indicated, parasite cultures were synchronised through either ring selection
or late-stage enrichment. Ring selection was performed using a sorbitol treatment
[122] in which mature parasites (>12 hpi) exhibit higher sensitivity to sorbitol
and are therefore lysed but ring stage parasites remain intact and viable. For
sorbitol treatment, high parasitaemia cultures were centrifuged at 600 x g to form
a pellet. The pellet was resuspended in 5% w/v sorbitol and incubated for 5
minutes at 37°C. The culture was then centrifuged again at 600 x g. The resulting
pellet was washed 3 times in fresh culturing medium before being diluted to 5%
hematocrit and subcultured as usual.

Enrichment of late-stage infected erythrocytes was achieved using a 70% Percoll
cushion made in 1 x RPMI 1640 and 3% w/v sorbitol in PBS. High parasitaemia
cultures were centrifuged at 600 x g. The resuspended pellet was layered on top
of the 70% w/v Percoll cushion. The layered sample was centrifuged at 1,500 x
g. The upper most layer interphase consisted of trophozoites and schizonts which

were washed in fresh culturing medium and subcultured as usual.
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2.7.2 PfHsp70-x knockdown: induction and validation

Knockdown and control lines PfHsp70-x glmS and M9 were treated with 2.5 mM
glucosamine for 48 hours before experiments were conducted [123]. Successful

knockdown of PfHsp70-x was confirmed by Western blot.
PfHsp70-x knockdown Western blot

500 puL of trophozoite-infected RBC were lysed in eight pellet volumes of 0.03 %
saponin/PBS on ice for 10 minutes. The pellet was washed in PBS supplemented
with Complete Proteinase Inhibitor (Roche) the washed pellet was taken up in 200
pLl Lammli-buffer supplemented with Complete Protease Inhibitor and DNAse
I (Sigma). The samples were sonicated for 5 minutes at 30 second intervals and
stored at —20°C until further use. Parasite lysates were thawed and boiled at
95°C for 5 minutes, vortexed and centrifuged at full speed for 1 minutes. 10 pL of
supernatant were loaded onto a NOVEX NuPAGE Bis-Tris gel (Life Technologies).
Transfer to a membrane was performed using the iBlot 2 (Life Technologies).
Membranes were blocked in 5 % milk in TNT (100 mM Tris, 150 mM NaCl, 100
mM fuming HCI, and 0.1 % Tween 20) and subsequently probed with primary
antibodies diluted in 5 % milk/PBS. Rabbit anti-Hsp70-x (1:5,000; [71]), rat anti-
HA (1:1,000; Roche), mouse anti-GAPDH (1:10,000; C. Daubenberger) were used
as primary antibodies and goat anti-mouse-HRP (1:10,000; Pierce), goat anti-
rabbit-HRP (1:10,000; Jackson Immunology), and goat anti-rat-HRP (1:10,000;
Southern Biotech) were used as secondary antibodies. Detection was performed

using chemiluminescence (SuperSignal West Pice, Thermo Scientific).

2.7.3 Stress Assays

Two types of stress were tested for effects on knockout and knockdowns of PfHsp70-x:
heat stress and oxygen stress. Parasitaemia was measured using flow cytometry
on a Becton Dickinson FACSCalibur system with CellQuest Pro V5.2.1 software.
Infected erythrocytes were stained using SYBR Green (Sigma) diluted 1:5,000 in
FACS Flow (Becton Dickinson) and incubated in the dark at 37°C for 15 minutes.
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Cells were spun down and the pellet washed in FACS Flow. 100,000 events were
measured for each reading. Red blood cells were gated based on scattering of light
and SYBR Green binding to DNA allowed further gating of infected erythrocytes
by fluorescence (Fig. [3.11]).

For the asynchronous heat stress assay, parasite cultures were distributed into
6 well plates and diluted with a target parasitaemia of 0.5%. Parasitaemia was
measured for each well and this was designated Time = 0. Heat stress was applied to
half of the cultures in the form of incubation at 41 °C for 12 hours to imitate a febrile
episode. The other half of the cultures were grown at normal temperature conditions.
After 12 hours the stress was removed, and all cultures were grown at normal
culturing conditions until Time = 48 hours when parasitaemia was measured again.

For the asynchronous oxygen stress assay, parasite cultures were distributed
into 6 well plates and diluted with a target parasitaemia of 0.5%. Parasitaemia
was measured for each well and this was designated Time = 0. Oxygen stress
was applied to half of the cultures in the form of incubation with atmospheric
air (21% Oy by volume) for 6 hours to mimic oxidative stress. The other half
cultures were grown at normal conditions. After 6 hours the stress was removed,
and all cultures were grown under normal culturing conditions until Time = 48
hours when parasitaemia was measured again.

For the synchronised heat stress assay, parasites were highly synchronised by a
combination of sorbitol treatment and enrichment with Percoll gradient. Specifically,
parasites were initially synchronised using sorbitol to obtain a ring-stage culture
then late-stage parasites in the same cycle were enriched using a Percoll gradient.
Finally, 8 hours post Percoll selection, parasites were once again subjected to
sorbitol treatment to obtain an ~8 hour window of synchronisation. The rest of
the assay was performed as for the asynchronous assays but begun at different
points in the blood stage life cycle.

The percentage change in parasitaemia (PCP) was calculated by:

P48_PO
— X

PCP =
Py

100 (2.5)



2. Methods 43

In which P4g is parasitaemia measured at 48 hours and Py at 0 hours.

2.7.4 Drug Assays

Compounds were dissolved in DMSO to create stocks at 10 mg mL?'. Stock
compounds were diluted in hypoxanthine-free culturing medium and titrated in 96-
well plates in duplicate. APfHsp70-x parasite infected erythrocytes were added to
each well (except for negative control wells which contained uninfected erythrocytes)
to a final parasitaemia of 0.3% and 1.25% hematocrit. Incubation time with drug
pressure varied between experiments as indicated. For shorter drug pressure times,
compounds were removed with thorough washing of cultures using hypoxanthine-
free culturing medium. After 8 hours incubation, 0.25 uCi [*H]-hypoxanthine was
added, and plates further incubated for 16 hours. Parasitized cells were lysed using
freeze-thaw and then the lysed cultures were passed through glass-fibre filters trap
to DNA. Radioactivity was counted using a MicroBeta2 plate liquid scintillation
counter (PerkinElmer). The effect of compounds on parasite growth was calculated

as a percentage of the untreated controls.

2.8 Graphs and Structures

All graphs and statistics in this thesis were plotted and calculated using R through
R Studio. Structural models shown in this thesis were visualised with PyMOL [124].
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3.1 Contributions to Data

Plasmodium falciparum 3D7 parasite lines WT, APfHsp70-x, PfHsp70-x4ms and
PfHsp70-xy19 were a kind gift from Dr Vasant Muralidharan of the University of
Georgia, USA . All work in this chapter was completed at the Department
of Medical Parasitology and Infection Biology at the Swiss Tropical and Public
Health Institute, Basel thanks to the help of Prof. Hans-Peter Beck and his lab,

especially Dr. Beatrice Schibler and Armin Passecker. The drug assays were made

44
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possible by Prof. Matthias Rottman and carried out alongside Christin Gumpp. The
majority of work presented here was completed by myself, except for the heat shock

experiments using synchronised cells which were performed by Armin Passecker.

3.2 Introduction

Re-annotation of the P. falciparum genome resulted in the discovery of an exported
Hsp70 previously thought to be a non-functional pseudogene [125]. PfHsp70-x,
shown to localize to J-dots in the red blood cell (RBC) cytoplasm, was suggested
to assist in folding, trafficking and protection of parasitic proteins within the
host cell erythrocyte, thereby linking this chaperone to parasite survival and
pathogenicity [71]. Recent work performed by Charnaud et al [82] tested a PfHsp70-
x knockout (APfHsp70-x) parasite line for a number of phenotypes associated with
normal growth, response to stressful conditions, cell morphology and the export of
virulent proteins such as PFEMP1. Their findings indicated that PfHsp70-x supports
virulence functions as APfHsp70-x parasites showed less efficient export of PITEMP1
with o-PfEMP1 antibodies binding reduced by 32% and reduced cytoadhesion (63%
reduction compared to wildtype). Other effects were seen such as higher sensitivity
to nutrient restriction and oxygen stress. This study highlighted however that
knockout parasites had undergone a degree of selection that caused changes in the
transcription and translation of multiple exported proteins such as RESA, a PHIST
protein with a J domain. Such changes may be possibly compensating for the loss
of PfHsp70-x and therefore mask phenotypes. Cobb et al [83] then published a
study in which they had utilised CRISPR/Cas9 genome editing to create PfHsp70-
x ‘knockdown’ parasite lines. They found the knockdown lines did not show a
reduction in growth under normal conditions but did not test for response to stress.

In this chapter we utilize the conditional knockdown parasite lines of Cobb et
al to study the effect of losing PfHsp70-x on a timescale too short for selection
and thus possible compensation to occur. In particular, we focus on the role of

PfHsp70-x in the parasite’s response to stress.
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3.3 PfHsp70-x knockout and knockdown cell lines

The PfHsp70-x conditional knockdown mutant received from Dr. Muralidharan
had been created by inserting a glmS ribozyme sequence into the 3’ untranslated
region (UTR) of the PfHsp70-x gene. The glmS ribozyme is transcribed alongside
the PfHsp70-x gene as one mRNA and, upon addition of glucosamine (GIcN) to the
culture medium, is able to cleave itself leading to loss of the poly(A) tail of mRNA.
Poly(A) tail cleavage results in degradation of the PfHsp70-x mRNA, resulting in
highly reduced protein expression and, thus, PfHsp70-x ‘knockdown’.

To confirm the reduction of PfHsp70-x levels upon GlcN addition, Western blots
were performed to compare knockdown and control cells after GlcN treatment.
Asynchronous cultures of PfHsp70-xgms parasites and parasites where a non-
functional version of the glmS ribozyme was inserted in the PfHsp70-x UTR
(PfHsp70-xn9), were split into two cultures with one of each treated with 2.5 mM
GlceN for 48 hours to induce ribozyme self-cleavage and the other left in normal
growth media. 48 hours was predicted to be sufficiently long as the parasite life cycle
is ~48 hours and therefore all parasites present in culture at the 48-hour timepoint
should have developed in the presence of GlcN. PfHsp70-x protein levels were
probed with an o-PfHsp70-x antibody with the housekeeping gene glyceraldehyde
3-phosphate dehydrogenase (GAPDH) used as a loading control probed by an
o-GAPDH antibody. As shown in Fig. [3.1} we can see that the PfHsp70-xyp9 cell
lysates contain similar levels of PfHsp70-x as to be expected of a negative control.
In contrast, PfHsp70-xgmg cell lysates show a significant reduction in PfHsp70-x

levels upon GlcN addition, indicating the knockdown was successful.
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Figure 3.1: The GImS conditional knockdown system. A: An illustration of the
glmS conditional knockdown system. A HA tag and glmS sequence is inserted into the
3’ untranslated region (UTR) of the gene of interest. The transcribed mRNA contains
the GlmS ribozyme which, upon addition of glucosamine (GlcN), cleaves itself. GlmS
ribozyme cleavage causes detachment of the poly(A) tail leading to mRNA degradation
and knockdown of the protein of interest. B: Western blot to confirm successful knockdown
in PfHsp70-xgms upon addition of glucosamine (GIcN) in comparison to the PfHsp70-
xpog control. Proteins were visualised using o-PfHsp70-x (1:5,000; ) and o-GAPDH
antibodies (1:10,000; C. Daubenberger). C: Densitometry analysis of B to determine
PfHsp70-x knockdown levels calculated using ImageJ. PfHsp70-x band density was
compared to the loading control GAPDH to determine relative levels of protein with and
without GlcN.
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The PfHsp70-x knockout line (APfHsp70-x) from Dr. Muralidharan was
generated by interrupting the open reading frame by inserting a human dihydrofolate
reductase (hdhfr) drug resistance cassette using CRISPR/Cas9. Parasites were
selected with WR99210 and knockout parasites were cloned via limiting dilution.
We used western blots to confirm that the PfHsp70-x knockout clones received
did indeed did not express PfHsp70-x (Fig. . Two separate knockout clones
were received ((APfHsp70-x 1 and 2). After determining both did not express

PfHsp70-x, we picked one line to continue working with.

3D7 WT
A70-x (1)
A70x (2)

75 m— | . a-PfHsp70-x

W ook a-GAPDH

Figure 3.2: APfHsp70-x confirmation. Western blot to confirm successful knockout
of PfHsp70-x in comparison to the 3D7 wildtype (WT) parasites. Proteins were visualised
using a-PfHsp70-x [71] and o-GAPDH (C. Daubenberger) antibodies.

3.4 APfHsp70-x susceptibility to antimalarials

Previous studies did not explore the role PfHsp70-x played in protection from
stress caused by antimalarials. A number of antimalarials such as artemisinin and
the quinols are thought to act through the generation of free radicals although
mechanisms have not been fully deduced. Some studies have shown that chaperones,
including Hsp70s, play a role in protecting proteins from free radical damage and
target irreversibly damaged proteins for degradation [126]. We wanted to test
if PfHsp70-x played such a role in P. falciparum leading to reduced potency of
antimalarials. If so, then a combined treatment therapy consisting of a traditionally

used antimalarial alongside a PfHsp70-x inhibitor could be extremely efficient.
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We performed in vitro experiments to compare antimalarial IC5y values between
wildtype 3D7 and a PfHsp70-x knockout parasite line, APfHsp70-x. Experiments
were performed in 96-well plates to allow the study of several drugs in parallel (Fig.
and with asynchronous cultures. APfHsp70-x and control (3D7) parasites were
distributed across two plates with uninfected red blood cells (uURBCs) then drugs
were added to cultures by serial dilution in duplicates. Drug pressure was applied
for 1 or 8 hours depending on drug concentration and then removed through several
washing steps. *H hypoxanthine was then added and cultures were incubated for
the remainder of a 24 hour period to allow hypoxanthine to be incorporated into
the DNA. 3H hypoxyanthine incorporation was used as a measure of growth and
normalised against iRBCs that experienced no drug pressure and uRBCs. 1C5q values
were calculated by fitting a sigmoidal dose-response model to the data. A difference
in IC5y was deemed significant if there was over a 2 fold change compared to the

value for the wildtype parasite line due to the small number of technical repeats.
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Figure 3.3: Antimalarial drug experiment schematic. Asynchronous cultures of
control and knockout cell lines were plated separately on two 96-well plates with 4 wells
left for the negative control of uninfected red blood cells (uURBC). Drugs (green) were
added to each plate in duplicate columns and serially diluted to create a dose-response
curve at time = 0 h and parasites were cultured in standard conditions. The top row was
not treated with any drug to provide positive controls for growth. After time = x (8 or
1 h), drug pressure was removed through extensive washing and *H hypoxanthine was
added to all wells. Hypoxyanthine incorporation was allowed to progress for 24 - x h.
Growth was then measured through hypoxyanthine incorporation as a percentage of the
positive controls corrected for the uRBC negative control.
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The effect of antimalarials artesunate (an artemisinin derivative with improved
solubility), lumefantrine, chloroquine and primaquine were studied because it has
been reported that their antimalarial activity may be due to the production of free
radicals. Although these antimalarials are believed to act primarily in the parasite,
their free radical activity may begin in the host cell cytoplasm or alternatively,
free radicals generated in the parasite may lead to oxidate stress in the host
cell cytoplasm. Artesunate is the currently the first line treatment for patients
with severe malaria [127]. Chloroquine is also administered extensively for the
treatment of malaria caused by all Plasmodium species as well as its prevention
although resistance to the drug has spread to nearly all areas of the world where
falciparum malaria is transmitted [128]. Lumefantrine is commonly used as a
co-drug in combination with artemisinin [129, [130] Primaquine is often used in
the prevention of P. vivax infection relapse but has also been found to be effective
against certain stages of P. falciparum [11].

Initially, assays were performed with 8 hours of drug pressure applied (Fig. |3.4)).
We can see that both artesunate and chloroquine are potent drugs with I1C5y values
of ~8 uM and 95 puM respectively comparable to values measured previously in the
lab of Prof. Rottman. Primaquine is less potent with ICsy value of ~7700 M and
an [Csq value for lumefantrine could not be calculated as drug concentrations were
not high enough. We can see that for all drugs tested, no significant difference could
be seen between 1C5q values for WT and APfHsp70-x parasites. It was postulated
that the timescale of 8 hours of drug pressure was too long to see any possible
differences between APfHsp70-x and W'T parasites as artesunate and chloroquine
in particular are fast acting drugs. The experiment was therefore repeated with just
1 hour of drug pressure and higher drug concentrations (Fig. [3.5)). Primaquine was

not repeated as higher concentrations could not be achieved due to solubility issues.
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Figure 3.4: Dose-response curves for 8 h antimalarial treatment. Plots of %
growth of iRBCs compared to untreated iRBCs against drug concentration. Each drug
concentration was tested in duplicate with both points shown. Line runs through the

mean of the duplicates. ICsg values for each cell line wildtype (WT) and APfHsp70-x
(A70-x) are indicated on each plot.

The 1-hour drug pressure experiment resulted in higher 1Csq values, particularly
for artesunate, which may cause previously unobserved differences to be magnified
and thus be observable. With the higher concentrations of lumefantrine, we were
able to calculate 1Cs5q values of ~570 uM. For both artesunate and lumefantrine,
almost identical ICsy values are calculated for both WT and APfHsp70-x parasites.
Interestingly, we see a difference in 1Cs, for chloroquine in which the APfHsp70-

x appears to be more sensitive to the drug with an 1C5y of 220 M compared
to 370 uM for the WT.
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Figure 3.5: Dose-response curves for 1 h antimalarial treatment. Plots of %
growth of untreated iRBCs against drug concentration. Each drug concentration was
tested in duplicate with both points shown. Line runs through the mean of the duplicates.

ICsp values for each cell line wildtype (WT) and APfHsp70-x (A70-x) are indicated on
each plot.

3.5 Bromo-3 Lapachol - the ’specific inhibitor of
PfHsp70-x

Cockburn et al reported the discovery of the compound, bromo-§ lapachol (BBL),
which has antimalarial activity (ICsq of 17 M) and found BBL able to preferentially
inhibit the activity of PfHsp70-x when compared to the intraparasitic Hsp70
(PfHsp70-1) and human Hsp70 (Hsp72) [131} [132].

Alongside the antimalarial drug assays, we also studied the effect of BBL on

APfHsp70-x parasites in comparison with WT parasites to test for the aforemen-
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tioned specificity (Fig. . We see similar ICsq values for both APfHsp70-x and WT
parasite lines despite the reported specificity. This suggests that BBL has off-target
effects and if anything, PfHsp70-x protects the parasite. The mechanism by which
BBL inhibits PfHsp70-x remains unclear and needs further investigation to determine

the nature of this inhibition and to further understand its antimalarial activity.

