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Abstract

Plasmodium falciparum is a unicellular protozoan parasite that causes malaria in humans.
The parasite is passed to humans through mosquito bites and migrates to the liver before it
infects host erythrocytes. It is at the erythrocytic stage of development that the parasite causes
malaria pathology. Malaria is characterized by the modification of host erythrocytes making
them cytoadherent. This is as a result of formation of protein complexes (knobs) on the surface
of the erythrocyte. The knobs that develop on the surface of the erythrocyte are constituted
by proteins of host origin as well as some proteins that the parasite ‘exports’ to the host cell
surface. Nearly 550 parasite proteins are thought to be exported to the infected erythrocyte.
Amongst the exported proteins is P. falciparum heat shock protein 70-x (PfHsp70-x). Hsp70
proteins are known to maintain protein homeostasis. Thus, the export of PfHsp70-x may be
important for maintaining protein homeostasis in the host cell. PfHsp70-x is not essential for
parasite survival although is implicated in the development of parasite virulence. This is
possibly through its role in facilitating the trafficking of parasite proteins to the erythrocyte as
well as supporting the formation of protein complexes that constitute the knobs that develop
on the surface of the infected erythrocyte. The main objective of the current study was to
investigate protein interaction partners of PfHsp70-x. It is generally believed that PfHsp70-x
interacts with various proteins of human and parasite origin. Potential candidate interactors
include its protein substrates, Hsp70 co-chaperones such as Hsp40 members, and human
Hsp70-Hsp90 organizing protein (hHop). The establishment of the PfHsp70-x interactome
would highlight the possible role of PfHsp70-x in the development of malaria pathogenicity.
Based on bioinformatics analysis, PfHsp70-x was predicted to interact with some exported P.
falciparum Hsp40s, hHop and human Hsp90 (hHsp90). Recombinant forms of PfHsp70-x (full
length and a truncated form that lacks the C-terminal EEVN motif implicated in co-chaperone
binding) were expressed in E. coli BL21 Star (DE3) cells. Recombinant hHop and hHsp70
were expressed in E. coli IM109 (DE3) cells. The proteins were successfully purified using
nickel affinity chromatography. Co-affinity chromatography using recombinant PfHsp70-x and
immuno-affinity chromatography using PfHsp70-x specific antibody did not confirm the direct
interaction of PfHsp70-x with human Hop. However, the direct interaction of hHop and

PfHsp70-x has previously been validated in vitro and the current bioinformatics data support
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the existence of such a complex. PfHsp70-x was not stable in the cell lysate that was prepared
and this could explain why its interaction with hHop could not be ascertained. However, taken
together the evidence from a previous independent study, and the predicted interaction of
PfHsp70-x with human chaperones suggests cooperation of chaperone systems which
possibly facilitates the folding and function of parasite proteins that are exported to the infected

erythrocyte.

Key words: Malaria, P. falciparum, PfHsp70-x, human chaperones, human Hop, chaperone

networks, interaction partners, protein-protein interactions.
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Chapter 1

Introduction

1.1. Malaria

Malaria is a disease that is transmitted through bites from a female infected Anopheles
mosquito. Human malaria is caused by parasitic protozoans of the Plasmodium genus
(WHO, 2017). There are five species of Plasmodium that infect humans; namely, P.
falciparum, P. vivax, P. ovale, P. malariae and P. knowlesi (WHO, 2017). P. falciparum is
responsible for the most severe form of malaria, accounting for about 99 % of estimated
cases globally and 80 % of deaths (WHO, 2017). In 2016, 216 million global cases were
reported with 445 000 deaths of which most were children in sub-Saharan Africa (WHO,
2017). About 61 % of the infected population reported includes children aged less than 5
years (WHO, 2017). In 2015 alone, 303 000 (70.6%) deaths were estimated in children
under 5 years of age worldwide (WHO, 2016). Children have an immune system that is

not fully developed, hence, are the most vulnerable to be infected by malaria.