BBL

A70-x ICyy = 2884 nM

100 A

1000 10000
[BBL] (log nM)

Figure 3.6: Dose-response curves for BBL treatment. Plots of % growth of
untreated iRBCs against drug concentration. Each concentration was tested in duplicate
with both points shown. Line runs through the mean of the duplicates. ICsy values for
each cell line wildtype (WT) and APfHsp70-x (A70-x) are indicated on the plot.

However, it is important to note that these assays were performed with a
APfHsp70-x line that may have experienced changes in gene expression during the
knockout generation similar to that found in the Charnaud study. Such changes in
gene expression may cause phenotype masking and thus prevent us determining the
role of PfHsp70-x in response to antimalarials. To overcome possible changes in
gene expression, the following assays utilise the conditional PfHsp70-x knockdown

line, PfHsp70-xgms which involves rapid yet significant reduction in protein which

prevents selection of compensated parasites.
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3.6 The effect of stress on PfHsp70-x knockdown
parasite growth

A number of experiments were executed to test the growth of the rapid PfHsp70-x
knockdown cell lines after exposure to stresses. We hypothesise that the PfHsp70-
x knockdown line will show greater sensitivity to stress than control parasites
indicating that PfHsp70-x plays a role in protecting the parasite. Here we focus

on the stressors oxygen and heat.

3.6.1 Oxidative stress

An experiment was designed in which we compare the growth of asynchronous
cultures of control PfHsp70-xar9 with knockdown PfHsp70-xgms after a period of
oxidative stress. We mimic oxidative stress by culturing in atmospheric air which has
an oxygen content of ~21%. P. falciparum parasites, and indeed other Plasmodium
species, prefer low oxygen environments for growth which is why parasites are
cultured in a special gas mixture normally consisting of 3% 02, 5% CO2 and 92% N2.

GlcN was applied to parasite cultures 48 hours prior to experiment setup to
ensure sufficient knockdown of PfHsp70-x. Parasitaemia was measured at the
assay start and after 48 hours using flow cytometry with the oxygen stress applied
between 0 — 6 hours (Fig. . All cultures were grown in normal conditions for the
remaining 42 hours. The experiment was performed with three technical repeats
and three biological repeats. Parasite growth was calculated as percentage change
from the initial parasitaemia and averaged across technical replicates. Growth for
stressed parasites was then normalised using the growth of unstressed parasites.

An unpaired T-test was used to compare the mean growth across biological
repeats between PfHsp70-xgmg knockdown and PfHsp70-xy9 control cell lines after
a period of oxygen shock. With a p-value of 0.2974 we found no statistically
significant differece in growth, and therefore no effect of lacking PfHsp70-x in
response to oxidative stress (Fig. .
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Figure 3.7: Oxidative stress growth experiment. A: Asynchronous control and
knockdown cell lines were split between two 6-well plates and parasitaemia measured at 0
hours. One plate was incubated in atmospheric air consisting of 21% O for 6 hours. After
6 hours both plates were cultured in standard conditions for the next 42 hours. Final
parasitaemia was measured at 48 hours. B: Boxplot comparing growth of PfHsp70-Xgims
knockdown and PfHsp70-xp9 control lines after oxidative stress. Growth is expressed
as a percentage of growth in standard conditions. Each point represents the mean of 3
replicates for a biological repeat. The difference in mean growth was calculated as not
significant (n.s.) using an independent T-test (p-value = 0.297).

3.6.2 Heat stress

A similar experimental setup was used to explore the effect of the PfHsp70-x
knockdown in response to heat stress (Fig. . The parasite experiences heat stress
during periods of fever during the intraerythrocytic stage of infection. Asynchronous
cultures of PfHsp70-xn9 and PfHsp70-xgmg were split with half subjected to a heat
shock of 40°C for 12 hours to mimic fever and the other half cultured in normal
conditions. All cultures were grown in standard conditions for the remaining 36 hours.

The experiment was performed with three technical replicates and three biological
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repeats, and growth calculated as discussed above for the oxidative stress experiment.

An unpaired T-test was used to determine if parasite growth was significantly
different between PfHsp70-xgms knockdown and PfHsp70-xyr9 control cell lines
after a period of heat shock (Fig. [3.8). With a p-value of 0.9103 we observed
no significant differences, and therefore observed no effect of lacking PfHsp70-

x in response to heat shock.
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Figure 3.8: Heat stress growth experiment schematic. A: Asynchronous control
and knockdown cell lines were split between two 6-well plates and parasitaemia measured
at 0 hours. One plate was incubated at 40 °C for 12 hours. After 12 hours both plates were
cultured in standard conditions for the next 36 hours. Final parasitaemia was measured at
48 hours. B: Boxplot comparing growth of PfHsp70-xg41ms knockdown and PfHsp70-xppg
control lines after heat stress. Growth is expressed as a percentage of growth in standard
conditions. Each point represents the mean of 3 replicates for a biological repeat. The
difference in mean growth was calculated as not significant (n.s.) using an independent
T-test (p-value = 0.910).
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3.6.3 Discrepancies between biological repeats

Parasites lacking PfHsp70-x showed no significant difference in viability and growth
in response to heat and oxygen stress compared to a control cell line. We do however
see large variability in our data for both cell lines in both heat and oxygen stress
experiments. By looking at each biological repeat we can see that repeats have
vastly different growth behaviours. For example, we see parasite growth rates are far
higher in biological repeat 3 for the heat shock experiment than in other biological
repeats (Fig. . The same can be said for biological repeat 1 knockdown cells
in comparison to other repeats in the oxygen stress experiment (Fig. . It is the
variability across biological repeats, despite similar initial parasitaemia values, that

make it difficult to pull out meaningful and reproducible differences.
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Figure 3.9: Oxidative stress growth experiment variability. A: Boxplot com-
paring growth of PfHsp70-x4,s knockdown and PfHsp70-xy19 control lines with and
without oxidative stress. Each point represents a technical replicate. Growth is shown
as a percentage of initial parasiaemia. B: Boxplot comparing growth of PfHsp70-Xg1ms
knockdown and PfHsp70-xp19 control lines with and without oxidative stress with points
coloured by biological repeat. C: A breakdown of each biological repeat showing the
growth of each technical repeat.



3. Cell Biology 60

A
® Cell line
o i o
= 400 1 O glmS
> o)
- @
§ 3001 - E MS
9] Biological
% 2001 Repeat
(@]
..g ® () ® @ 1
] @
g 100 0. ® 2
& oo . ®s
’ oo © 4
@ P
- ® :
-100 . . r -
knockdown knockdown control control
37°C 40°C 37°C 40°C
B Biological Repeat
L1+ | [ 2
4 4 41 4
'Q Cell line
ImS
3] 34 - gm
2 - M9
.g Temp. (°C)
8 2 21 — 37
3 --- 40
©
©
o ; 14 é
o s';;'g
. )
0 01
0 48 0 48 0 48 0 48

Time (hours) Time (hours) Time (hours) Time (hours)

Figure 3.10: Heat stress growth experiment variability. A: Boxplot comparing
growth of PfHsp70-xgms knockdown and PfHsp70-xy19 control lines with and without
heat stress. Each point represents a technical repeat. Growth is shown as a percentage
of initial parasiaemia. B: Boxplot comparing growth of PfHsp70-xgms knockdown and
PfHsp70-xp19 control lines with and without heat stress with points coloured by biological

repeat. C: A breakdown of each biological repeat showing the growth of each technical
repeat.

To understand the discrepancies seen between each biological repeat, we delved
deeper into the raw data collected. At each time point, parasitaemia was measured

using flow cytometry and SYBR staining of DNA (Fig. [3.11)). Uninfected red blood
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cells (uURBCs) have no nucleus and therefore are not stained unlike infected red blood
cells (iRBCs) which contain the DNA of the parasite. Each flow cytometry reading
consists of scattering and fluorescence information for each event i.e. each cell.
Scattering allows the characterisation of size and granularity which is used to gate
intact cells. Cells are then gated on the basis of fluorescence which relates to the DNA
content giving the percentage of iRBCs in the total population of cells. We can then
look closer at the iIRBC population and see that we have a distribution of fluorescence
rather than the tight cluster we see for uRBCs. The distribution of fluorescence
is due to the asynchronous nature of cultures used — the population consists of
early- and late-stage parasites with few and many chromosomes respectively. As the
parasite enters the mid- to late-stage of the intraerythrocytic cycle, DNA is copied,
and new chromosomes are created (Fig. . A single parasite can create up to
32 merozoites with a large degree of variability which causes complications to the
reading of flow cytometry data unlike for mammalian cells which have well-defined

stages and a simple doubling of DNA content.
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Figure 3.11: Flow cytometry of P. falciparum parasites A: Gating of red blood
cells by light scattering. B: Further gating using fluorescence intensity from SYBR green
staining of DNA to determine parasitaemia. C: Histogram of gated iRBCs showing
distribution of fluorescence intensity and therefore DNA content in the population.
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Figure 3.12: DNA content of P.falciparum throughout the intraerythrocytic
life cycle. The intraerythrocytic life cycle of the P. falciparum parasite (top) and the
associated increase in DNA content through the late trophozoite stage and schizogeny
(bottom) [133].

Previous attempts to accurately define the population of asynchronous cultures
of Plasmodium parasites by flow cytometry using DNA content alone have so far
been mostly unsuccessful and outside the scope of this thesis. However, we can
qualitatively look at the distribution of fluorescence to be able to compare the
distribution of parasite stages across biological repeats. One possible hypothesis for
growth discrepancies under stress is that stress may affect the blood stage life cycle
timing; for example, if the ring stage is prolonged because of the stress then this
group will be overrepresented in the stressed samples compared to the unstressed.
An alternative hypothesis is that loss of PfHsp70-x causes more significant growth
differences in certain life cycle stages, and therefore that the growth effect varies
depending on the make-up of the asynchronous culture.

By comparing the fluorescence distributions at time 0 h and 48 h for both
unstressed and stressed conditions (Fig. [3.13)), we can look for evidence that heat
shock caused a change in intraerythrocytic life cycle progression. For both PfHsp70-
Xgims and PfHsp70-xyg, we see that the fluorescence distribution at 48 hours is
very similar whether there has been heat stress applied or not; thus, confirming

that stress does not affect the cycle timing.
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We do however see that the population make-up differs between different
biological replicates (Fig. . In biological repeat 3, PfHsp70-xgms has a
greater number of late stage parasites (higher fluorescence) than in biological repeat
2. It is also apparent that sometimes there are similar populations between the two
cell lines, such as in biological repeat 2, but very different distributions in other
biological repeats. Thus, it is likely that differences in initial populations are indeed
causing the variability we see between biological repeats, and that the effect of

stress in different cell stages are averaged out in the mixed population.

PfHSpP70-Xgims 40°C - O hours PfHspP70-Xgims 40°C - 48 hours
0.010
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Figure 3.13: The effect of heat stress on life cycle progression. A comparison
of fluorescence distribution of PfHsp70-xg1,ms and PfHsp70-xy9 iRBCs at time = 0 h and
48 h with and without heat stress. Data shown is representative of technical replicates in
each case.
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Figure 3.14: Initial population make-up of asynchronous cultures. A compar-
ison of initial fluorescence distribution at time = 0 h between biological repeats 2 and
3 for both PfHsp70-xgms and PfHsp70-xy9. Data shown is representative of technical
replicates in each case.

3.6.4 Heat stress through the parasite’s life cycle

To test the hypothesis that different stages of the parasite’s cell cycle will be
affected differentially by heat shock and therefore that PfHsp70-x functions are more
important at different stages, we repeated the heat experiment with synchronised
parasites and applied the 12 hour heat shock at various points throughout the
cell cycle: young rings (0-12 hours), late rings (12-24 hours), trophozoites (24-36
hours) and late trophozoites and schizonts (36-48 hours). Only the PfHsp70-Xgims
parasite line was used to prevent comparing across different cultures and thus
different populations. The control for this experiment was PfHsp70-Xg,s without
GlcN. Comparing between GlcN present and absent conditions is a limitation of

this experiment as it is difficult to rule out the possible effect of GlcN on results.
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However, this limitation was deemed a necessary compromise to allow for comparison
between identical populations as variation in population distribution caused issues in
previous iterations. This experiment was performed with three technical replicates
and three biological repeats. Growth of stressed parasites was normalised against
growth of the same culture at standard conditions i.e. 37°C. Independent T-tests
were used to test for significance when comparing growth means of PfHsp70-x
knockdown and control lines after heat shock.

We can see that the effect of the heat shock varies depending on which point
in the life cycle the heat shock occurs (Fig. . Looking at the growth of the
control culture alone, we can see that heat shock is beneficial to growth (mean
= 1.7 fold increase of unstressed growth) when applied to young rings, but is
detrimental during the trophozoite stage and has no significant effect when applied
to late rings or late trophozoites/schizonts.

Interestingly, when comparing growth of control and PfHsp70-x knockdown
parasites, we see a significant difference particularly when heat shock is applied
in the young ring stage; we see increased growth for the control but not for the
PfHsp70-x knockdown. This suggests that PfHsp70-x is crucial for accelerated
growth in early ring stages during heat shock. It is important to note that heat
shock during this stage is the most biologically significant as fever begins upon
schizonts rupturing and lasts for several hours through reinfection and the ring
stage [134]. It has also been previously reported that these periods of fever help
the ring stages to proliferate and are important for the highly synchronised nature

of the erythrocytic stage of infection [79].
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Figure 3.15: Heat stress growth experiment with synchronised parasites A:
Boxplot comparing growth of PfHsp70-xgimg with glucosamine (knockdown) and without
glucosamine (control) after heat stress at different points in the life cycle. Growth is
expressed as a percentage of growth in standard conditions i.e. 37 °C. Each point represents
the mean of 3 technical replicates. Significance between control and knockdown growth
means was calculated by a independent unpaired T-test and the results indicated for each
time window by either no significance (n.s.) or p-value if < 0.05 and thus significant. B:
A schematic to demonstrate intraerythrocytic life stages being heat shocked.

A significant difference (p-value = 0.047) was also seen when heat shock was
applied in the trophozoite stage. Growth of control parasites remains almost
unchanged (mean = 91% of growth at 37°C) but PfHsp70-x knockdown parasites
showed reduced growth (64% of growth at 37°C) suggesting that PfHsp70-x also
plays a role in protecting the parasite from stress. A similar trend was seen for the

12-24 hour time window but the difference in growth of the control and PfHsp70-x
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knockdown lines was not deemed significant. The lack of significance for this cell
cycle stage may be due to variability seen between biological repeats and requires
additional repeats to confirm if there is a relationship between the presence of

PfHsp70-x and response to heat shock.

3.7 Discussion

In this chapter, we aimed to explore the role of PfHsp70-x in parasite viability
in response to heat, oxidative and drug-induced stress.

We tested the response of a PfHsp70-x knockout (APfHsp70-x) line to antimalar-
ials thought to create free radicals and thus cause oxidative damage to the parasite.
It was found that APfHsp70-x was not more sensitive to artesunate or lumefantrine
than the wildtype line. At high concentrations and short drug pressure, chloroquine
did have a lower 1C5q value for APfHsp70-x than for the control suggesting that
PfHsp70-x, to some degree, protects against chloroquine activity. Chloroquine
is thought to act by preventing heme biocrystallisation resulting in the build-up
of toxic, soluble heme within the parasite [128]. A combination of chloroquine
and a PfHsp70-x inhibitor may make an interesting treatment option. However,
it is possible that the knockout line used in the drug-stress assays experienced
changes in expression during parasite line generation as was shown to be the case
for the line used by Charnaud et al.

PfHsp70-x also makes an attractive drug target because Hsp70 chaperones have
been previously targeted in the context of treating cancer and neurodegenerative
diseases [135, [136], 137, (138, [139]. It therefore may be possible to repurpose
existing Hsp70 inhibitors as antimalarials or use compounds as scaffolds for creating
specific inhibitors.

Previous efforts to create a specific inhibitor of PfHsp70-x with antimalarial
activity resulted in the discovery of several compounds by Cockburn et al. Here
we test the activity of BBL, a supposedly specific inhibitor of PfHsp70-x, on a
PfHsp70-x knockout line in comparison with wildtype 3D7 parasites. It was found

that BBL retained its antimalarial activity in the absence of its proposed target. The
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mechanism through which BBL inhibits PfHsp70-x’s chaperone activity is unknown
so further work needs to be carried out to understand how this compound functions.

Initial experiments testing the effects of heat and oxidative stress on a PfHsp70-
x conditional knockdown line gave great variability between biological repeats
preventing conclusions from being drawn. Upon delving deeper into the raw
flow cytometry data, it was decided that this was due to the different initial
distribution of life cycle stages in each population as experiments were performed
with asynchronous cultures.

To determine the role of PfHsp70-x in response to heat stress, we repeated the
heat stress experiments with synchronised parasites and applied stress at different
points in the intrerythrocytic life cycle. We have shown for the first time that the
exported chaperone PfHsp70-x plays an important role in the proliferation of P.
falciparum under stress during the young ring stage (0-12 hours) and in the survival
of the parasite in later-stage parasites (24-36 hours).

Of particular biological interest, is the role of PfHsp70-x in the proliferation
of ring-stage parasites during heat shock. We saw that control parasites showed a
significant increase in growth upon heat stress in the young ring stage but that this
additional growth was not seen in the knockdown line. It is well known that acute
fever in the malaria infected individual repeats in ~48 hour cycles coinciding well
with the parasites life cycle [134, [140]. The rupture of schizonts, each releasing tens
of merozoites into the bloodstream, has been shown to trigger fever that continues
for 2 - 6 hours reaching temperatures of 41°C. Previous work has shown that
young ring-stage parasites may benefit from these febrile episodes by accelerated
growth, increased cytoadherence and reduced deformability of the iRBC leading
to increased sequestration in microvasculature [141], 79, 142, 80, 143]. Indeed, we
see here that control parasites do grow faster after heat shock is applied to the
ring stages. It is also interesting to note that PfHsp70-x transcription peaks at ~8
hours post-invasion correlating with the timing of fever (Fig. .

As previously discussed, comparing PfHsp70-Xgm,s on and off GlcN has its

limitations as it is difficult to rule out GlcN being the cause of any effect seen.
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This was deemed to be a necessary compromise which allows for more accurate
comparisons in terms of life cycle distribution in populations. The lack of difference
in certain life cycle stages suggests that it is not GlcN itself that is causing differences

in growth but a real result of the PfHsp70-x knockdown.
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Figure 3.16: PfHsp70-x expression levels during intraerythrocytic develop-
ment. Transcript levels of fragments per kilobase of exon model per million mapped
reads (FPKM) vs hours in intraerythrocytic cycle. RNA collected at indicated time points
post-infection from highly synchronised parasites. Data from [144].

We propose that the exported chaperone, and its partners, allow the translocation
and trafficking of important parasitic proteins through the host cell cytoplasm. The
delivery of parasitic proteins, such as pores for importing essential nutrients, to the
iRBC surface may cause increased metabolism and thus cause the observed increase
in growth. Additionally, it is likely that PfHsp70-x aids the export and delivery
of virulence factors, such as PIEMP1, to the cell surface causing the increased
cytoadherence previously reported. PfHsp70-x has been implicated in the export
and presentation of PFEMP1 on numerous occasions due to their colocalization at

certain time points and the presence of PfHsp70-x only in cytoadherent species
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of Plasmodia. In fact, is was shown by Charnaud et al that their APfHsp70-x
parasites exported PFEMP1 less efficiently and iRBCs had reduced cytoadherence
even without the proposed heat stress stimulus. PfHsp70-x’s exact role in the
proliferation of ring-stage parasites experiencing heat shock needs to be further
studied by following protein export post-heat shock and in the absence of PfHsp70-x.