1.2. P. falciparum life cycle

The life cycle of P. falciparum involves two distinctive organisms, the human (host) and
mosquito (vector) (Cox, 2010). During infection of humans, the female Anopheles
mosquito acts as a transmission vector for a motile infective form of the parasite
(sporozoites) to a vertebrate host (Figure 1.1). The life cycle begins when the infected
mosquito feeds and injects the sporozoites from its salivary glands into the human
bloodstream (Figure 1.1). The sporozoites circulate in the blood system and subsequently
find their way to the liver. In the liver, the sporozoites invade and infect the liver cells (also
known as hepatocytes). The sporozoites undergo the first cycle of the asexual replication
producing merozoites which leads to the initiation of malarial pathogenicity (Nilsson et al.,
2015).
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The figure shows the female Anopheles mosquito injects infectious parasite P. falciparum. Sporozoites that enter
the human host and subsequently infect the liver cells (human liver stage). The liver cells ruptures releasing
schizonts into the blood stream initiating the human erythrocyte stage. Some of the schizonts commence the
erythrocyte invasion cycle, while others differentiate into sexual forms, gametocytes. Gametocytes (macro- and
microgametes) are ingested by the uninfected mosquito during blood meals and get fertilized in the midgut
forming a zygote (mosquito stage). The zygote undergoes developmental stages leading to the production of
sporozoites. The sporozoites are transmitted to an uninfected human host during the next blood meal. Figure

adapted from Nilsson et al. (2015).

In the hepatocytes, the sprozoites mature into merozoites and multiply producing many
uninucleated merozoites (schizonts). The schizonts rupture and release the merozoites
into the blood stream (Figure 1.1; Eaton et al., 2012). The merozoites attach to uninfected
erythrocytes priming for invasion. Within the erythrocytes, the merozoites undergo three
stages of development from ring, then trophozoite and finally the schizont (Figure 1.1;
Bannister, 2001). The infected erythrocyte eventually ruptures, releasing more mature

schizonts (merozoites) into the blood circulation and these invade uninfected erythrocytes
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and commence another asexual replication cycle (erythrocytic stage, Figure 1.1). This is

responsible for the periodic fever episodes (Bousema et al., 2016).

During each erythrocytic cycle a subset of the merozoites (at the ring stage) replicates
into sexual progeny that differentiates and develop into gametocytes, including
microgametes (male) and macrogametes (female). The microgametes and
macrogametes circulate in the peripheral blood. The gametocytes are ingested by the
female Anopheles mosquito into the mosquito’s midgut (mosquito stage) as it takes up a
blood meal. In the midgut, the gametes mature and undergo sexual fertilization, and the
microgamete enters the macrogamete forming a zygote (Figure 1.1). The zygote later
develops into motile invasive ookinetes, which migrate and penetrates the gut wall.
Ookinetes further develop into oocysts and subsequently into several sporozoites. The
oocyst ruptures and release sporozoites that are motile. The sporozoites migrate through
the mosquito haemocoele and are deposited into the salivary glands. The sporozoites are
then transmitted into an uninfected human host during another blood meal, continuing the

life cycle.

1.3. P. falciparum host erythrocyte invasion

The erythrocyte offers an environment suitable for parasite development. The parasite
invades the erythrocyte eventually leading to host cell rupture. Upon leaving the ruptured
infected erythrocytes, the extracellular egg-shaped merozoites initiate invasion (Cowman
et al., 2012). The merozoites recognize and adhere to the membrane surface of
uninfected erythrocytes (Figure 1.2; Weiss et al., 2015). The merozoites roll and glide on
the erythrocyte membrane reorientating to bring the apical end of the merozoite in contact
with the erythrocyte membrane ensuring closer access to the erythrocyte (Figure 1.2).
The merozoites possess special organelles, called micronemes, rhoptries and dense
granules which secrete adhesins and membrane altering agents. This secretion ensures
attachment of merozoites to erythrocytes and reorganize the membrane cytoskeleton

facilitating invasion (Figure 1.2; Zuccala & Baum, 2011).
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Figure 1.2: Merozoite erythrocyte invasion cycle

Merozoite attach to the erythrocyte membrane post-invasion. Parasite apically reorients and tightly attaches to
the erythrocyte forming a tight junction (PfAMA-1-PfRON4 complex) and establishes entry point. During entry,
the merozoite’s surface proteins are shed through the activity of proteases (SUB1 and SUB2). At the same time,
a parasitophorous vacuole is formed and include some erythrocyte membrane components. Once the tight
junction reaches the posterior end of the parasite, the plasma membrane re-seals by an as-yet-unknown

mechanism. The IE represent infected erythrocyte and PV; parasitophorous vacuole. Figure adapted from
Cowman et al. (2012); Weiss et al. (2015).