PfHsp70-x seems to also play a protective role in the trophozoite stage (24-36
hours) as seen from significantly reduced growth of the knockdown parasites in
comparison to the control. Both cell lines show significantly reduced growth caused
by the heat shock indicating this stage of the parasite development is more sensitive
to stress compared to the ring stage. Although fever would typically not occur at
this point of the parasite’s life cycle, multiple asynchronous infections are possible
resulting in more frequent febrile episodes. I propose that PfHsp70-x protects and
refolds heat-damaged proteins in the host cell cytoplasm during these heat sensitive
stages of the life cycle. The functions of Hsp70 chaperones including aggregation
prevention, refolding of denatured proteins and targeting unsalvageable proteins
for degradation have been extensively studied and demonstrated. It has also been
shown that PfHsp70-x is a fully functional Hsp70 capable of these functions [85]
which, alongside the reduced growth in the PfHsp70-x knockdown line in response to
heat shock, confirm the role of this exported chaperone in the protection of proteins
crucial to parasite survival under stress. A number of additional chaperones are
present in the iRBC, intraparasitic and host derived, accounting for the remaining
growth of the parasites demonstrating that PfHsp70-x is not the sole determinant
of parasite survival in stress but part of a network likely comprising of parasite
and human derived chaperones.

Work by Charnaud et al did not find any relationship between the presence of
PfHsp70-x and reaction to heat shock applied in the ring stage. However, in their
study, they call attention to changes in gene expression observed in their PfHsp70-x
knockout. They proposed that the parasite had compensated for the loss of PfHsp70-
x over the course of the months required for the knockout creation by altering

expression patterns of exported protein genes. Here we have shown this is likely to be
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true as our conditional knockdown system did indeed react differently to heat shock.
The conditional knockdown system leads to significantly reduced levels of protein on
a timescale that does not allow selection of compensating parasites in the population
to occur and thus is able to observe a phenotype not previously observable.

In the coming chapters, we aim to structurally characterise PfHsp70-x and some
of its binding partners to provide information for drug design and also to gain
further insight into the workings of the exported chaperone network. We shall also

test a number of known Hsp70 inhibitors against PfHsp70-x for the same aims.
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4.1 Crystal Structure of PfHsp70-XaATpPase

We aim to explore the differences in structure between PfHsp70-x and human
Hsp70s. Studying the structure of PfHsp70-x may give us an insight into its
role, e.g. a different mechanism of action, as well as information that can be
used to selectively inhibit the parasitic chaperone. In this thesis, we focus on
the structure of the ATPase domain of PfHsp70-x as this is predicted to be the
major binding site of many Hsp70 inhibitors, cochaperones and nucleotide exchange
factors and thus more interesting to us.

Several attempts were made to crystallize the ATPase domain of PfHsp70-x
by using different constructs, varying protein concentrations and co-crystallisation

with ligands. Initially, crystal trials were set up using a construct containing both

73
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the ATPase domain and linker of PfHsp70-x, however, this proved unsuccessful so a
construct without the flexible linker was created: PfHsp70-xa1pase. PTHSPT0-XATPase,
in the presence of AMP-PNP, a non-hydrolysable ATP analogue, crystallized and a
resulting structure was solved to a resolution of 1.81 A (Table .

Examination of the structure shows that the asymmetric unit consists of two
nearly-identical copies (RMSD 0.293 A) interacting through a small interface
comprising of four salt bridges formed between residues R51 and D182 and two
hydrogen bonds formed by N50 — Q186 and Y164 — D182 backbone atoms (Fig.
[.1)) Protein Interfaces, Surfaces and Assembilies analysis (PISA) was used to assess
the protein interaction interfaces for biological relevance relating to oligomeric state
of the protein [145]. Two additional interfaces were found between symmetry-related
copies however PISA predicted all interfaces to be artefacts of crystal packing on
the basis of interface area, solvation and binding energies, hydrophobicity and the
number of bonds involved in the interaction. Quality of NMR spectra shown later
in this chapter is consistent with that of a 45 kDa protein and not that of a 90 kDa
dimer confirming the inability of PfHsp70-xarpase to form dimers in solution.

PfHsp70-xaTpase consists of a mixture of alpha helices and small beta sheets
that form two lobes (I and II), each consisting of subdomains A and B, forming a
channel between them that leads to the nucleotide binding site (Fig. . Within
the nucleotide binding site, good density for AMP-PNP could be seen allowing
easy placement of the ligand (Fig. [4.3)).
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Figure 4.1: Asymmetric unit interactions of PfHsp70-xa1pase:AMP-PNP. A:
'Side’ view of the two copies, A (light blue) and B (blue), of PfHSp70-xa1Tpase: AMP-PNP
shown in cartoon representation. B: "Top’ view of the two copies, A (light blue) and B
(blue), of PfHsp70-xaTpase: AMP-PNP with the site of interaction highlighted by a dashed
box. C: Closer view of the amino acids involved in the interaction interface. Salt bridges
are shown by a black dotted line and are formed between D182 and R51. Hydrogen bonds

are shown by dotted red lines and are formed between Y164 and D182 as well as N50 and
Q186.
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Table 4.1: PfHsp70-xaATpase:AMP-PNP X-ray crystallography structure data
collection and refinement statistics. Geometry and steric analysis was performed by
the Molprobity server [146].

Protein PfHsp70-XaT1pase AMP-PNP
Space group P 2,224
Unit cell (A,°) 80.29 102.71 103.77, 90 90 90
Beamline DLS/103
Wavelength (A) 0.97625
Resolution range (A) 43.26 — 1.81
High-resolution shell (A) 1.84 —1.81
Rmerge (1) 0.057 (1.523)
Rmeas (1) 0.062 (1.65)
Rpim (1) 0.024 (0.63)
Completeness (%) 99.9 (99.8)
Multiplicity 6.5 (6.7)
/o 12.65 (1.1)
CC,, 0.99 (0.72)
Wilson B factor 38.74
Refinement statistics

Rwork (reflections) 0.1869 (77,039)
Riree (reflections) 0.2097 (3,848)
Number of atoms

Protein 5836
Ligands 66
Water 231
Average B factors (A?)

Protein 60.25
Ligands 45.73
Water 49.89
RMSD from ideal

Bonds /angles (A /°) 0.005 / 1.05
MolProbity statistics

Ramachandran favored (%) 99.5
Ramachandran allowed (%) 0.54
Ramachandran outliers (%) 0
Rotamer outliers (%) 0
Clashscore (percentile) 1.44 (100t)
MolProbity score (percentile) 0.88 (100th)
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Figure 4.2: PfHsp70-xaATpase:AMP-PNP crystal structure. A: 'Front’ view of
PfHsp70-xATPase With AMP-PNP (grey, coloured by element) and magnesium (green). B:
Side view of PfHsp70-xATpase- C: Bottom view of PfHsp70-xaTpase. D: The two lobes of
PfHsp70-xaTPase and the subdomains of each lobe.

Looking closer at the nucleotide binding site, we can see that there are many
interactions between ligand and protein mostly mediated by phosphate groups of
AMP-PNP and backbone amides of PfHsp70-xatpase (Fig. [4.3). There are also
several interactions between the ligand and amino acid sidechains; specifically, T42
and T43, which form hydrogen bonds to the beta and gamma phosphate groups.
The side chains of E299, K302 and S304 hydrogen bond to the adenosine moiety. In
the context of the 3D structure (Fig. , we can also see how highly ordered water
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molecules, alongside magnesium ions, form a more extensive network of interactions
in the active site. The phosphate groups of AMP-PNP are able to form so many
interactions with backbone amides as they are trapped by two glycine-rich loops:
230-240 and 40-60. The two loops that trap AMP-PNP’s phosphates also trap a
number of waters and magnesium ions forming a hydrophilic cavity. This highly
hydrated cavity allows formation of many hydrogen bonds which position waters
for nucleophilic attack on the nucleotide 3-ybond and stabilise the intermediate
state therefore allowing for hydrolysis of the nucleotide.

Upon examination of the structure’s refinement statistics (Table we can
see that the model features high B-factors when comparing to structures of similar
resolution deposited in the PDB. When mapping the B-factors onto the surface of
PfHsp70-xaTpase, it becomes apparent that the high B-factors are localised to the
extremities of the protein, particularly surface lysines and arginines, and to exposed
loops (Fig. [£.5)). The high flexibility of these residue side chains and disordered
loops explain the high average B-factor and as the rest of the statistics reflect a

good quality model, this is not considered an issue.
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Figure 4.3: AMP-PNP ligand. A: Zoomed view of the AMP-PNP ligand within a
composite omit 2mFo-DFc electron density map (grey mesh) at 3c. B: 2D representation of
AMP-PNP’s interactions with PfHSp70-xaTpase- Hydrogen bonds and charge interactions
are represented by dashed lines and hydrophobic interactions by green arcs.

Image
generated by PoseView [147].
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Figure 4.4: 3D examination of AMP-PNP ligand interactions. A: Interactions
of the adenine moiety of AMP-PNP. B: Interactions of the ribose moiety of AMP-PNP. C:
Phosphate tail of AMP-PNP trapped in hydrated cavity by two loops. D: A closer look
at the interactions of the phosphates of AMP-PNP with loop residues, ordered waters
(red) and magnesium ions (green).
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Figure 4.5: B-factors of PfHsp70-xaA1pase:AMP-PNP Structure of the PfHsp70-
XATPase: AMP-PNP structure coloured by B-factor per atom shown by surface representa-
tion.
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4.1.1 Comparison with human Hsp72

PfHsp70-xaTpase has a canonical Hsp70 ATPase domain fold consisting of two lobes
each made up from two subdomains as previously described. This structure is seen
across all domains of life as seen when comparing the ATPase domain PfHsp70-x,
human Hsp72 [148], bacterial DnaK [149] and yeast Bip [150] in Figure [4.6]

The all-atom RMSD between PfHsp70-x and Hsp72 demonstrates that the
structures are very similar with a value of 0.7 A. A pairwise alignment of PfHsp70-x
and Hsp72 shows that the proteins share 67% identity and 80% similarity. By
mapping the residues that differ onto the aligned structures, we can see non-
conserved patches indicating differences that can be targeted in drug design (Fig.
4.7). Tmmediately, we can see that the active site is highly conserved and the
active site of the structures overlay very well. Therefore, we can infer that it is
unlikely a nucleotide mimic would have the ability to specifically inhibit PfHsp70-x.
Outside the active site there are many patches of non-conserved residues on all
subdomains which are localised largely to the protein surface. Three patches of
non-conserved residues are shown indicating possible sites to target with small
molecules that may allosterically inhibit PfHsp70-x rather than directly inhibiting
ATP binding/hydrolysis (Fig. [4.§).

One option for allosterically inhibiting PfHsp70-x via the ATPase domain involves
preventing the rotation of subdomains in relation to each other which is caused
by SBD or J domain docking as well as nucleotide exchange or hydrolysis. This
rotation of subdomain has been reported to optimally align the catalytic residues
in addition to opening the SBD for substrate binding. A second option would be
to directly prevent docking of the SBD or Hsp40 J domain through the design of

a small molecule that competes with such domains.
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Figure 4.6: PfHsp70-x has the canonical Hsp70 ao1pase architecture. A: PfHsp70-
XATPase Structure. B: human Hsp72 ATPase domain structure (PDB 2E8A ) C:
yeast Bip ATPase domain structure (PDB 3QFP [150]). D: Mycoplasma genitalium DnaK
ATPase domain structure (PDB 50BY )
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Figure 4.7: Comparison of PfHsp70-x and human Hsp72 A: Aligned PfHsp70-
XATPase and human Hsp72arpase structures. Residues that differ between the proteins
have their side chains shown by stick representation and coloured orange. B: Close-up
of the active site of A showing the overlap of AMP-PNP from the PfHsp70-x structure
(orange carbons) and the Hsp72 structure (magenta carbons). AMP-PNP is shown in stick
representation with atom coloring as previously described). C: Surface representation
showing the localisation of non-conserved residues (orange) shown from below. D: Surface
representation showing the localisation of non-conserved residues (orange) shown from
the front.E: Surface representation showing the localisation of non-conserved residues
(orange) shown from behind.
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Figure 4.8: Non-conserved patches of PfHsp70-xar1pase A: Close-up of non-
conserved patch I. B: Close-up of non-conserved patch II C: Close-up of non-conserved
patch III.

4.1.2 The crystal structure of PfHsp70-xa1pasc:ADP

Crystals were also obtained by cocrystallizing PHsp70-xa1pase With ADP, the product
of ATP hydrolysis and the structure solved to a resolution of 1.87 A. PfHsp70-
XaTPase i1 complex with ADP crystallised in different conditions compared to the
complex with AMP-PNP, but the crystals had near identical unit cell dimensions
and the same space group (Table .

It was expected that the AMP-PNP- and ADP-bound structures would have
different conformations representing different stages of the nucleotide cycle. However,
upon comparing structures, we observe that the AMP-PNP and ADP bound forms
are extremely similar with an all-atom RMSD of 0.33 A when aligned (Fig. .
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No significant conformational changes can be seen, and the majority of differences
localise to loops that display poorer density and higher B-factors suggesting inherent
flexibility. The density of the ligand in the active site fits ADP very well confirming
that there is no ATP carried over from purification (Fig. [4.10)]).

Looking closely at the active site, we see that the ADP and AMP-PNP nucleotides
overlay extremely well especially at the adenine and ribose moieties (Fig. . No

significant backbone or side chain movements can be seen within the active site.
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Table 4.2: PfHsp70-xaTpase: ADP X-ray crystallography structure data collection and
refinement statistics.

Protein PfHsp70-XxaTpase ADP
Space group P 2,224
Unit cell (A°) 80.12 101.8 103.31, 90 90 90
Beamline DLS/I04
Wavelength (A) 0.9795
Resolution range (A) 72.51 —1.87
High-resolution shell (A) 1.94 —1.87
Rmerge (1) 0.078 (1.67)
Rmeas (1) 0.086 (1.82)
Rpim (1) 0.034 (0.72)
Completeness (%) 98.78 (94.87)
Multiplicity 6.3 (6.3)
l/o 10.33 (1.10)
CC.. 0.998 (0.582)
Wilson B factor 30.99
Refinement statistics

Rwork (reflections) 0.2224 (69,587)
Riree (reflections) 0.2518 (3386)
Number of atoms

Protein 5770
Ligands 56
Water 287
Average B factors (A2)

Protein 48.1
Ligands 38.0
Water 401
RMSD from ideal

Bonds /angles (A /°) | 0.007 / 1.07
MolProbity statistics

Ramachandran favored (%) 97.6
Ramachandran allowed (%) 2.4
Ramachandran outliers (%) 0
Rotamer outliers (%) 0.32
Clashscore (percentile) 2.4 (99t
MolProbity score (percentile) 1.11 (100t)
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Figure 4.9: Aligned PfHsp70-xATpase:AMP-PNP and PfHsp70-xATpase:ADP
structures coloured by RMSD.
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Figure 4.10: Comparison of PfHsp70-xa1pase:ADP and PfHsp70-
XATPase:AMP-PNP ligand binding. A: Zoomed view of the ADP ligand
within a composite omit 2mFo-DFc electron density map (grey mesh) at 3c. B:
Alignment of the PfHsp70-xaTpase structures focusing on the nucleotide binding site
demonstrating the identical poses of of the ligands. C: 2D representation of AMP-PNP
interactions generated by PoseView. D: 2D representation of ADP interactions generated

by PoseView.
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4.2 HSQC NMR of the PfHsp70-xATPase nu-
cleotide cycle

To further explore if the PfHsp70-x nucleotide binding domain changes conformation
throughout the nucleotide cycle, nuclear magnetic resonance (NMR) 'H-'°N het-
eronuclear single quantum coherence (HSQC) was employed. HSQC pulse sequences
first excite protons in the protein followed by magnetisation transfer to N via
covalent bonds, and then back to proton for detection as a free induction decay.
The resultant HSQC spectra are made up of peaks representing one amino acid.
The resonance frequency of each nucleus depends on its chemical environment and
therefore can be used to follow changes of environment such as conformational
changes, protein-protein or protein-ligand interactions and chemical reactions, and
therefore 'H-'"N HSQC is used extensively through this thesis.

By overlaying PfHsp70-xa1pase Spectra in the absence of nucleotides (apo), with
spectra in the presence of AMP-PNP or ADP, it is possible to study potential
conformational changes involved in the nucleotide cycle (Fig. . AMP-PNP is
a non-hydrolysable ATP analogue that can trap the ATPase domain in the ATP
bound state and was used in place of mutating the catalytic residues to preserve the
native structure. Compared to the apo state, the AMP-PNP bound state exhibits
many chemical shift perturbations mostly in the form of peak changes in position.
We can see that the majority of peaks change position when comparing AMP-PNP
and apo states suggesting the majority of amino acids have an altered chemical
environment which is likely caused by a conformational change in the ATPase
domain structure. When comparing ADP-bound and apo spectra, we also see a
large number of peaks changing position suggesting a conformational change upon
ADP binding, too. Interestingly, when comparing the ADP-bound spectra with
those in the presence of AMP-PNP we see few peak changes (Fig. [4.12)), suggesting
that the ADP- and AMP-PNP-bound states are similar.

Hsp70s require magnesium for ATP hydrolysis as a magnesium ion positions
the ligand and important waters in the correct conformation for hydrolysis. The

addition of magnesium to the nucleotide cycle was also studied to understand
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if magnesium affects the conformational changes seen upon addition of ADP or
AMP-PNP (Fig. [.13). We see additional peak shifts particularly for the ADP-
Mg?* bound state resulting in large differences between the AMP-PNP Mg?* and
ADP Mg?* bound states. It is possible that the presence of magnesium alters the
affinity of nucleotides binding and so rather than conformational changes, perhaps
we are simply viewing the equilibrium of nucleotide-free and -bound states being
shifted towards more nucleotide-bound protein. This logic can be extended to the
effect of magnesium addition being larger on ADP than AMP-PNP; AMP-PNP is
able to hydrogen bond more extensively through its additional phosphate moiety
and thus often has a stronger affinity than ADP. Therefore, at equivalent molar
ratios, there will be more unbound nucleotide in the ADP system rather than in
the AMP-PNP system resulting in magnesium having a more noticeable effect of

the equilibrium of bound and unbound ADP.
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Figure 4.11: 'H-'N HSQC spectra of PfHsp70-Xa1pase With nucleotides. A
Overlay of apo PfHsp70-xaTpase (red) and PfHsp70-xaTpase:AMP-PNP spectra (purple).
B: Overlay of apo PfHsp70-xa1pase (red) and PfHsp70-xaTpase:ADP spectra (blue).
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Figure 4.12: 'H-1°N HSQC spectra of PfHsp70-xATpase With ADP and AMP-
PNP. Overlay of PfHsp70-xaTpase: ADP (red) and PfHsp70-xaTpase: AMP-PNP spectra
(blue). Arrows indicate large peak shifts and their direction from ADP to AMP-PNP

states.
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Figure 4.13: The effect of Mg?t on ATPase domain structure. A: Overlay of
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PfHsp70-xATpase: ADP spectra (blue) and PfHsp70-xaTpase:ADP + Mg?* spectra (green).
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4.3 Discussion

In this chapter, we presented the crystal structure of PfHsp70-xaTpase in complex
with AMP-PNP. By studying the structure and comparing with human homologues,
we were able to identify regions of poor conservation that may be used to design
specific drugs against PfHsp70-x. Additionally, we could see that the active site
is highly conserved and binds nucleotides through the same mechanism ruling out
ATP mimetics as a means to specifically drug PfHsp70-x.

During crystallisation trials, crystals were also successfully grown in the presence
of ADP. Interestingly, the structures of AMP-PNP and ADP bound PfHsp70-
XaTPase Were nearly identical which is perhaps unexpected. ATP hydrolysis, and the
associated conformational changes, are integral to the chaperone activity of Hsp70s
[39, 151} [152]. The ATPase domain, the site of ATP hydrolysis, of Hsp70 proteins is
tethered loosely to the substrate binding domain (SBD) by a hydrophobic and flexible
linker, suggesting that the ATPase domain acts in isolation [32]. The nucleotide
state of the ATPase domain influences the SBD by influencing the inter-domain
interaction affinities [38]. We would therefore anticipate that looking at the ATPase
domain in isolation may still allow us to study the conformational changes in different
nucleotide states. However, this is not the case with the presented PfHsp70-XaTpase
structures and, in fact, also in the case of previously published structures of the
ATPase domain of human Hsp70 chaperones [153, |33} 154} |148|. Crystal structures
of AMP-PNP and ADP bound forms of the isolated ATPase from both human
and bovine Hsp70s show no discernible structural differences relating to nucleotide
state. Additionally, small-angle X-ray scattering studies were not able to discern
any difference between nucleotide bound states of isolated bovine Hsp70arpase [40].

It is only when looking to Hsp70 ATPase domains bound to nucleotide exchange
factors (NEF) that it is possible to see what is denoted as the 'open’ conformation
[152] |155, [156, [157]. The open conformation shows a rotation of subdomain I1IB and
of subdomains A and ITA in relation to each other. These subdomain rotations
open the channel leading to the nucleotide binding pocket and disrupt interactions

of the protein with the phosphates of ADP which allow the nucleotide to dissociate.
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However, studies utilising NMR . [158 41} (159, |160], tryptophan fluorescence [161]
and molecular dynamics (MD) simulations [162] demonstrated that the isolated
ATPase domain exhibits greater flexibility than is seen in the crystal structures.
Their findings show that the isolated ATPase domain in the ADP state closely
represents the open conformation seen upon NEF binding. Moreover, this work
indicates that the ATP bound ATPase domain would be even more tightly closed
than is seen in the crystal structures. This tightly closed structure was indeed seen
in the ATP-bound structures of full-length DnaK [50] and BiP [163|(F. coli and
human Hsp70s respectively) in which the subdomains have independently rotated
allowing the exposure of a suitable surface for SBD and linker docking and therefore
stabilising the ATP-bound conformation.

We utilised NMR to further study the PfHsp70-xarp.se nucleotide cycle and
explore if there are conformational changes in solution as shown previously for other
Hsp70s. We see many peaks changing position when comparing apo PfHsp70-XaTpase
to ADP and AMP-PNP bound states indicating a conformational change. However,
upon comparing ADP and AMP-PNP bound PfHsp70-xa1pase Spectra we see very
few changes in peak position indicating no significant changes in structure. It is
only upon addition of magnesium that we see the further shifting of peaks in the
ADP-bound spectrum. Therefore, we can hypothesise that magnesium results in a
shift in equilibrium between the ADP- and AMP-PNP-bound conformations.

The structures presented in this chapter and those published previously of the
isolated ATPase domain represent an intermediate conformation that is neither
the ADP- nor ATP-bound conformation but is instead one that crystallizes readily.
However, it must be remembered that proteins exist in an equilibrium of conforma-
tions and that, upon binding a particular nucleotide, the protein’s equilibrium is
shifted. X-ray crystallography provides us with snapshots along this spectrum of
conformations and can also induce non-physiological structures by crystal packing.
These structures are nevertheless important and useful particularly when used

alongside techniques such as NMR and biophysical methods.
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We can conclude from this chapter that PfHsp70-x has ATPase activity which
induces some conformational change in the ATPase domain in solution but that
cannot be observed through crystallography. The overall fold of PfHsp70-xaTpase
is identical to that of the human Hsp70arpa.se Which is perhaps unsurprising as
the overall structure of Hsp70s is highly conserved through all domains of life
[164} 165, |166]. However, details of the structure will be useful in understanding
the differences that allow for specific inhibition by small molecules and specific

stimulation by cochaperones.
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Hsp70 inhibitors have been developed to treat cancer and neurodegenerative
diseases. In this chapter, we aim to explore the potential of repurposing existing
Hsp70 inhibitors as antimalarials. To do so, we establish an assay to measure the
ATP hydrolysis activity of PfHsp70-x and test a number of inhibitors. Inhibition
is then studied in greater detail through structural techniques and biophysics to

gain insights into the mechanism of inhibition.

5.1 The ATPase activity of PfHsp70-x

A coupled enzymatic reaction assay was used to follow the hydrolysis of ATP by
PfHsp70-xpr, over time. The assay uses purine nucleoside phosphorylase (PNPase)
and free phosphate released from ATP hydrolysis to catalyse the formation of 2-

amino-6-mercapto-7-methlpurine from 2-amino-6-mercapto-7-methylpurine riboside

98
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(MESG) which has an increased absorbance at 360 nm [109]. Various inorganic
phosphate sample concentrations were used to create a calibration curve to allow
the conversion of absorbance to moles of ATP hydrolysed (Fig. [5.1). The MESG
assay was optimized for PfHsp70-x by varying concentrations of the substrate of the
coupled enzymatic reaction (MESG) (Fig. [5.2)). 400 uM MESG was chosen as the
optimal concentration of MESG as this gave a strong UV signal with smaller errors
without using large amounts of material. Upon testing a series of ATP concentrations
to determine the kinetics of PfHsp70-x’s ATP hydrolysis activity and to optimise
the assay, we did not see typical Michaelis-Menten kinetics; rather, at high levels,
ATP appeared to inhibit the coupled enzymatic assay. Thus, the ATP concentration
for hydrolysis assays was set to 1 mM, as this produced strong hydrolysis without
leading to strong inhibition. At this concentration of substrate, PfHsp70-x in our
assay has an initial velocity (V) of 0.641 nmoles min. As the kinetics do not follow
the Michaelis-Menten model, we can only estimate the turnover number (Kc.;) by
assuming that the maximum velocity (Vayx) is the highest initial velocity seen: 0.688

nmoles min!. We can then calculate the estimated K, by the following equation:

Vmax

Kca =
t B,

(5.1)

In which K, is the turnover number, V., is the maximum initial velocity
and E; is the concentration of enzyme active sites. The concentration of enzyme
active sites was determined using a NanoDrop spectrophotometer to measure
absorbance at 280 nm.

The K of PfHsp70-x is ~0.04 s which is considered slow for an enzyme.
However, this is characteristic of Hsp70s as they require stimulation by cochaperones

and nucleotide exchange factors to function at a higher rate [167, |168], 169].
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Figure 5.1: A continuous assay using the enzyme catalyzed breakdown of
MESG to measure ATP hydrolysis. A: Conversion of MESG into a 2-amino-6-
mercapto-7-methlpurine with absorbance maximum at 360 nm by PNPase and free
phosphate. B: Calibration curve to convert absorbance at 360 nm to concentration of
inorganic phosphate and therefore ATP hydrolysed.
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Figure 5.2: The hydrolysis of ATP by PfHsp70-x. A,C,E: Time course of ATP
hydrolysis optimising for concentration of MESG and ATP. ATP concentrations are
coloured increasingly dark as concentration increases. B,D,F: Initial velocity versus ATP
concentration at indicated MESG concentrations.
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5.2 Testing Hsp70 inhibitors for PfHsp70-x in-
hibition

Hsp70 proteins play a role in multiple diseases including cancer [138], neurode-
generative disorders |139] and infectious diseases |[170]. Increasing research into
therapeutically targeting Hsp70 has resulted in the development of a number of
small molecule inhibitors[136, 171, [135]. Here, we test 5 commercially available
Hsp70 inhibitors for PfHsp70-x inhibitory activity (Table . Methylene blue, a
phenothiazine dye, has been shown to inhibit heat-induced human Hsp70’s through
oxidation of an exposed cysteine in the ATPase domain [172]. The dye has also been
historically used as an antimalarial and a number of clinical trials have recently been
undertaken which find methylene blue to be safe and effective against Plasmodium
falciparum infections[173, 174, [175]. 115-7¢, a model dihydropyrimidine, was found
to stimulate the activity of E. coli Hsp70, DnaK, and to work in concert with E. coli
Hsp40, DnalJ, rather than competitively [176]. 116-9e, a bulkier derivative of 115-7c,
was found to selectively inhibit activity of the DnaK-DnaJ complex suggesting
it was able to interfere with complex formation or prevent the allosteric changes
needed for stimulation. MKT-077, a rhodacyanine dye, and its derivative YM-01,
exhibit antitumor activity through inhibition of Hsp70s by binding to a pocket
near the catalytic site [177, [178] [179]. Additionally, a previously reported specific
inhibitor of PfHsp70-x that also has antimalarial activity, BBL, was studied as its

mechanism of inhibition is poorly understood [131} |132].
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Table 5.1: Hsp70 inhibitors

Inhibitor Description of mechanism Structure
Irreversibly oxidizes
MetBhlﬁI:ne Cys306 in human Hsp72
ATPase domain
115-7¢ Stimulates D.n.aK ATPase
activity
OH
Inhibits stimulation of O O
- cl
116-9e DnaK ATPase activity
SR P
N/Ko
K/\/\(o
OH
| AN
Allosteric effector of ADP- N
VMKT.o77  boundATPase Bindsin J gondl
pocket near ATP binding @: SN
pocket TN
N—
o]
A
LN
. . S~
YM-01 Smaller derivative of N ®
MKT-077 @: $>§§; _
N
N—
o]
Specific inhibitor of 0 O
BBL PfHsp70-x ATPase ‘
activity Br 0
o]
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The aforementioned MESG assay was used to determine ATP hydrolysis activity
of PfHsp70-xpr, over a range of inhibitor concentrations (Fig. . As the dose-
response curves did not follow a standard, sigmoidal curve, data could not be fit
to a model and thus ICsy values could not be extracted. This lack of sigmoidal
shape may be due to a number of binding sites existing or a polyphasic mode of
inhibition, which is perhaps to be expected from a highly dynamic, conformation-
changing protein. However, we can qualitatively determine the degree of inhibition
by described inhibitor concentrations at which ATP hydrolysis activity is reduced to
50%. We can see that methylene blue, BBL, MKT-077 and YM-01 all substantially
inhibit PfHsp70-x’s ATPase activity with ATP hydrolysis activity reduced to 50%
at inhibitor values below 100 M. 115-7c, interestingly, shows inhibitory activity,
albeit much weaker with ATPase activity reduced to 50% at ~250 puM, despite being
a DnaK stimulator. 116-9e shows no inhibition of PfHsp70-xpy, even at the highest
concentrations. This is consistent with previous studies in which 116-9e did not

inhibit DnaK alone but did inhibit DnaK stimulation by DnaJ.
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Hsp70s use cochaperones to stimulate ATPase activity and provide specificity
of client proteins [47, 49]. These cochaperones, Hsp40s, are therefore important
in tuning the functions of Hsp70 towards pathological roles such as those seen in
diseases. Thus, the Hsp70-Hsp40 complex is an attractive target for therapeutics
[86]. Plasmodium falciparum exports multiple Hsp40s into the host cell, including
PFE0055¢ and PFA0660w, which colocalise with PfHsp70-x in J dots [71]. Previous
work has shown PFA0660w to specifically stimulate the activity of PfHsp70-x
[91]. To explore the effectiveness of inhibition against stimulated PfHsp70-x, we
tested the aforementioned compounds against PfHsp70-x-PFA0660w and PfHsp70-
x-PFE0055¢ (Fig. . As the J domain of Hsp40 has previously been shown
to be sufficient for Hsp70 ATPase activity stimulation [52], we used PFA0660w

and PFE0055¢ J domains only in our assays.
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Figure 5.4: Comparison of PfHsp70-x inhibition by methylene blue and BBL
in the presence of cochaperones. Top row: methlyene blue and BBL inhibition of
PfHsp70-x alone. Middle row: inhibition of PfHsp70-x in the presence of PFA0660wj.
Bottom row: inhibition of PfHsp70-x in the presence of PFE0055¢;. Reaction rate %
calculated as a percentage of initial reaction rate without compound (100%). The mean
of three replicates is plotted with error bars indicating standard deviation of replicates.
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Figure 5.5: Comparison of PfHsp70-x inhibition by dihydropyrimidines in
the presence of cochaperones. Top row: 115-7c and 116-9e inhibition of PfHsp70-x
alone. Middle row: inhibition of PfHsp70-x in the presence of PFA0660w;. Bottom
row: inhibition of PfHsp70-x in the presence of PFE0055¢;. Reaction rate % calculated
as a percentage of initial reaction rate without compound (100%). The mean of three
replicates is plotted with error bars indicating standard deviation of replicates.



5. Inhibiting PfHsp70-x 109

= T MKTO077
120] o YM-01 120~
=
z
2 @ @ 80-
o o
PfHsp70-x é .5
5 =
S &
€ w© e 40
E 3
E
=
T
0 0-
1 10 100 * 1 10 100
[YM-01] (log uM) [MKT-077] (log uM)
YM-01 MKTOQ77
120 1204
p 3
§ o = =
E 80 - = gq_: 804 . =
PfHsp70-x + & = - T =
PFAOGEOW-J 5§ | = <
s 3
S a0 @ 40
o &) =
(3
0 0
1 10 100 1 10 100
[YM-01] (log uM) [MKT-077] (log pM)
YM-01 MKTO077
120 120
= =
= y =
= =
< - —
& 801 . Y
PfHsp70-x + & E *
PFE0055c¢-J = g
5 - =
3 40 2 10
3 g x
o o
x
0 0
1 10 100 1 10 100
[YM-01] (log uM) [MKT-077] (log pM)

Figure 5.6: Comparison of PfHsp70-x inhibition by MKT-077 and YM-01 in
the presence of cochaperones. Top row: YM-01 and MKT-077 inhibition of PfHsp70-
x alone. Middle row: inhibition of PfHsp70-x in the presence of PFA0660w;. Bottom
row: inhibition of PfHsp70-x in the presence of PFE0055¢;. Reaction rate % calculated
as a percentage of initial reaction rate without compound (100%). The mean of three
replicates is plotted with error bars indicating standard deviation of replicates.
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In Figure [5.4] we compare the inhibitory activities of methylene blue and BBL
in the absence and presence of PFA0660w; and PFE0055¢;. For methylene blue, we
see inhibition is virtually absent when PfHsp70-x is stimulated by PFA0660w;
and yet still inhibits PFE0055c;-stimulated activity. Interestingly, BBL also
shows differential inhibition dependent on the presence of a J domain. For both
PFA0660w- and PFE0055c-stimulated activity, we see reduced inhibition, with
significant inhibition (>50% activity) occuring at <1000 uM as opposed to <10
uM for unstimulated PfHsp70-x.

Next, we look to the dihydropyrimidines: 115-7¢ and 116-9e (Fig. [p.5). As
previously discussed, 115-7¢ inhibited PfHsp70-x activity, albeit weakly, despite
it being a DnaK stimulator. This level of inhibition remains consistent in the
presence of PFE0055¢; with substantial inhibition (>50%) at <500 uM. However,
we see reduced inhibition in the presence of PFA0660w;; reaction rates do not
fall below 50% of the compound-free rate even at the highest concentrations of
115-7c. 116-9e showed no inhibition of PfHsp70-x alone but does inhibit stimulated
PfHsp70-x activity. For both PFA0660w; and PFE0055¢;-stimulated activity, 116-9e
significantly inhibits ATP hydrolysis at < 100 pM and < 500 uM, respectively. It
seems that 116-9e behaves in a similar fashion for various Hsp70-Hsp40 complexes,
whereas 115-7c can inhibit or stimulate activity depending on the Hsp70.

The rhodacyanine dyes, YM-01 and MKT-077, strongly inhibit PfHsp70-x
ATPase activity. This inhibition is weakened upon addition of both PFA0660w and
PFE0055¢ J domains with substantial inhibition occuring at < 500 uM compared
< 100 M for unstimulated PfHsp70-x activity (Fig. [.6).

5.3 The mechanism of inhibition

Methylene blue is believed to selectively inhibit heat-induced Hsp70s by oxidation of
a cysteine not present in constitutively expressed Hsp70s [172]. A multiple sequence
alignment performed of PfHsp70-x, Hsc70 (human: constitutively expressed) and
Hsp72 (human: heat inducible) reveals that PfHsp70-x has a cysteine (C337) that,

according to Miyata et al, indicates PfHsp70-x has the ability to act as a redox sensor
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(Fig. . The multiple sequence alignment also reveals a number of additional
cysteines not present in either of the human hsp70s (C50, C271, C391). Locating
these residues on the crystal structure of PfHSp70-xaTpase, We can observe that C337
is not the most solvent accessible cysteine but that C391 with a solvent accessible
surface area of 34.31 A2, followed by C50 with 12.75 A2 (Table . Following
the logic of Miyata that the presence of accessible cysteines suggests the ability
of oxidative stress sensing, we may therefore postulate that PfHsp70-x has an
additional chemical moiety to sense oxidative stress. The additional solvent exposed
cysteine may also result in a different mechanism of methylene blue inhibition
than that proposed for Hsp72. Intrigued if this was the case, we soaked crystals of
PfHsp70-xaTpase: AMP-PNP in high concentrations of methylene blue (1 - 10 mM)
for 16 hours and collected diffraction data. Several data sets from a number of
soaked crystals were collected and analysed for changes in structure, the presence
of electron density corresponding to methylene blue and for cysteine modifications.
However, no changes could be seen in any of the data sets. All cysteines, both
non-conserved and conserved, were examined closely for evidence of additional
electron density caused by oxidation of the sulfhydryl group but the electron density
fit the cysteine side chains well with no positive density seen in the Fo-Fc difference
electron density maps (Fig. . Perhaps methylene blue is not inhibiting PfHsp70-
x by the same mechanism as that proposed for human Hsp72 or, alternatively, the

compound was not able to fully enter the solvent channels and access reaction sites.