Additionally, the merozoite apical organelles secrete two groups of proteins that form a
complex which binds erythrocyte specific receptors and prompts invasion. For instance, the
micronemes secrete the apical merozoite antigen 1 (AMA-1) protein and rhoptry secrete
rhoptry neck protein 4 (RON4 protein) (Cowman et al., 2012). These proteins associate and
form a PTAMA-1-PfRON4 protein complex which forms a tight junction that create a bridge at
the area of contact with the erythrocyte membrane (Riglar et al., 2011). The tight junction

occurs in association with the parasite’s actin-myosin motor (also referred to as a gliding motor
4
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machinery; Riglar et al., 2011) which ensure erythrocyte capture. Furthermore, parasite utilize
the tight junction (Zuccala and Baum, 2011; Weiss et al., 2015) to enter into the erythrocyte
with the assistance from the actin-myosin motor system. Merozoite parasite entry activates
the actin-myosin causing the junction to move back from the apical membrane complex pulling
the erythrocyte membrane as the parasite pushes into the erythrocyte until it is completely
enclosed (Figure 1.2). More importantly, the merozoite microneme secretes serine proteases
such as the subtilisin (SUB1 and SUB2). The proteases shed off the merozoite surface coating
proteins during entry (Child et al., 2010; Silmon de Monerri et al., 2011). This leads to the
parasite dragging the erythrocyte plasma membrane to cover its surface, forming a
parasitophorous vacuole (PV; Figure 1.2). The PV eventually seals forming a PV membrane
(PVM) that separates the parasite from the erythrocytic cytoplasm, creating a hospitable
environment for parasite development. After entry and PV formation, the erythrocyte plasma
membrane re-seals and returns to its original form. At this stage, the parasite is at the ring

stage of development (Figure 1.2).

1.4. P. falciparum protein export

Following invasion, P. falciparum synthesizes proteins that are required for adaptation,
growth and development within the infected erythrocytes. Most of the expressed proteins
play a role in maintaining parasite proteostasis. Some of the P. falciparum proteins are
exported into the erythrocyte’s cytosol (Spielmann and Gilberger, 2010; 2015). Mature
erythrocytes are anucleated and they lack protein export machinery (reviewed in Marti et
al., 2004, Proellocks et al., 2016). Exported proteins play a major role in parasite survival
and nutrients acquisition in the erythrocyte cytosol (Goldberg, 2012). The parasite lodged
into the erythrocyte’s cytosol establishes its own trafficking machinery to dispatch parasite
derived proteins beyond its cell membrane into various destinations in the infected
erythrocyte (Figure 1.3; Bullen et al., 2012; Boddey et al., 2016; Proellocks et al., 2016).
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Figure 1.3: Export pathways of Plasmodium-encoded proteins to the infected erythrocyte

P. falciparum-encoded proteins are synthesized in the Nucleus (N) which are then exported into
parasitophorous vacuolar space (PVS) through the Endoplasmic reticulum (ER) and Golgi apparatus (Ga).
In the PVS proteins fuse with the parasitophorous vacuole (PV) membrane (PVM) generating different
protein export channels. Four protein export pathways are known. (1) Membrane proteins fuse with PVM
forming a tubular vascular network (TVN) trafficking pathway through lateral diffusion from vesicle budding
from the TVN membrane. (2) Plasmodium translocon of exported proteins (PTEX) trafficking soluble
proteins through the PVM to the Maurer’s cleft and erythrocyte cytoskeleton. Soluble proteins that fail to
refold in the cytosol are exported back to the PV through the PVM by diffusion where they get trafficked to
the Maurer’s clefts through membrane diffusion. (3) Insoluble proteins are trafficked by split cell diffusion
that traffics post invasion; membrane; and knob-forming proteins through sub-cytosol compartments vesicle
granules formed by PV membrane fusion. This channel traffics proteins to Maurer’s cleft and erythrocyte
surface where they form large aggregates (knobs). (4) Highly mobile small vesicles (J-dots) trafficking of
soluble proteins through PVM fusion causeing membrane budding and deposit proteins to erythrocyte
membrane. Figure adapted from Bullen et al. (2012).

Nearly 550 parasite proteins have been predicted to be exported to the infected
erythrocyte’s cytosol, cytoskeleton and plasma membrane (Maier et al., 2008; Goldberg,
2012; Spielmann and Gilberger, 2015). Most of these proteins are exported from the
endoplasmic reticulum (ER) through the PV beyond the PVM via four different pathways
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(Figure 1.3; Boddey et al., 2010; Sijwali and Rosenthal, 2010). Most but not all of these
exported proteins are characterized by the presence of the ER export signal sequence
located on the N-terminus (Boddey et al., 2010). The ER export signal sequence is
followed by an export motif termed the Plasmodium Export Element (PEXEL) also known
as the host targeting signal (HT) or vascuolar transport signal (VT) (Hiller et al., 2004;
Marti et al., 2004). This PEXEL motif facilitates transport of parasite-encoded proteins
beyond the PVM (Hiller et al., 2004; Matrti et al., 2004). Taken together this, it can be said

that various signals are implicated in protein export into the erythrocytes cytosol.