Table 5.2: Solvent accessibility of PfHsp70-xaTpase Cysteines.

Residue Residsuuerfs:;l;l(;l:; :c(:cAez)ssible
C50 12.75
C271 0.00
C337 0.40
C391 34.31
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PfHsp70-x 30 EESEVAI I CRNGVVD ASR E 95
Hsc70 1 MSKGPAV VQH KV E VAMNP T 66
Hsp72 1 MAKAAAI VFQHGKVE VALNPQ 66

PfHsp70-x 96 KFESETT TVKGGSDGKPMI EVSYQ KKTEH | K VA 161
Hsc70 67 REDDAV MVVND- AGRPKVQVEYKGETKSFY Vi i 1A131
Hsp72 67 KIEGDPV QV IND- GDKPKVQV SYKGETKAFY | i IA131

PfHsp70-x 162 [ET KPVK I A KKGKGEQN | 227
Hsc70 132 [EA KTVT vV T KKVGAERNV 197
Hsp72 132 [EA YPVT | \ RTGK RNV 197

PfHsp70-x 228 L LE ATS KL FCVQD KKNGGKDVSKINSKS L 293
Hsc70 198 E STA RM HI AE RKH- K I SENKRAV 262
Hsp72 198 D ATA RL HFEVEE RKH- K I'SQINKRAV 262

PfHsp70-x 294 Q K \ AQAT \ FD YNVN K MDQ N | VILK M 359
Hsc70 263 A R r i S | Y|E FYTS R ADL G D ALR L 328
Hsp72 263 A R in il SLEI FE FYTS R SDL S E ALR L 328

VHE 1QQLIK CKA SGDQSSAVK 425
IHD IQKLLQ S S K'SENVQ 394
IHDL VQKILLQ S M KISENVQ 394

KEP
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PfHsp70-x 360 S
Hsc70 329 S
Hsp72 329 A

Figure 5.7: Cysteines of PfHsp70-xATpase- Top: Multiple sequence alignment by
MAFFT of PfHsp70-x, Hsc70 and Hsp72 amino acid sequences coloured by
conservation. The redox-sensing cysteine of heat-inducible Hsp72 is indicated in green
and PfHsp70-x specific cysteines highlighted in yellow. Bottom: Crystal structure of
PfHsp70-xaTpase With cysteines highlighted in yellow with side chains represented as
sticks.
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Figure 5.8: Lack of cysteine modification upon methylene blue treatment.
Representative examples of cysteines in PfHsp70-xaTpase and associated electron density
(2FOFCWT PH2FOFCWT, sigma level 2 RMSD). Protein is shown in stick representation
and coloured according to element: nitrogen coloured blue; oxygen coloured red; sulphur
coloured yellow; carbon coloured green.

5.4 Studying ligand binding with STD-NMR

The mechanism of BBL inhibition of PfHsp70-x is unknown and attempts to
cocrystallise or soak PfHsp70-xarpa.se With BBL were unsuccessful. Methylene
blue inhibition of PfHsp70-x also remains unclear as soaking PfHsp70-xarpase
crystals with methylene blue indicated cysteines were not oxidised as is the
case for Hsp72. Therefore, we aimed to gain insights into the mechanism of
inhibition by both methylene blue and BBL through confirming which domain
the compounds were binding.

To assess the inhibitors methylene blue and BBL are binding to the ATPase
domain of PfHsp70-x as predicted, we used saturation transfer difference (STD)

NMR. STD-NMR is a useful technique used to characterise weak ligand binding
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(Kp mM — uM) to proteins in the absence of any labels or tags and requires low
concentrations of protein (<10 pM)[108|. In the context of a weak-binding ligand,
there is exchange between protein-bound and unbound states with the equilibrium
of these states dependent on the amount of ligand present. STD-NMR relies on the
nuclear Overhauser effect in which spin polarization is transferred from one nucleus
to another through space, not through chemical bonds. To transfer spin polarization
from protein to ligand, the protein must be selectively saturated by irradiating at
a region of the 1D 'H spectrum containing protein-only resonances; the resultant
spectrum is referred to as the ‘on-resonance’ spectrum. Then, to calculate the
saturation transfer difference, we must also collect an ‘off-resonance’ spectrum in
which the protein is not saturated because irradiation occurs where there are no
resonances (> 40 ppm). The on-resonance spectrum is then subtracted from the
off-resonance spectrum resulting in a difference spectrum containing only signals of

ligand resonances that received saturation transfer from the protein (Fig. [5.9).

| B ol T |||..‘

off-resonance on-resonance difference

Figure 5.9: Schematic of saturation transfer difference NMR. Diagram illustrat-
ing ligand binding (yellow) to receptor protein (orange). An example off-resonance 1D 'H
spectrum of the ligand is shown below . An on-resonance spectrum is shown illustrating
irradiation of protein (red) leading to magnetization transfer to ligand (green) leading to
reduction in peak intensity as indicated by black triangles. The on-resonance spectrum is
subtracted from the off-resonance spectrum resulting in a difference spectrum.

To determine if methylene blue and BBL were binding to the ATPase domain or
elsewhere on PfHsp70-x, we performed STD-NMR experiments with PfHsp70-xp,
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and PfHsp70-xarpase- Ligand concentrations were varied to calculate Kp values.
Comparing 1D 'H NMR spectra of methylene blue and BBL to predicted spectra
calculated from their chemical structures, we can assign resonances to protons in
the chemical structure (Fig. and Fig. . The indicated resonances were
integrated in off-resonance (reference) and difference spectra to allow calculation of
the STD amplification factor. STD amplification factor was then plotted against
ligand concentration for each resonance to allow estimation of Kp by fitting a

Michaelis-Menten-like model with the data (Fig. |5.12)) and Fig. [5.13)).

4 3 [ppm]

7 6

Figure 5.10: 1D 'H spectrum of methylene blue. Recorded 1D 'H spectrum of
methylene blue with resonances used in STD calculations indicated by coloured boxes.
Protons corresponding to resonances are indicated on the chemical structure of methlyene
blue and coloured accordingly.
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Figure 5.11: 1D 'H spectrum of BBL. Recorded 1D 'H spectrum of BBL with
resonances used in STD calculations indicated by coloured boxes. Protons corresponding
to resonances are indicated on the chemical structure of BBL and coloured accordingly.

We can see that methylene blue binds to both PfHsp70-xpr, and PfHsp70-xaTpase
with very similar affinities: 271 pM and 151 uM (Fig. . This suggests to us
that methylene blue does bind to the ATPase domain as described in previous
studies. We see higher STD,,, values for PfHsp70-xpy, as this protein is larger than
the ATPase domain alone and thus can more efficiently transfer magnetisation.

BBL also bound to PfHsp70-xarpase as well as to PfHsp70-xp, with Kp values
within the error of each other. There is a larger degree of error for the estimation
of BBL’s Kp upon binding to PfHsp70-x as binding sites were not saturated and
therefore it was harder to fit the Michaelis-Menten-like model.
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Figure 5.12: Calculating Kps of methylene blue with PfHsp70-xg;, and
PfHsp70-xATpPase- A: STD amplification factor plotted against methylene blue

concentration for PfHsp70-xp;, shown for each resonance.

Michaelis-Menten-like fits

are shown for each resonance. B: Estimated Kp for methylene blue binding to PfHsp70-
xpr, and STDamp max values for each resonance. C: STD amplification factor plotted
against methylene blue concentration for PfHsp70-xsTpase shown for each resonance.
Michaelis-Menton fits are shown for each resonance. D: Estimated Kp for methylene blue
binding to PfHsp70-xaTpase and STD,mp values for each resonance.
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Figure 5.13: Calculating Kps of BBL with PfHsp70-xgr, and PfHsp70-x aTpase-
A: STD amplification factor plotted against BBL concentration for PfHsp70-xgr, shown
for each resonance. Michaelis-Menten-like fits are shown for each resonance. B: Estimated
Kp for BBL binding to PfHsp70-xg1, and STDapp, values for each resonance. C: STD
amplification factor plotted against BBL concentration for PfHsp70-xsTpase shown for
each resonance. Michaelis-Menten fits are shown for each resonance. D: Estimated Kp
for BBL binding to PfHsp70-xaTpase and STD,m values for each resonance.

5.5 Discussion

In this chapter, we have demonstrated that a number of commercially available
Hsp70s inhibitors are also capable of inhibiting the ATPase activity of PfHsp70-x
(Fig. |5.14)). Particularly interesting amongst these are methylene blue and the
dihydropyrimidines: 115-7c and 116-9e. Additionally, we aimed to further our
understanding of BBL inhibition; a specific inhibitor of PfHsp70-x.
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Figure 5.14: Summary of stimulated and unstimulated PfHsp70-x inhibition.
A qualitative summary of inhibitory compounds of PfHsp70-x comparing compounds
methylene blue (MB), BBL, 115-7¢, 116-9e¢, MKT-077 and YM-01. Inhibition is shown
for unstimulated PfHsp70-x and stimulated PfHsp70-x (by PFA0660w; and PFE0055¢;.

Methylene blue, a commonly used dye, has received renewed attention as
an effective and affordable antimalarial [174]. When methylene blue is used in
artemisinin-based combination therapy (ACT) alongside artesunate, treatment
efficacy is significantly superior to that of the standard ACT regimen in sub-
Saharan Africa . The methylene blue combination therapies could provide
a cheaper alternative for treatment of Plasmodium falciparum infection and be
particularly effective against drug-resistant strains as methylene blue is a broadly
acting antimalarial. Methylene blue is known to inhibit P. falciparum glutathionine
reductase and heme biocrystallization [183] with other possible mechanisms,
which makes it a difficult drug to develop resistance against. Here we provide an
additional putative mechanism of action through the inhibition of parasitic Hsp70s.

We observed that PfHsp70-x’s ATPase activity is substantially inhibited by
methylene blue with activity being inhibited to >50% at <100 uM of the dye.
Interestingly, this inhibition was absent upon stimulation by PFA0660w but not
PFE0055¢c. Previously published studies examining the mechanism of Hsp70
inhibition by methylene blue suggested that methylene blue oxidises a solvent
accessible cysteine only found in the ATPase domain of heat-inducible Hsp70s

[172]. This cysteine was found to be present in PfHsp70-x by multiple sequence
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alignment with human Hsp72 and Hsc70 (heat-induced and constitutively expressed,
respectively) alongside additional cysteines with substantial solvent accessibility.
However, soaking PfHsp70-xarpase crystals with methylene blue did not cause
modification of any cysteines on the ATPase domain of PfHsp70-x. This finding
suggested to us that methylene blue may inhibit through another mechanism,
perhaps by modifying the substrate binding domain. To test our theory, STD-NMR
was employed to estimate the Kp of methylene blue binding to PfHsp70-xaTpase
and PfHsp70-xpr,. If methylene blue did in fact work by binding to the substrate
binding domain of PfHsp70-x, then we would see a lower Kp, and therefore a
higher affinity, for the full-length protein. Interestingly, we saw that methylene
blue binds to the ATPase domain of PfHsp70-x as well as it does to the full-
length protein indicating that it inhibits PfHsp70-x activity by binding to only
the ATPase domain. Perhaps this was not observed by X-ray crystallography as
methylene blue binding might require the ATPase domain to be able to ‘breathe’
and allow exposure of certain binding sites as would happen in solution. However,
in a crystal, a protein’s structure is extremely restrained and any movements are
minimal which may prevent compounds such as methylene blue binding and being
able to chemically modify PfHsp70-x. This highlights the importance of using
solution-based techniques alongside X-ray crystallography in the discovery and
understanding of ligand binding.

We also aimed to gain insights into the mechanism of BBL; a supposedly ’specific’
and strong inhibitor of PfHsp70-x. BBL inhibited the ATPase activity of PfHsp70-x
to < 50% of normal activity at a concentration below 10 pM. Using STD-NMR we
confirmed that BBL binds to the ATPase domain of PfHsp70-x albeit relatively
weakly with a Kp in the order of 1 mM. We also observed that in the presence of J
domains from cochaperones PFA0660w and PFE0055¢, BBL’s inhibitory action is
greatly reduced implying that the compound binds near the Hsp70-Hsp40 interface
where it competes with Hsp40s or that the compound binds less favourably to

the cochaperone-bound PfHsp70-x state.
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115-7c and 116-9e, small compounds designed to modulate E. coli DnaK activity,
were also tested in our ATPase assay for activity against PfHsp70-x. 115-7c
was originally discovered as a stimulator of DnaK ATPase activity [176] but we
surprisingly observed it to act as an inhibitor of PfHsp70-x. 116-9e, however,
showed similar inhibition patterns for PfHsp70-x as it did for DnaK; 116-9e is not
an inhibitor of basal ATPase activity but only of cochaperone stimulated activity.
Through the action of these dihydropyrimidines, we can see how Hsp70s can be
specifically and differentially inhibited by small molecules despite their high amino
acid conservation and similar structures. We can begin to understand and exploit
these differences by comparing non-conserved patches and residues believed to be
involved in 115-7c¢ binding. In Wisén et al 2010, NMR was used to estimate the
binding site of 115-7c on the ATPase domain of DnaK and found the binding
site to be adjacent to but distinct from where Hsp40 J domains are predicted
to bind. By performing a pairwise alignment of PfHsp70-x and DnaK, we can
observe differences in sequence that may explain the different behaviour of 115-7c.
Residues implicated in 115-7c¢ binding to DnaK are indicated in Figure [5.15/and we
can see that the majority are conserved except for the arginine 188 to glutamine
change. We can also see that this amino acid change is within a small region of poor
conservation which lays on a loop within the structure and could be accounting for
the differences seen. When mapping the residues believed to be involved in 115-7c
binding onto the structure of PfHsp70-x it is possible to see the 115-7¢ binding
patch (pink) is in close proximity to poorly conserved areas. 116-9e is believed to
bind at or near the same site as 115-7c although their effects on PfHsp70-x activity
are different. It is feasible that the binding site of 115-7c overlaps with that of
PFA0660w causing competition and thus preventing stimulation of activity. This
would then suggest that either 115-7c or PFA0660w, or perhaps even both, bind

in a different manner to DnaK stimulated by Dnal.
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Figure 5.15: 115-7c predicted binding site. Pairwise alignment of PfHsp70-x and
DnaK coloured by amino acid type and conservation. DnaK residues implicated in 115-7¢c
binding and the corresponding PfHsp70-x residues are indicated by purple circles. The
crystal structure of PfHsp70-xarpase in surface and cartoon representation. Residues
corresponding to DnaK 115-7c binding are coloured pink on the PfHsp70-xaTpase and
non-conserved residues shown in orange.



5. Inhibiting PfHsp70-x 123

PfHsp70-x
Hsp72

PfHsp70-x
Hsp72

PfHsp70-x
Hsp72

PfHsp70-x
Hsp72

PfHsp70-x
Hsp72

PfHsp70-x
Hsp72

U s BRIl G N A
1 MAKAA VFQHGK VA LNPQNT 66
R A e LR B
QV INDG- DKPKVQ 131

ke bR U el Mk e AL
132 197
ey R T A e R B
198 A Q 262
o A R
263 A T T | FYTS SDLFERSELE LDK 328
R RBEE R T B
329 AQI VAKLLQ LNIKS MGBKS[ENVQ 394

Figure 5.16: MKT-077 predicted binding site. Pairwise alignment of PfHsp70-x
and Hsp72 coloured by amino acid type and conservation. Hsp72 residues implicated in
MKT-077 binding and the corresponding PfHsp70-x residues are indicated by green circles.
The crystal structure of PfHsp70-xaTpase in surface and cartoon representation. Residues
corresponding to Hsp72 MKT-077 binding are coloured green on the PfHSp70-xarTpase and
non-conserved residues shown in orange. Zoomed-in view of binding site shown in inset.
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The rhodacyanine dyes, YM-01 and MKT-077, also inhibited PfHsp70-x ATPase
activity. MKT-077 was discovered as an effective antitumour agent and was found
to function via Hsp70s which play a crucial role in tumour proliferation. Subsequent
studies demonstrated MKT-077 and its derivatives, including YM-01, bind to human
Hsp72 in an allosteric pocket adjacent to the nucleotide binding site which prevents
ATP hydrolysis (Fig. [179]. A pairwise alignment of Hsc70 and PfHsp70-x
reveals that these residues reside in areas of high conservation and that only one
amino acid change (A223 -> S) can be seen. In fact, this pocket is highly conserved
in general [178] and therefore explains why the compounds similarly inhibit PfHsp70-
x. Mapping the pocket onto the PfHsp70-x structure, we can see it could be possible
to design further MKT-077 derivatives that reach out of the pocket and interact
with nearby patches of less-conserved residues to impart specificity of inhibition.

To conclude, we have shown that Hsp70 inhibitors are capable of inhibiting
PfHsp70-x opening the door of repurposing Hsp70 inhibitors as antimalarials.
Methylene blue is already in clinical trials and is proving to be an effective, safe
and affordable treatment. It is a broadly acting antimalarial which reduces the
chances of drug-resistance but knowing its targets and mechanism of action will
be useful for the future in case of such resistance. We were also able to use the
previously presented crystal structure of PfHsp70-xarpase (Chapter 4) to explain
some differences seen in inhibition, such as that of 115-7c, and also to begin exploring
how such inhibitors could be modified to impart specificity.

During our inhibition assays in which we also explored inhibition of the cochap-
erone stimulated activity of PfHsp70-x, we saw some interesting results; certain
inhibitors were able to inhibit PfHsp70-x alone only or had preferential inhibition
of PfHsp70-x in complex with a specific cochaperone. In the next chapter we
aim to further understand the plasmodial cochaperones and their behaviour with

PfHsp70-x and therefore explain the behaviour of the inhibitors assayed here.
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In the previous chapter, we tested a number of commercially available Hsp70
inhibitors for their effect on PfHsp70-x. Inhibition of the cochaperone-stimulated
activity of PfHsp70-x was also tested and revealed that some inhibitors behaved
differently depending on if there was a cochaperone present or even which cochap-
erone was present such as methylene blue, 115-7c and 116-9e. Both methylene blue
and 115-7c were less able to inhibit PFA0660w stimulated PfHsp70-x activity than
PFE0055¢ stimulated. PFA0660w and PFE0055¢ are exported Hsp40s found to
colocalise with PfHp70-x in J-dots |71]. Previous studies revealed that PFA0660w
specifically stimulates PfHsp70-x whereas it has been reported that PFE0055¢ is
more promiscuous and can also stimulate the ATPase activity of human Hsp72

[91]. Specificity of Hsp40 proteins has been shown to be important in conferring
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particular functions on Hsp70 chaperones by expanding their repertoire of client
proteins [184]. PFA0660w may therefore allow PfHsp70-x to chaperone certain
proteins that contribute towards pathogenicity.

In this chapter we aim to gain insights into the stimulation of P{fHsp70-x
by PFA0660w and PFE0055¢ to understand this specificity. Understanding the
interaction of PfHsp70-x and its cochaperones may allow us to develop inhibitors
effective against pathogenic Hsp70-Hsp40 complexes, thereby avoiding harmful

effects through accidentally disrupting necessary functions of Hsp70s in the host.

6.1 The J domain of PFA0660w encodes speci-
ficity

Previous work studying the specific stimulation of PfHsp70-x by its cognate
cochaperone PFA0660w were performed using full-length PFA0660w [91]. Here
we study the cochaperone specificity of the J domain alone as the full-length
protein is not amenable to crystallography due to disordered, flexible regions,
nor to NMR due to large molecular wight of the full-length Hsp40 dimer. It is
widely believed that the J domain is sufficient for stimulation of Hsp70s. However,
the basis and localisation of Hsp40 specificity still remains somewhat a mystery:
some J domain swapping experiments were successful in changing specificity [185,
186], but others were not [187].

The ATP hydrolysis activity of both PfHsp70-x and Hsc70, basal and stimulated,
were measured using the MESG assay described in the previous chapter. PFA0660w ;
and PFE0055c; were added at varying concentrations to determine the degree of
cochaperone stimulation (Fig. . Stimulation by full-length FE.coli DnalJ, a
promiscuous Hsp40, was also measured to compare rates of stimulation of full-
length and J domain constructs.

We can see that PfHsp70-x ATP hydrolysis activity is stimulated at similar
levels by PFA0660w; and PFE0055¢; (stimulated activity to 1.8 fold and 2.2 fold
at 10 x molar excess, respectively). Consistent with data for full-length PFA0660w
and PFE0055¢ with Hsp72, we see that PFA0660w; is unable to stimulate Hsc70
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activity except at very high concentrations of 250 M (50 x molar excess) whereas
PFE0055¢ is able to stimulate Hsc70, albeit at a lesser degree than for PfHsp70-x
(1.3 fold stimulation at 10 x molar excess). Therefore, we can confirm that the
J domain encodes the specificity of PFA0660w.

The degree of stimulation by the J domains alone is far lower than that caused by
full-length DnaJ. We can see that for both PfHsp70-x and Hsc70, stimulation reaches
14 fold and 10 fold, respectively, at the highest concentrations of DnaJ whereas
stimulation reaches a maximum at 2 — 2.5 fold for both J domains. This is consistent
with previous studies in which full-length PFA0660w doubled the ATPase activity
of PfHsp70-x at just a 1:2 molar ratio of chaperone to cochaperone demonstrating
the superior stimulation of full-length compared to J domain alone. The reduction
in stimulation is likely due to the ability of type I and type II Hsp40s to dimerise
forming a central cleft to which the substrate binding domain of Hsp70s docks |188].

To understand the contrasting behaviours of PFA0660w and PFE0055¢, we
aimed to structurally characterise the J domain of the parasitic cochaperones. A
number of crystal trials were set up for both PFA0660w; and PFE0055c; at various
protein concentrations. Attempts at creating diffracting crystals of PFE0055¢; were

unfortunately unsuccessful, however we were able to obtain PFA0660w; crystals.

6.2 Crystal structure of PFA0660w;

PFA0660w; crystals diffracted to 1.39 A and the structure was readily solved by
molecular replacement using the crystal structure of the J domain of the yeast
Hsp40, Sisl (PDB 4RWU) as the template model and Refmac |189]. Autobuild
[114] was able to place the majority of the amino acid sequence of PFA0660w;
and the remaining residues were built manually using Coot [113]. Refinement was
carried out using Phenix.Refine [190] iteratively in cycles alongside building in Coot.
Statistics of data collection and structure refinement can be seen in Table [6.1]
The asymmetric unit contains two almost identical copies of PFA0660w; (all-
atom RMSD 0.3 A) organised in an A-like shape (Fig. . The two copies interact

through a small interface consisting of 7 salt bridges and 2 hydrogen bonds largely
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between K100, D93, R96 and D86 with some contributions from the side chain
of S90 and backbone atoms of G84. The biological importance of this interface
was assessed by PISA on the basis of interface area, solvation energy, number of
bonds and total binding energy and found to not be biologically significant but
an artefact of crystallization [145].

Examining the structure of PFA0660w;, we can see that the domain is comprised
of 4 a-helices that pack tightly together joined by loops of varying lengths (Fig.
. Helices II and III lay antiparallel to each other with the short helix I running
across one side. Helix IV projects from helix IIT at roughly 90° towards the same
face occupied by helix I. Interestingly, helix II has an interruption towards the
C-terminal end causing the final turn of the helix to be projected away from the
protein. On this unusual region lies the HPD motif: a highly conserved sequence of
three residues (histidine, proline and aspartate) previously shown to be necessary
for Hsp70 activity stimulation [191]. The additional flexibility expected from this
disrupted portion of helix may allow the HPD motif to reach further into clefts
for stimulation of PfHsp70-x.

A number of J domain structures have been previously determined by X-ray
crystallography or NMR. J domains from a variety of organisms (bacterial to
fungal, mammalian to nematode) are shown alongside the structure of PFA0660w;
demonstrating the conservation of the domain’s fold (Fig. [6.4). All shown structures
have two long helices laying antiparallel joined by either a long linker (E. coli DnaJ
[192], C. elegans Dnj-12 [193] and human Hsp40 |194]) or a shorter linker with a
disrupted helix (P. falciparum PFA0660w and B. Taurus Auxilin |195]) containing
the highly conserved HPD motif. The HPD motif seems to always localise to this
flexible region implying that the ability to move independently from the rest of
the protein is integral to its role in stimulation, perhaps through an induced fit
mechanism. In most structures, two additional short helices are present across
one face of the antiparallel helices, such as is seen in PFA0660w, stabilising the

positions of helices IT and III.
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Table 6.1: Table of data collection and refinement statistics for the
PFA0660w; crystal structure.

Protein PFA0660w

Space group P12;1

Unit cell (A,°) 25.83 54.93 51.44, 90 98.2 90
Beamline DLS/I124
Wavelength (A) 1.0389

Resolution range (A) 37.34 — 1.38
High-resolution shell (A) (1.43 —1.38)

Rmerge (1) 0.071 (0.600)
Rmeas (1) 0.085 (0.728)
Roim (1) 0.049 (0.405)
Completeness (%) 97.6 (99.4)
Multiplicity 3.3 (3.1)
/o 9.48 (2.04)
CC¥% 0.99 (0.52)
Wilson B factor 12.73

Refinement statistics

Rwork (reflections)

0.1647 (28671)

Riee (reflections)

0.2027 (1335)

Number of atoms

Protein 1140
Water 124
Average B factors (A2?)

Protein 171
Water 29.3
RMSD from ideal

Bonds/angles (A /°) 0.009/1.29
MolProbity statistics

Ramachandran favored (%) 100
Ramachandran disallowed (%) 0
Ramachandran outliers (%) 0
Rotamer outliers (%) 0
Clashscore (percentile) 0.88 (99t)
MolProbity score (percentile) 0.77 (100t)
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Figure 6.2: Asymmetric unit of PFA0660w; crystal structure. A: Asymmetric
unit view from the side. Copy A is shown in yellow and copy B in orange. B: Asymmetric
unit as shown from above. C: Detailed view of the interface between copies as indicated by
the dashed box in B. Interacting residues are shown in stick representation and interactions
indicated by dashed lines.
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The J domain of PFA0660w is similar in overall fold to that of other Hsp40
proteins leaving the question of specificity unanswered. To understand the basis
of differential specificity between PFA0660w and PFE0055¢ we performed a pair-
wise alignment using EMBOSS on the EMBL server [180] and mapped sequence
differences onto the structure of PFA0660w; (Fig. [6.5)). The pairwise alignment
of PFA0660w and PFE0055¢ show a high degree of conservation within the J
domain. We see that non-conserved residues are spread throughout the sequence of
PFA0660w; and present on all helices. The majority of differences appear on the
‘front’ face of helices I and III but the C-terminal half of helix II, containing the
HPD motif, remains identical between the two cochaperones. Of particular interest
is residue L103 on helix II which is an arginine in PFE0055c. It has been previously
shown that mutation of the corresponding arginine residue in bacterial DnaJ’s
significantly affected Hsp70 binding and stimulation, thereby perhaps explaining
PFA0660w’s inability to stimulate other Hsp70s [196, |197]. It is still unclear how
PFA0660w is able to stimulate the activity of PfHsp70-x however.
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Figure 6.3: The crystal structure of PFA0660w;. A: PFA0660w; crystal structure
with helices numbered I-IV from N- to C-terminus. B: A rotated by 180° along the y axis.
C: A rotated by 90° along the x axis. D: A zoomed-in view of the HPD motif projecting
away from the protein. The zoomed region is indicated by the dashed box in B.
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A B
PFAOB60w HDJ-1
P. falciparum Homo sapiens

(1HDJ)

Auxilin
Bos taurus
(1NZ6)

Sis1
S. cerevisiae

Figure 6.4: A comparison of J domain structures. A: Crystal structure of
PFA0660w;. B: NMR structure of the J domain of human Hsp40, HDJ-1 (PDB:1HDJ)
[194]. C: NMR structure of E. coli DnaJ J domain (PDB:1XBL) [192]. D: Crystal
structure of Auxillin J domain from Bos taurus (PDB:1NZ6) [195]. E: Crystal structure
of Dnj12 J domain from C. elegans (PDB:20CH) [193|. F: Crystal structure of Sisl J
domain from S. cerevisiae (PDB:4RWU) .
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A
PFA0660w 76 FGKSSM“TL.VDIGIS EML RRIL“MK“KIVH 116
PFE0055c 74 SKTDETDYYAVLGL TKDCTQDD | KKAYRKLAMK KHLN 114
PFA0660w 117 KG S“E_NHC.S"SIN“VK‘Y“ 148
PFE0055¢ 115 DED R LIG EVLSDE KNY 150

B

Iv

conserved similar . nonconserved

Figure 6.5: Mapping J domain similarities. A: A pairwise alignment of PFA0660w
and PFE0055¢ J domains performed using EMBOSS and coloured by conservation.
B: Mapping of similar and non-conserved residues onto the structure of PFA0660w .
Conserved residues are shown in grey, similar shown in orange and non-conserved in red.

6.3 Homology model of PFE0055c;

As attempts at crystallizing PFE0055¢; were unsuccessful and the sequence similarity
of PFE0055¢; and PFA0660w is high, we generated a homology model of PFE0055¢;
using the SWISS-MODEL server [199]. PFA0660w; is the homologue with the
highest sequence similarity and a solved structure so it was used as the template
onto which the sequence of PFE0055¢ was threaded. The resulting homology model
had a Global Model Quality Estimation (GMQE) score of 0.86 out of 1, with scores

approaching 1 indicating higher reliability.
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Our PFEO0055¢; homology model was validated by the protein energetic confor-
mational analysis (PECAN) server, which combines amino acid sequence information
with NMR chemical shifts to determine elements of secondary structure (Fig. [6.7))
[121]. To do so, first we performed sequential backbone assignments to correlate
peaks in the 'H-N HSQC spectrum to residues in the protein (Fig. [6.6). All
PFE0055¢; residues were assigned to except for D95, P109 and K140. We can
see that the PFE0055c; homology model has very similar secondary structure
elements as that predicted by PECAN, which suggests that the homology model
is representative of the solution structure (Fig. [6.7).

Validation was also performed for the crystal structure of PFA0660w; to confirm
the structure is representative of that in solution and to demonstrate the accuracy
of the protein energetic conformational analysis. A sequential backbone assignment
of PFA0660w; was also performed and all residues except P111 were assigned (Fig.
. PECAN analysis predicts secondary structure elements almost identical to
those seen in the crystal structure, even the disrupted section of helix II, confirming

the crystal structure to be representative of the solution state (Fig. .
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Figure 6.6: 'H-1°N HSQC PFEO0055cj assignment. Peaks are labelled with
corresponding protein residues.
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Figure 6.7: Secondary structure analysis of PFE0055c; using PECAN. A:
Homology model of PFE0055c; generated by SWISS-MODEL with helices numbered I-IV.
B: Representation of secondary structure in the homology model. C: PECAN analysis
indicating regions and types of secondary structure. Probability of the type of secondary
structure is plotted for each residue and coloured according to type of secondary structure.
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Figure 6.8: 1H-'>N HSQC PFA0660w; assignment. Peaks are labelled with
corresponding protein residues.
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Figure 6.9: Secondary structure analysis of PFA0660w; using PECAN. A:
Crystal structure of PFA0660w; with helices numbered I-IV. B: Representation of
secondary structure in the crystal structure. C: PECAN analysis indicating regions
and types of secondary structure. Probability of the type of secondary structure is plotted
for each residue and coloured according to type of secondary structure.



6. PfHsp70-z and cochaperones PFA0660w and PFE0055¢ 141

6.4 The J domain - PfHsp70-x interaction

To understand the differences in PFA0660w; and PFE0055¢; binding to the Hsp70s,
we used 'H-N HSQC titrations to determine the residues most affected on
the J domains upon PfHsp70-x binding. Spectra were recorded for N labelled
PFA0660w; (Fig. or PFE0055¢; (Fig. alone in the presence of either
PfHsp70-xpr, or Hsc70g, at a molar ratio of 1:5 in the absence of any nucleotide.
Upon overlaying spectra, we can see that the presence of the chaperone causes a
decrease in peak intensity indicating that the interaction is in the s - ms time regime.
Certain peaks experience a greater reduction in intensity than others indicating
they are more affected by addition of chaperone. It is possible to see differences
already between addition of PfHsp70-x or Hsc70 to PFA0660w;. For example, the
intensity of peaks corresponding to L103 and Y102 are more greatly reduced in
the presence of PfHsp70-x than with Hsc70 (Fig. [6.12)). We can also see there is
a greater reduction in peak intensity overall when in the presence of PfHsp70-x
compared to Hsc70, suggesting PFA0660w; has a tighter affinity for PfHsp70-x.

To quantify these changes, the reduction in peak intensities were measured in
each of the spectra and the mean percentage change was calculated (Fig. .
Residues with percentage change values more than one standard deviation above the
mean were deemed to be significantly affected by chaperone binding. Significantly
affected residues were mapped onto the crystal structure and homology model of
PFA0660w; and PFE0055¢;, respectively (Fig. [6.14)).

Initially, looking at PFA0660w; in the presence of both PfHsp70-xpr, and Hsc70py,,
we can see that residues significantly affected lay exclusively on helix II. We can see
more residues are affected in the presence of PfHsp70-xpr, than with Hsc70 which is
consistent with the different degrees of stimulation observed for these Hsp70s, as
a larger number of residues involved in binding may translate to tighter binding.
Interestingly, the HPD motif does seem to play a part in PFA0660w;’s interaction
with both PfHsp70-x and Hsc70 although it is not able to stimulate Hsc70. This
is surprising, as the HPD motif has been previously shown to be necessary for

Hsp70 stimulation by Hsp40s; thus one would expect PFA0660w; to be capable
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of stimulating Hsc70 as the HPD motif seems to be involved in binding. D112 of
the HPD motif is not shown to be significantly affected by PfHsp70-x binding but
is by Hsc70 binding, perhaps explaining the disparity in stimulation.

It should also be noted that 1103, which was previously discussed to be of
interest as this residue is usually a necessary arginine, is involved in the binding of
PfHsp70-x but not seen to be affected in the presence of Hsc70. Alongside L103, we
see Y102 is also affected by PfHsp70-x but not by Hsc70 suggesting that PFA0660w
may be interacting with a hydrophobic patch on PfHsp70-x that is not present on

other chaperones leading to increased affinity and specificity.
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Figure 6.10: NMR of PFA0660w; with PfHsp70-x and Hsc70. Overlaid spectra
of PFA0660w; (red) and PFA0660w; with either PfHsp70-x or Hsc70 (green).
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Figure 6.11: NMR of PFE0055cy with PfHsp70-x and Hsc70. Overlaid spectra

of PFE0055¢; (red) and PFA0660w; with either PfHsp70-x or Hsc70 (green).
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Figure 6.12: NMR titrations of cochaperones with chaperones. A: A close up
of overlayed spectra PFA0660w; alone (red) and in the presence of PfHsp70-x (green).
Peaks are labelled with corresponding residues. B: Another region of overlayed spectra
PFA0660w; alone (red) and in the presence of PfHsp70-x (green). C: A close up of
overlayed spectra PFA0660w; alone (red) and in the presence of Hsc70 (green). D:
Another region of overlayed spectra PFA0660w; alone (red) and in the presence of
PfHsp70-x (green).

Next, we examine the most affected residues of PFE0055¢; in the presence of
PfHsp70-x and Hsc70, both of which can be stimulated by PFE0055c. Instantly,
we can see that more residues are significantly affected by both PfHsp70-x and
Hsc70 binding than was the case for PFA0660w;. Further, the PFE0055¢c; residues
affected are similar whether PfHsp70-x or Hsc70 is present. Unlike PFA0660w;,
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the residues significantly affected are spread throughout helices I, IT and III as
well as on the front and back faces of the protein. Interestingly, we see neither
the HPD motif nor R101 affected by the presence of PfHsp70-x or Hsc70 which
is unusual as previous studies have shown these residues in other Hsp40s to be
necessary for chaperone stimulation. Of particular note is the sequence ERKF on
helix IIT as this is EEKF in PFA0660w — perhaps the change of R > E in this motif
prevents PFA0660w from generally binding Hsp70s and therefore not being able
to stimulate their activity. Another region of interest is the buried hydrophobic
patch between helices I, IT and 11T (Fig. in PFE0055¢; which we see to be
significantly affected by PfHsp70-x and, to a lesser extent, Hsc70 binding. As this
patch is buried, it is unlikely that the residues are directly interacting with the
chaperone but may instead undergo a slight rearrangement. This area is not seen

to be similarly affected in PFA0660w binding to PfHsp70-x or Hsc70.
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Figure 6.13: Peak intensity reduction by residue. A: A bar chart plotting percent
reduction of peak intensity per residue of PFA0660w; upon addition of PfHsp70-x (top)
or Hsc70 (bottom). Residues deemed to be significantly reduced (above the 1 standard
deviation threshold) are coloured darker. Mean percent reduction () is indicated by a
solid line and one standard deviation from the mean (1o) is indicated by dashed lines.
B: A bar chart plotting percent reduction of peak intensity per residue of PFE0055¢;
upon addition of PfHsp70-x (top) or Hsc70 (bottom). Residues deemed to be significantly
reduced (above the 1 standard deviation threshold) are coloured darker. Mean percent
reduction (Z) is indicated by a solid line and one standard deviation from the mean (1o)
is indicated by dashed lines.
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Figure 6.14: Mapping perturbations onto J domain structures. A: Crystal
structure of PFA0660w; with residues significantly affected by addition of PfHsp70-
x highlighted in purple and shown in stick representation. B: Crystal structure of
PFA0660w; with residues significantly affected by addition of Hsc70 highlighted in green
and shown in stick representation. C: Homology model of PFE0055c; with residues
significantly affected by addition of PfHsp70-x highlighted in purple and shown in stick
representation. D: Homology model of PFE0055c; with residues significantly affected by
addition of Hsc70 highlighted in green and shown in stick representation.
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Figure 6.15: The hydrophobic patch of PFE0055c3. A: Homology model of
PFEO0055c; as seen from behind. Residues significantly affected by PfHsp70-x binding
are shown in stick representation and coloured purple. Shown in grey are unassigned
residues. The dashed box indicates the buried hydrophobic residues shown in detail in B:
A detailed view of the hydrophobic residues affected by PfHsp70-x binding.