PEXEL-containing proteins are characterized by a conserved five-residue pentameric
consensus sequence RxLXE/Q/D (Bullen et al., 2012). Exported PEXEL proteins primarily
localize to the ER and possess a protease cleavage site (Boddey et al., 2010) which is
processed upon export. The PEXEL sequence is cleaved by the ER residing aspartic
protease plasmepsin V after the L-x residues results in the establishment of a new N-
terminus XE/Q/D which is then acetylated (Boddey et al., 2010; Russo et al., 2010; Boddey
et al., 2013). The acetylated sequence interacts with the PVM localized PEXEL-protein
translocation machinery termed the PTEX (de Koning-Ward et al., 2009). The role of the
PTEX is to oversee protein export beyond the PVM into the erythrocyte cytosol (Figure
1.3; Boddey et al., 2010, 2013). The PEXEL motif transports both soluble and surface-
associated proteins (Gruring et al., 2012). Protein export through the PTEX is ATP-
dependent (Gehde et al., 2009; Hasse and de Koning-Ward, 2010), and mainly export
transmembrane proteins (Crabb et al., 2010). The PEXEL-containing P. falciparum
exported proteins, which have been documented, belong to five major families (Weng et
al., 2014; Proellocks et al., 2016). Proteins from these families reside in the various
compartments of the erythrocyte cytosol and surface membrane. For example, the P.
falciparum erythrocyte membrane protein 1 (PfEMP1; Su et al., 1995), a knob associated
histidine-rich protein 1 (KAHRP; Pologe et al., 1987), P. falciparum erythrocyte membrane
protein 3 (PfEMP3; Pasloske et al., 1993), a ring-infected erythrocyte surface antigen
(RESA; Foley et al., 1991) and the mature parasite-infected erythrocyte surface antigen
(MESA,; Coppel et al., 2010).
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Amongst the exported proteins, there is another group of exported parasite proteins that
lack the PEXEL motif termed the PEXEL-negative exported proteins (PNEPS) (reviewed
in Griring et al., 2012; Spielmann et al., 2013). It is thought that PNEPs have a unique
signaling motif, which suggests the utilization of an alternative export pathway (Marti and
Spielmann, 2013). The PNEPs contain an N-terminal export signal peptide composed of
20 amino acids (Gruiring et al., 2012; Heiber et al., 2013). Export of this group of proteins
is yet to be fully understood due to their structural complexity and the absence of valid
sequence alignment data. However, only a few PNEPs have been reported. Amongst
these PNEPs, are the skeleton-binding protein 1 (SBP1; Blisnick et al., 2005), the
membrane-associated histidine-rich protein (MAHRP1 and MAHRP2) (Spycher et al.,
2006; Pachlatko et al., 2010), the ring exported proteins REX1 (Spielmann et al., 2006;
Dixon et al., 2008) and REX2 (Haase et al., 2009; Boodey et al., 2013), the merozoites
surface protein-7 (Msp-7) related proteins (Heiber et al., 2013), and the P. falciparum
erythrocyte membrane protein (PfEMP1; Boddey and Cowman, 2013). Most PNEPs
localize to the membrane of infected erythrocyte where they facilitate “remodeling” of the
cytoskeleton (Gruring et al., 2012; Marti and Spielmann, 2013) promoting malaria

pathogenicity.

1.5. P. falciparum infected host erythrocyte “remodeling”

Remodeling of the infected erythrocytes alters it's biological, morphological and
biochemical properties (Proellocks et al.,, 2016). The alterations result in the
rearrangements of the erythrocyte cytoskeleton, cytoplasm and plasma membrane
leading to disruption of function (Haldar and Mohandas, 2007; Bullen et al., 2012; Zuccala
and Baum, 2011). These changes are brought about mainly by proteins that are exported
from the parasite, and are crucial for nutrient acquisition, facilitating parasite survival
(Tamez et al., 2008; Zuccala and Baum, 2011). Erythrocyte remodeling involves the
formation of membrane-bound organelles and the assembly of parasite exported proteins
into unigue membranous structures, for example the Maurer’s clefts (MCs). The MCs are
the secretory organelles formed through membrane budding towards export of
transmembrane proteins beyond the PVM (Mundwiiler-Pachlatko and Beck, 2013). The
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MCs are displaced into the infected erythrocytes cytoplasm, and are located underneath
the plasma membrane connected to the membrane skeleton by actin-filaments (Pachlatko
et al., 2010; Gruiring et al., 2011).