To further understand the interaction of the parasite J domains with chaperones,
we need to envision the whole chaperone-cochaperone complex. A hybrid model
of PfHsp70-xpy, was created by first generating a homology model with SWISS-
MODEL using the recently published full-length ATP-bound DnaK in complex
with Dnal; structure (PDB 5NRO) as a template [200]. Then, the ATPase
domain of the homology model was replaced with the PfHsp70-xATPase:AMP-PNP
crystal structure by aligning the region closest to the Hsp40 binding site. The
J domain of DnaJ was replaced with either the PFA0660w; crystal structure or
the PFE0055¢; homology model.

Looking at the DnaKgy, and DnalJj structure, we can see that DnaJ interacts
with the ATPase domain of DnaK and the interdomain linker, as had been previously
demonstrated, but also the beta-sheet of the substrate binding domain (SBDp).
Our hybrid model of PfHsp70-x — PFA0660w; (Fig. reveals that both helices
IT and IIT of the J domain would be interacting with PfHsp70-xg;, if binding
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was similar to DnaK-DnaJ. However, we see that only residues on helix I of
PFA0660w; are affected by PfHsp70-x binding, suggesting that only the interaction
with the ATPase domain and linker takes place. Contrarily, the hybrid model of
PfHsp70-x — PFE0055¢; indicates that the residues on helix III (E122, R123, K124,
F125) affected by PfHsp70-x binding would be located near the SBD §3 implying
that PFE0055c; interacts primarily with the SBD domain but not the ATPase

domain or interdomain linker.
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Residues affected by 70-x addition

Figure 6.16: Hybrid model of PfHsp70-x and cochaperones. A: Cartoon
representation of the hybrid model of PfHsp70-x and PFA0660w j. The hybrid model
consists of crystal structures of PfHsp70-xa1pase (blue) and PFA0660w; (yellow) aligned
to a homology model based on the 5NRO structure and the substrate binding domain
(green) remaining from the homology model. B: A detailed view of the interface of the
PfHsp70-x hybrid model with PFA0660w; (yellow). Residues shown to be significantly
affected by PfHsp70-x binding are indicated in orange and shown in stick representation.
C: A detailed view of the interface of the PfHsp70-x hybrid model with PFE0055¢; (cyan).
Residues shown to be significantly affected by PfHsp70-x binding are indicated in orange
and shown in stick representation.
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6.5 Discussion

In this chapter we aimed to gain insights into the complex that PfHsp70-x forms
with cochaperones PFA0660w or PFE0055¢c. It has been previously shown that
the three proteins co-localise in a highly mobile structure named the J-dot within
the host erythrocyte cytoplasm, where they may play roles in folding, protecting
and trafficking parasite proteins, particularly the virulence factor PIEMP1 [71].
Daniyan et al demonstrated that PFA0660w acts as a cochaperone of PfHsp70-x
but is not able to significantly stimulate PfHsp70-1 (P. falciparum intra-parasitic)
or Hsp72 (human heat induced) in a dose-dependent manner [91].

Here, it was found that the specificity of PFA0660w for PfHsp70-x is localised to
the J domain despite the high sequence similarity with PFE0055¢;, the promiscuous
cochaperone. Studying the pairwise alignment of PFA0660w; and PFE0055¢;
sequences, it was not immediately apparent why PFA0660w is only able to stimulate
the activity of PfHsp70-x whereas PFE0055¢ also stimulates human Hsp70 proteins.

To gain insights into the J domain specificity, we solved the crystal structure
of PFA0660w;. PFA0660w; consists of 4 o-helices (I - IV) arranged in a similar
manner to previously solved structures of other J domains. By mapping amino acid
differences, as determined from the pairwise sequence alignment between, PFA0660w
and PFE0055¢ onto the crystal structure of PFA0660w;, we were able to identify
non-conserved regions and potentially important residues such as L.103 in PFA0O660w.
The corresponding residue of LL103 in other cochaperones is an arginine or lysine
which has been shown to be crucial in the stimulation of Hsp70s. As PFE0055¢;
could not be crystallized, a homology model was generated using the crystal structure
of PFA0660w; as a template. The PFE0055¢; homology model was validated using
protein energetic conformational analysis and NMR chemical shift restraints.

NMR was then used to determine which residues of PFA0660w; and PFE0055¢;
were involved in binding to PfHsp70-x and Hsc70. A summary of the residues shown
to be effected by PfHsp70-x binding is shown in Fig. [6.17] It was clear that the
interaction of PFA0660w; with both chaperones was localised to helix II and that

more residues were affected, including L.103, when interacting with PfHsp70-x than
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with Hsc70 correlating with stimulation levels. In addition, H110 of the PFA0660w ;
HPD motif was affected by binding of both Hsc70 and PfHsp70-x unlike D112 which
is only affected by Hsc70. PFE0055¢;, however, had a more dispersed pattern of
affected residues with effects occurring largely on helix III and a region of buried
hydrophobic residues. Additionally, the HPD motif of PFE0055¢; seemed to not

be involved in interactions with either PfHsp70-x nor Hsc70.

W WV
PFA0660w 76 FGKSSMDYYTLLGVDKGCSEDDLRRAYLKLAMKWHPDKHVN 116
PFEO055¢c 74 SKTDETDYYAVLGLTKDCTQDD | KKAYRKLAMKWHPDKHLN 114
A

A A A
PFA0660w 117 KGSKVEAEEKFKN/ICEAYSVLSDNEKRVKYDLFG 148
PFE0055¢ 115 DEDKVEAERKFKL IGEAYEVLSDEEKRKNYDLFG 150
AAAA A
\/ PFA0660w-J + 70-x A PFE0055cJ + 70-x

Figure 6.17: Summary of cochaperone residues affected by PfHsp70-x binding.
A pairwise alignment of J domains of PFA0660w and PFE0055c. Residues shown to
be involved in PfHsp70-x binding are indicated by triangles (yellow: PFA0660w, cyan:
PFEO0055¢).

A hybrid model based on the recently solved crystal structure of ATP-bound
full-length DnaK in complex with DnaJy was constructed to understand the affected
residues of the J domain in context of the full complex. In the model, residues on
the front face of helix IT and helix IIT of the J domain interact with the ATPase
domain, interdomain linker and beta sheet of the substrate binding domain of
PfHsp70-x. However, we do not see this pattern of residues for either PFA0660w
nor PFE0055¢;. For PFA0660w;, we do see helix II residues affected and see that
these residues would most likely interact with the ATPase domain and interdomain
linker in the hybrid model but there seems to be a lack of interaction with the SBD.
We however see the opposite for PFE0055¢y; surface residues affected by PfHsp70-x
binding lay largely on helix III which would likely interact with the SBD and we
see no residues likely to interact with the ATPase domain of PfHsp70-x.

Residues L.103 of PFA0660w and R123 of PFE0055¢ are attractive candidates

for determining specificity as these residues are central in interacting regions and
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different between cochaperones. For both residues, we see a change in charge which
may lead to differing affinities of the region as different types of interactions are
formed. Thus, helix I of PFA0660w; may have an increased affinity for the ATPase
domain of PfHsp70-x whereas helix IIT of PFE0055c; has an increased affinity for
the SBD. Interestingly, we observed a patch of hydrophic residues that is formed
from the interface of the 4 helices to be affected by PfHsp70-x binding. In our model
this patch is not found to directly interact with PfHsp70-x, however we do still
see significant changes in peak intensity in NMR experiments. It is possible that
upon binding to PfHsp70-x, PFE0055¢ undergoes a slight conformational change
that causes the helices to shift in relation to eachother and therefore affect the
chemical environment of these buried residues. It has previously been reported that
J domain helix II of E. coli DnaJ bends upon binding to the ATPase domain [201]
which supports the idea of slight conformational change of PFE0055c.

It is possible that modelling our complex on the basis of DnaK in complex with
DnaJj may be incorrect, because the DnaK structure was solved in the ATP-bound
state whereas we performed our experiments in the absence of nucleotide. The
DnaK-DnaJ structure represents an almost-active complex in which the chaperone
would be ready to hydrolyse ATP however no client protein is bound to the substrate
binding domain. It has been previously shown that the ATP-bound form of Hsp70
docks the substrate binding domain to the ATPase domain forming an interface
that the J domain can extensively bind [50, |39]. Perhaps we have characterised a
state in which the substrate binding domain is not docked to the ATP domain and
so the J domain is not binding at the interface hence why we only see interactions
with either the ATPase domain or the SBD - not both. This is likely as the
HPD motif is deemed crucial for stimulation of ATPase activity and we do not
see this motif engaged in PFE0055c.

Further NMR studies must be carried out in the presence of ATP or ATP
analogue, AMP-PNP, to determine if we see a change in residues affected by

PfHsp70-x binding which may closer resemble the DnaK-DnaJ complex. Additional
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future work would involve the mutation of residues deemed to be important in
specificity such as L103 and E125 of PFA0660w;.

We have shown that PFA0660w and PFE0055¢ interact with PfHsp70-x in
different ways which may be utilised to design drugs preventing certain Hsp70-
Hsp40 complexes from forming and thus fine-tune inhibition of the chaperone
network. This work also gives further insights into the complexity of the Hsp70-
Hsp40 interaction and specificity determinants which has impact outside the field

of malaria and into the field of chaperones, more generally.
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In this thesis, we presented work focusing on PfHsp70-x, the parasite-exported
Hsp70, and its J dot resident cochaperones, PFA0660w and PFE0055¢c. We found
that PfHsp70-x plays a role in parasite protection from heat shock in certain
life stages of the blood cycle making it a possibly attractive drug target. The
crystal structure of the ATPase domain of PfHsp70-x was then solved to probe
the possibility of specifically inhibiting the parasite chaperone and to provide
information for future rational drug design. Known Hsp70 inhibitors, such as
methylene blue, were tested for inhibition of PfHsp70-x’s ATP hydrolysis activity.
The mechanism of inhibition was further studied by testing inhibitory activity
on cochaperone-stimulated ATPase activity and by saturation transfer difference

NMR spectroscopy. Certain small molecules displayed differential inhibition of
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cochaperone-stimulated PfHsp70-x leading us to explore the interaction of PfHsp70-
x with its J dot cochaperone partners — PFA0660w and PFE0055¢c. The crystal
structure of the J domain of PFA0660w, the domain encoding specificity, was solved
and used to create a homology model for the PFE0055¢ J domain. NMR was then
used to determine regions on the J domains that interact with PfHsp70-x and found
that they differ greatly between the two cochaperones.

Taken together, this information allows us to evaluate PfHsp70-x as a drug
target against malaria and provide work towards developing such drugs. The
interaction studies of PfHsp70-x with PFA0660w and PFE0055¢ may also allow
the design of specific inhibitors that target these partnerships and do not cross-

react with human Hsp70s.

7.1 Molecular chaperones as antimalarial targets

Resistance against widely used antimalarials such as chloroquine and artemisinin
has emerged and spread throughout malaria endemic countries [202, 203]. In
particular, the spread of resistance against artemisinin and its derivatives [204,
205| is of great concern as the current official recommendation for treatment of P.
falciparum infections are artemisinin-based combination therapies [206]. Existing
antimalarials act on a limited number of biological targets [207] bringing to light
the need for therapeutics against novel molecular targets with new treatment
strategies to eliminate malaria.

Malarial chaperones make an attractive novel antimalarial target for a number
of reasons: a large body of research already exists on the subject of molecular
chaperones; molecular chaperones have been implicated in a number of diseases
leading to the development of small molecule inhibitors that could be repurposed;
certain chaperones are highly conserved suggesting a slower mutation rate which
in turn would lead to slower emergence of resistance.

In particular, Hsp70 proteins have been heralded as attractive drug targets as
they often lay at the centre of chaperone networks and are responsible for numerous

tasks in cellular up-keep and survival. Their critical role in neurodegenerative
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diseases and cancer has been demonstrated leading to the development of small
molecule modulators. In this thesis, we tested a number of previously developed
Hsp70 inhibitors for their inhibition of PfHsp70-x activity towards repurposing
them as antimalarials.

Repurposing chaperone inhibitors as antimalarials has recently been explored
with some success [208, [99]. In a recent study by Chen et al, the Hsp70 inhibitor
MKT-077, originally developed as an anti-cancer drug, was found to be particularly
toxic to P. falciparum in vitro — the drug was 14 times more potent to P. falciparum
parasites than to human cells. The authors propose this effect partially comes
from inhibiting PfHsp70-2, the parasite ER resident Hsp70, but suggest that it acts
through other targets too. Here, we have shown that amongst other Hsp70 inhibitors,
MKT-077 is capable of inhibiting PfHsp70-x, suggesting PfHsp70-x inhibition
contributes to the antiplasmodial activity of the small molecule. Methylene blue, a
stress-induced Hsp70 inhibitor tested in this thesis, has been historically used as an
antimalarial and there has been renewed interest in the dye as recent clinical trials
are proving to be successful [175] [173]. Methylene blue has potent antiplasmodial
activity, acting on several stages of the parasite’s life cycle. Here we have shown
that methylene blue inhibits PfHsp70-x but were not able to confirm if inhibition
functions through the same mechanism as that reported for Hsp72. It is possible that
methylene blue’s inhibition of PfHsp70-x and Hsp72 contribute to the antimalarial
activity of the drug.

Ideally, only plasmodial Hsp70 proteins would be targeted as inhibiting host
Hsp70 proteins could have unwanted effects. PfHsp70-x is an especially attractive
drug target as small molecule inhibitors are required to cross fewer membranes
compared to targeting an intraparasitic protein. Charnaud et al’s [82] findings
linking PtHsp70-x to virulence, alongside our work showing PfHsp70-x’s role in
proliferation and protection during heat shock, confirm the possibility of PfHsp70-x
as a drug target.

Aside from creating specific inhibitors of PfHsp70-x for use as an antimalarial,

such small molecules could be used as a tool to further understand the role of
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PfHsp70-x in the infected red blood cell. Inhibition of PfHsp70-x by small molecules
will allow more advanced cell biology studies to be carried out, for example PfHsp70-

x could be inhibited alongside the knockout of another protein.

7.2 Druggability of PfHsp70-xaATpase

The crystal structure of PfHsp70-xa1pase, the catalytic domain of PfHsp70-x, was
solved to enable the use of structure-based drug design methods in the future. The
ATPase domain was chosen as it is the site of nucleotide binding and hydrolysis
which is closely linked to chaperone activity and, thus, if ATP hydrolysis is prevented
then the chaperone activity is also inhibited. It was found that the structure of
PfHsp70-xaTpase Was similar in overall fold to human Hsp72 but several patches of
non-conserved residues were identified, despite overall high sequence similarity, that
could be utilised for specifically targeting PfHsp70-x to prevent adverse effects.

However, the question of PfHsp70-xarpase druggability remains. To resolve
this open question, we identified druggable pockets in the structure of PfHsp70-
XATpase: AMP-PNP using the PockDrug server [209]. PockDrug defines a pocket as
druggable if the averaged probability from the 7 best linear discriminant analysis
models exceeds 0.5. A set of 9 physicochemical descriptors are used in these different
models to detemine druggability probability including frequency of aromatic residues,
hydrophobicity, volume, geometry and surface area. Three druggable pockets were
identified (Fig. with two deep pockets found adjacent to the nucleotide binding
site (Pockets T and IIT). Of the nucleotide binding site adjacent pockets, pocket III
is similar to that predicted to be the binding site of MKT-077 [179] whereas pocket
I seems to be previously untargeted. Pocket II, a smaller pocket on the protein
surface, is found far from the nucleotide binding site close to where dihydropyrimidine
inhibitors and cochaperones are predicted to bind [176].

Not only are we interested in the druggability of the ATPase domain of PfHsp70-
x, but also in the possibility of specifically targeting PfHsp70-x. To assess whether
any of the identified druggable pockets are present in human Hsp70 ATPase domains,
we repeated the druggability analysis on human Hsp70 structures (Fig. . The
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PfHsp70-xATpase: AMP-PNP structure was used to search the for the most similar
human Hsp70 structures in the PDB using the DALI server [210]. The crystal
structures of Hsp72 (PDB 3ATU) [211] and Hsc70 (PDB 4H5T) [212] ATPase
domains in complex with ADP were found to be highly similar in structure and
considered to be particularly relevant as both Hsp70’s are found in the red blood cell
cytoplasm. Pockets I and III from PfHsp70-x are also found in both human Hsp70
structures with very similar size and overall shape. Pocket II was not found in
either of the human structures, although Hsp72 was predicted to have two druggable
pockets on either side of where pocket IT would be. Pocket II may therefore be
an interesting target for specifically inhibiting PfHsp70-x.

Looking closer at Pocket I, we can see that it is formed between two o-helices
and two strands from a [3-sheet curved around one of the aforementioned helices (Fig.
). This -sheet stretches up into the nucleotide binding site where it may be
important for properly coordinating ATP for hydrolysis. Designing a small molecule
capable of binding this small pocket may therefore prevent the proper arrangement
of residues in the catalytic site and thus inhibit the PfHsp70-x ATPase activity.

Pocket II is in close proximity to where Hsp40s are predicted to bind. On the
hybrid model of PfHsp70-x and PFA0660w; created in Chapter 6, we can see that
pocket IT is adjacent to where PFA0660w; is predicted bind (Fig. . NMR data
supports the interaction of PFA0660w; with the ATPase domain and interdomain
linker of PfHsp70-x, whereas PFE0055¢; is predicted to interact more with the
SBD. We envisage targeting pocket II with a small molecule that extends to the
binding site of PFA0660w; to selectively disrupt the PfHsp70-x and PFA0660w
interaction. The hybrid model also shows us that this pocket is not obstructed

by the SBD in the context of the full-length protein.
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A: PfHsp70-x

Figure 7.1: Druggable pockets of PfHsp70-x, Hsc70 and Hsp72. A: Druggable
pockets of the ATPase domain of PfHsp70-x from front and back views. AMP-PNP is
shown by spherical representation and pockets are shown by surfaces. B: Druggable
pockets of the ATPase domain of Hsp72 (PDB 3ATU). ADP is shown by spherical
representation and pockets are shown by surfaces.C: Druggable pockets of the ATPase
domain of Hsc70 (PDB 4H5T). ADP is shown by spherical representation and pockets are
shown by surfaces. D: A close-up of pocket II, a unique pocket of PfHsp70-x. The pocket
consists of two short helices and two strands from a curved beta-sheet on the underside
of the ATPase domain. The curved beta-sheet reaches towards the active site.
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SBD

Figure 7.2: Pocket II proximity to J domain binding site. Pocket II is highlighted
in orange on the hybrid model of PfHsp70-x and PFA0660w; created in Chapter 6.

To further explore the possibility of designing specific inhibitors, we studied
the conservation of the predicted pockets; although pockets I and III are also
found in human Hsp70 structures, perhaps there is enough sequence dissimilarity
to allow design of specific inhibitors (Fig. . A multiple sequence alignment of
PfHsp70-x and the two human Hsp70s was performed using MAFFT [181] [180].
The alignment was then used to study the conservation of residues predicted to
have their side chains involved in pocket formation. It was found that pocket III
is entirely conserved as well as present in all structures, making it the least ideal
target for specific inhibition. Pocket I is also found to be highly conserved, with just

one amino acid change (I127) compared to Hsc70 (valine) but is identical to Hsp72.
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Pocket I, a 'unique’ pocket, is also found to be quite highly conserved with just one
amino acid change (Q393) compared to the lysines found in both Hsp72 and Hsc70.

Upon closer inspection of Pocket II, we see that the pocket is partially formed
by the C-terminus. The human Hsp70 ATPase structures are cut off earlier than
our construct and so it is not possible to rule out the existence of this pocket in the

human structures or that it would not exist in the full length structure.
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PfHsp70-x 30 EESEVAI I CRNGVV D ASR E 95
Hsc70 2 - SKGPAV VFQHGKVE VAMNP T 66
Hsp72 2 - AKAAAI VFQHGKVME VA LNPQ 66

PfHsp70-x 96 KESETT TVKGGSDGKPM | EMSYQ KIKTEH | K VA 161
Hsc70 67 RIEDDAV MVVNDAG- RPKVQVEYKGETKSFEY: \ T IA 131
Hsp72 67 KIEGDP V QM INDGD- KPKVQV SYKGETKAIEY | r I'A 131

PfHsp70-x 162 [ET KPVK | A KKGKGEQN I 227
Hsc70 132 [EA KTMT \ T KKVGAERNV 197
Hsp72 132 [EA YPMT | Vi RTGK RINV 197

PfHsp70-x 228 L LE AT S KL FCVQDEKKKNGGKDVISKINSKS L 293
Hsc70 198 E STA RM HF | AEFKRKH- K ISENKRAV 262
Hsp72 198 D ATA RL HFV EEEKRKH- K I'SQINKRAV 262

PfHsp70-x 294 Q K \ AQATI EV FD YNV N K CMbQ N | VILK M 359
Hsc70 263 ACER T T S| I Y E FYTS| R NADLFERGT LD ALR L 328
Hsp72 263 A R T i SLEI FE EY TS| R CsbL S E ALR L 328

PfHsp70-x 360 SQVHE 1QQL I K KEP CKA SGDQ|S SAVK 425
Hsc70 329 SQ | HD IQKLLQ KELNKS SGDKIS ENVQ 394
Hsp72 329 AQ I HD L VQKIELQ RDLNKS M KIS ENMQ 394

B Pocket I
PfHsp70-x LK I ISVVPFT
Hsc70 LKIVSVVPFT
Hsp72 LKIISVVPFT

PfHsp70-Xx Vv V I D Q PfHsp70-x YEP IDD T T V V
Hsc70 VVIDRK Hsc70 YEPIDDTTVV
Hsp72 VVIDRK Hsp72 YEPIDDTTVYV

Figure 7.3: Conservation of druggable pockets. A: A multiple sequence alignment
of ATP domains from PfHsp70-x, Hsc70 and Hsp72 peformed by MAFFT (181} [180]. B:
Sequence alignments of residues predicted to form the pocket with their side chains.

7.3 Targeting the PfHsp70-x/Hsp40 complex

Another approach for targeting PfHsp70-x, is to prevent its interactions with
cochaperones that stimulate the otherwise low basal ATP hydrolysis activity. The
specificity of Hsp70-Hsp40 interactions have been previously shown [213, 215
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and, in this thesis, we have demonstrated that PFA0660w, a J dot resident parasite
Hsp40, preferentially stimulates PfHsp70-x through its J domain. Therefore, the
interface of PfHsp70-x and PFA0660w may make an attractive target for small
molecules especially as PFA0660w has been suggested to be essential [90].

Until recently, targeting protein-protein interactions has been considered ex-
tremely difficult but recent advances and numerous successful examples have changed
this perspective [216]. By identifying residues crucial for the interaction, known as
‘hot-spots’, one can design a small molecule that strongly interacts with such hot-spot
residues to disrupt protein-protein interactions. In Chapter 6, we identified a number
of residues on PFA0660w; affected by Hsp70 binding in general, whereas other
residues, such as LL103, are only involved in PfHsp70-x binding. The importance of
such unique residues in the interaction with and stimulation of PfHsp70-x needs to
be confirmed by mutagenesis; our work provides a starting place for such studies.
Small molecules can then be designed to strongly interact with such hot-spot residues
of PFA0660w. The PFA0660w residues involved in the PfHsp70-x interaction are
highly localised to helix IT which makes the design of small molecules particularly
easy as they only need to cover a small area. Alternatively, PFE0055¢c may also
make for a good target as it seems to bind PfHsp70-x and Hsp72 in similar ways

meaning a single small molecule could prevent PFE0055¢ from stimulating both.

7.4 Other exported PfHsp40s

This thesis was primarily focused on PfHsp70-x and its interactions with PFA0660w
and PFE0055¢ Hsp40s, as all three proteins were found to colocalise in J dots with
PfEMP1 and thus are linked to virulence. However, P. falciparum exports many
more Hsp40 proteins into the infected red blood cell.

Of the 49 members of the P. falciparum Hsp40 family, 18 proteins are predicted
to be exported to the red blood cell cytosol (Fig. [217, 166, [90]. In addition to
PFA0660w and PFE0055¢, P. falciparum exports one more type I Hsp40, KAHsp40,
which has been shown to associate with knobs [218]. Four type III Hsp40 proteins
and eleven type IV Hsp40 proteins are exported. A number of the exported Hsp40
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proteins also contain a PHIST domain, which is a domain unique to Plasmodium
and thought to have a range of functions including PfEMP1 binding [69, [219]. For
example, the ring-stage erythrocyte surface antigen (RESA) contains both a J
domain and a PHIST domain. RESA is technically not exported but is released by
the parasite upon invasion and has been implicated in invasion, membrane dynamics
and protection during fever in the ring-stage [220} 221]. It is thought that RESA
prevents spectrin unfolding and aggregation during fever via its J domain. Another
type IV PHIST-containing proteins is mature parasite-infected erythrocyte surface
antigen (MESA) which is also implicated in modification of the host cell membrane
[222] through binding to cytoskeletal components.

Further work is required to determine if the aforementioned exported PfHs40s
are capable of stimulating the activity of PfHsp70-x and/or the host cell chaperones.
Those containing both a J domain and PHIST domain, such as RESA, are of
particular interest as they may impart specialised functions to chaperones by
bringing particular substrates via the PHIST domain.

The knob associated KAHsp40 is also of great interest, as the human Hsp70,
Hsc70, is known to relocalise to the host cell plasma membrane upon parasite
infection [223]. It is possible that KAHsp40 is responsible for the relocalisation
of Hsc70 and that this chaperone-cochaperone complex plays an important role
in correct knob formation and PfEMP1 presentation. It has been shown that
PFE0055¢ is capable of stimulating the ATPase activity of human Hsp70s in
addition to PfHsp70-x and that a human Hsp40, Hdj1, can stimulate PfHsp70-x
and PfHsp70-1 [85 91]. Thus, one can envisage that KAHsp40 may also be able
to interact with human Hsp70 to allow its relocalisation. In this manner, we start
to visualise a complex network of host-parasite Hsp70-Hsp40 interactions within
the infected erythrocyte, as host proteins are hijacked and redirected towards

pathogenic purposes.
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Figure 7.4: Exported Hsp40s of P. falciparum. Domain organisation and
classification of exported PfHsp40 proteins. A subclass of the Hsp40s contain a PHIST
domain that may impart particular functions or allow specific localisation to certain
protein complexes. Adapted from [69].

7.5 The infected erythrocyte chaperone network

The picture becomes more complex when we consider the whole chaperone network
of the infected erythrocyte (Fig. [7.5). Red blood cells contain several human
chaperones including Hsp70s, such as Hsp72 and Hsc70, an Hsp90, the chaperonin
TriC, several Hsp40s and small heat shock proteins [224]. Recent work by Mabate et
al showed that PfHsp70-x interacts with the human Hsp70-Hsp90 organising protein
(Hop) suggesting that PfHsp70-x would be capable of working in concert with
human Hsp90 in the infected erythrocyte [81]. Substrates are known to be passed
from Hsp70s to the chaperonin TriC and small Hsp’s for further folding — it is likely
that substrates of PfHsp70-x are also passed to these chaperones. The interactions
of PfHsp70-x with other members of the network provides further protein-protein
interactions that could be targeted to specifically break parts of the network that
contribute to virulence or parasite survival. Examples of such interactions include

the interface between PfHsp70-x and the human nucleotide exchange factor, the
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interaction between human Hsp70s and PfHsp40s that may redirect them to fold
pathogenic substrates or the interaction of PfHsp70-x with Hop and thus Hsp90.

d
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PfHsp40's
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Figure 7.5: The chaperone network of the P. falciparum infected erythro-
cyte. A proposed network of protein interactions between parasite-derived and human
chaperones in the cytosol of the infected red blood cell. Confirmed interactions are shown
with a solid line and interactions with some evidence shown by dashed lines.

7.6 Future work

In this thesis, we studied just a small section of the chaperone network in the infected
erythrocyte. This information not only provides information towards designing
antimalarials that target the chaperone system but also gives an insight into how
Hsp40 proteins can specifically stimulate certain Hsp70s. However, further work
needs to be carried out to confirm such interactions in the red blood cell and to
expand our knowledge of the infected erythrocyte chaperone network.

Additional in vitro studies would confirm the role of PfHsp70-x and colocalised
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Hsp40’s in the erythrocyte. For example, measuring expression levels of PfHsp70-x
in response to heat shock will confirm the role of PfHsp70-x in protection against
stress. It was previously reported that heat shock increases cytoadherence of
infected erythrocytes suggesting fever is beneficial to the parasite [80]. Charnaud
et al demonstrated a link between PfHsp70-x and export of PfTEMP1 and so an
experiment in which parasites lacking PfHsp70-x were tested for cytoadherence
post-heat shock could confirm the role of PfHsp70-x in such an effect of heat shock.
Previous attempts to knock out PFA0660w have been unsuccessful suggesting this
Hsp40 is essential for parasite viability however this is an assumption and does
give further insights to the role of the protein [90]. Thus, creation of a PFA0660w
conditional knockdown line would allow further studies and testing for effect on
virulence and parasite viability. In addition, a double conditional knockdown of
PfHsp70-x and PFA0660w would be useful for predicting the effect of disrupting the
PfHsp70-x — PFA0660w interaction with small molecules. We began the creation of
PFA0660w knockdown parasite lines for such future studies (Appendix B).

To develop drugs targeting the PfHsp70-x-Hsp40 interaction, further work needs
to be carried out to confirm interacting residues and identify hot-spots. NMR
titrations of PFA0660w and PFE0055¢ with PfHsp70-x need to be repeated in
the presence of the ATP analogue AMP-PNP to allow full comparison to the
published structure of DnaK in complex with DnalJ |35]. Swapping the J domains
from PFA0660w and PFE0055¢ and testing the full-length Hsp40’s for specificity
of interaction would confirm the localisation of specificity to the J domain alone.
Then, mutagenesis of residues deemed important for interaction with PfHsp70-x,
such as 1.103, needs to be performed on full-length Hsp40’s and levels of chaperone
stimulation measured to confirm hot-spot residues.

Towards the creation of specific inhibitors of PfHsp70-x, structure determination
of the substrate binding domain or even the full-length protein may help identify
additional druggable pockets unique to PfHsp70-x. Initial crystallisation trials
of PtHsp70-xsgp and PfHsp70-xpr, were unsuccessful but construct redesign and

optimisation may aid crystallisation.
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Further work also involves the characterisation of the rest of chaperone network
in the erythrocyte. Understanding to what extent the human Hsp70 chaperones are
involved in the folding and trafficking of virulence-causing proteins and with which
Hsp40s they cooperate with, may change the strategy of targeting the chaperone
network. Possible experiments to gain insights into substrate preference include
pulldown assays and further knockdowns/knockouts. However, it is difficult to
genetically modify a red blood cell to knockout the human Hsp70 and other human
chaperones — such modifications would need to be carried out on progenitor cells.
Alternative methods may be used such as lysing red blood cells to release their
contents before resealing and infecting with the parasite to follow infection without
human components of the chaperone network. It is then possible to genetically
modify the parasite to export human proteins into the red blood cell to allow

complementation studies to study the effects of human chaperones one at a time.

7.7 Conclusions

We have found that PfHsp70-x plays a role in proliferation and survival of the
parasite in certain life cycle stages during heat shock. This, taken together
with Charnaud’s work linking PfHsp70-x to virulence of P. falciparum, confirms
PfHsp70-x as a drug target. Hsp70 inhibitors could be repurposed as antimalarials
providing the compounds have a greater affinity for parasite chaperones than human
chaperones. Crystal structures of PfHsp70-x and PFA0660w domains have provided
information for future structure-based design. The interaction of PfHsp70-x with
J dot resident Hsp40’s could also be disrupted by small molecules as residues
involved in interactions are concentrated to small areas of the J domain’s surface.
Further work needs to be carried out to determine the role of human chaperones
in virulence and parasite survival and how they are hijacked by parasite proteins

possibly through the parasite exported Hsp40’s.
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Construct cloning primers

The constructs described in Chapter [2] Table were created by amplifying DNA
using PCR. For PCR, a number of custom oligonucleotides (Sigma) were designed
to amplify specific fragments of the DNA template and to add overhangs for use in
Gibson Assembly (New England Biolabs). Provided here is a list of the primers

used for DNA amplification in the creation of each construct.
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Generation of PFA0660w knockdown
parasite lines

Towards furthering our understanding of PFA0660w’s role in the infected red blood
cell, we aimed to generate new parasite lines with a destabilisation domain (DD)
tag on PFA0660w to allow the knockdown of the cochaperone. The DD tag causes
the protein to be targeted for degredation unless in the presence of Sheild-1, a small
molecule capable of stabilising the domain and preventing degradation. Thus, the
tagged protein can be conditionally knockdown by removing Sheild-1 from culture.

Previous attempts to knockout PFA0660w have been unsuccessful [90] implying
that it is essential for parasite viability but this gives us no insight into the exact
function of the Hsp40. Additional, the inability to knockout a proein relating to

essentiality is an assumption that may not always be correct.

B.1 Construct cloning

To add the DD tag to the 3’ end of PFA0660w we employed CRISPR/Cas9 technology
to directly modify the genome of P. falciparum. We used a single-plasmid system,
pCRISPR-HADD2A (Fig. [B.1]A), which contains both the CRISPR-associated
endonuclease 9 (Cas9) coding sequence and guide RNA (gRNA) necessary for
CRISPR/Cas9 genetic modification and was provided by the Beck lab and designed
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by Dr Beatrice Schibler. The plasmid also contained blasticidin S and ampicillin
resistance genes, BSD and bla respectively, for selection purposes.

The tag to be introduced to the 3’ end of the PFA0660w gene contained a 3x
hemagglutinin tag (3xHA) and ddFKBP destabilisation domain (DD) linked to the
BSD gene by a 2A self-cleaving peptide linker. Homology regions (HR) flank the tag
to allow proper insertion to the genome (Fig. [B.1B). The 3’'HR was amplified from
3D7 genomic DNA using PCR and the 5’HR with mutated protospacer adjacent
motif (PAM) to prevent re-snipping was ordered from Genscript. HR’s were inserted
into the plasmid using In-Fusion (Clontech) or by restriction enzyme digestion and
ligation (New England Biolabs).

Oligonucleotides (Sigma) were purchased and annealed to create the PFA0660w
double-stranded gRNA (Fig. [B.1|C) to complete the gRNA necessary for guiding
Cas9 to the correct location. The double-stranded gRNA was inserted into pCRISPR-
HADD2A using restriction enzyme digestion and ligation.

E. coli DHb5acells were used for plasmid multiplication and a Qiagen MaxiPrep
kit was used to extract and purify the plasmid DNA according to manufac-
turer’s instructions.

The sequence of all primers used for DNA amplification and gRNA creation
for pCRISPR-HADD2A-PFA0660w can be found in Table [B.1]
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high-copy-number
ColE1/pMB1/pBR322/pUC
A 3'HR PFA0660w origin of replication

bla promoter

5'HR PFA0660W* guide RNA scaffold
PFA0660w guide RNA

pCRISPR_HADD2A_PFA0660w
12444 bp

Nucleoplasmin
NLS

Translation

start
3x FLAG
SV40 NLS
B
5'HR PFA0660wW* ddFKBP BSD hrp2 3'terminator  3'HR PFA0660w
o D> > -
3xHA 2A
U6:3 3' terminator RNA pol Il promoter
gRNA

Figure B.1: The pCRISPR-HADD2A-PFA0660w plasmid. Overlaid spectra of
PFA0660w; (red) and PFA0660w; with either PfHsp70-x or Hsc70 (green).

B.2 Transfection

Highly synchonised P. falciparum 3D7 cultures containing >5 % young ring-stage

parasites were centrifuged at 600 x g and medium removed. 100 pug of plasmid was
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Table of primers CRISPR-HADD2A-PFA0660w.

Table B.1
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mixed with cytomix (25 mM HEPES, 10 mM Ktextsubscript2HPOtextsubscript4,
120 mM KCI, 0.15 mM CaCl2, 2 mM EGTA, 5 mM MgCly pH 7.6). The cell pellet
was resuspended in DNA-cytomix mixture. Cells were electroporated using either a
double square or a single exponential pulse: double square consisting of two 4 ms
pulses of 310 V with a 2 second interval; single exponential waveform with voltage
of 310 V, 950 uF capacitance and infinite resistance. Electroporated cells were
added to fresh culturing medium and blood. After 8 hours, 2.5 mg mL™ blasticidin
and 625 nM Shield-1 were added to cultures. Fresh blood was added to cultures 24
hours post electroporation. Culture medium was changed every 24 hours for one
week and then every 48 hours from then on with blood added as required. Samples
were taken for Giemsa staining every 48 hours to check for the presence of parasites.

After the appearance of many ring-stage parasites, the parasites were subcultured
to create emergency freezings and for future culturing. Sorbitol synchronisation was
used to enrich for ring-stage parasites. Cultures containing 10 % young rings were
centrifuged at 600 x g for 5 minutes and the culturing medium removed. Freezing
solution (28 % Glycerol, 3 % Sorbitol, 0.65 % NaCl) was gently added to the cell pellet

then the mixture transferred to a cryovial before being flash frozen in liquid nitrogen.

B.3 Current status

Of all the transfected cultures that regrew after addition of blasticidin for selection,
only one line had successfully incorporated the HA-DD tag. This was determined
through PCR and Western blot. Unfortunately, the only line that was successfully
modified did not also carry a knockdown tag for PfHsp70-x and so we did not
create a double knockdown parasite. However, the generation of a PFA0660w
conditional knockdown line will be useful for future studie. The addition of the HA
tag alongside the DD domain will enable localisation studies through and anti-HA
antibody as currently there is no anti-PFA0660w antibody.
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