The overall export pathways of P. falciparum infected erythrocytes are similar to trafficking
pathways found in eukaryotes. However, in P. falciparum, protein export is implicated in
virulence (Zhang et al., 2015). Some of the parasite-exported proteins associate with
proteins of host origin that are located on the erythrocyte’s surface. Such an association
forms protein complexes on the surface of the erythrocyte, termed “knobs” (Rug et al.,
2006; Shi et al., 2013). The knobs are nanoscale electron-dense adherent protrusions on
the surface of infected erythrocytes. Knobs occur generally a result of an association
between KAHRP and the adhesion PFEMP1 (Figure 1.3; Rowe et al., 2010). PfEMPL1 is
composed of cysteine-rich adhesion domain, the so-called Duffy Binding-Like (DBL)
domain, and the cysteine-rich Inter-Domain Region (CIDR; Cyrklaff et al., 2012). The DBL
domain is essential for binding the KAHRP-PfEMP1 complex to host receptors (such as
host immunoglobulin M; IgM) (Kraemer and Smith, 2006) and endothelial protein receptor
(Smith et al., 2013).

The KAHRP-PfEMP1 complex is formed through the association of PIFEMP1 with the
membrane section of the MCs which is then translocated to the membrane knobs (Su et
al., 1995). The C-terminus of PFEMP1 associates with KAHRP sub-membrane skeletal
protein, which is found self-aggregated in the knobs (Fairhurst and Wellmes, 2006).
Subsequently, interaction alters the membrane architecture of infected erythrocyte
resulting in rigid and deformed erythrocytes (Rowe et al., 2007; Maier et al., 2008; Zhang
et al., 2015). As a result, the erythrocytes develop cytoadherent properties (Rug et al.,
2006). Therefore, the infected erythrocytes adhere and bind host endothelial cells (Maier
et al., 2008; Rowe et al., 2010). Cytoadhesion of infected erythrocytes leads to rosetting
of cytoadherent erythrocytes, where infected erythrocytes bind and cluster with uninfected
erythrocytes (Rowe et al., 2010; Proellocks et al., 2016). Such a phenomenon enables
clumping of erythrocytes (sequestration) and evasion from the surveillance mechanisms
of the spleen (Zhang et al., 2015).
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Erythrocyte remodeling is an essential mechanism for parasite survival. The overall
remodeling process of infected erythrocyte and protein export are regulated at a molecular
level by a family of proteins called molecular chaperones. Most parasite proteins are
exported in their unfolded conformations and are prone to aggregation and misfolding
(Botha et al., 2007). Therefore, molecular chaperones (proteins that facilitate folding of
proteins) bind these proteins and stabilize them during export through membrane
compartments to their designated locations (Rug et al.,, 2006; Mbengue et al., 2012),

preventing aggregation and misfolding (Shonhai, 2014).

1.6. Molecular chaperones

Molecular chaperones are molecules found in all life forms known to maintain cellular
proteostasis in biological systems (Shonhai, 2014), and serve as molecular folding
machinery for other proteins (Saibil, 2013). Amongst these are so called heat shock
cognate proteins (Hscs) (that are constitutively expressed) and heat shock proteins
(Hsps) (stress inducible forms) (Ellis, 2006; Acharya et al., 2007). Hsps are universally
distributed amongst various organisms (from bacteria to humans) (Nonaka et al., 2006).
Under hostile environmental conditions, selected Hsps are upregulated to maintain
proteostasis (Edkins and Boshoff, 2014). The malaria parasites undergo environmental
changes and experience unfavorable physiological conditions in the human host. As a
result, the parasite upregulates expression of some of its Hsps for protection (Shonhai,
2014). The Hsps have been classified into conserved classes based on their molecular
weight (kDa), structures, localization and chaperone function (Shonhai et al., 2011). In P.
falciparum the following major Hsps members are represented; Hsp110, Hsp100, Hsp90,
Hsp70, Hsp60, Hsp40 and small Hsps (Shonhai et al., 2011; Zininga et al., 2015a).

1.6.1. Heat shock protein 90

Heat shock protein 90 (Hsp90; 90 kDa), is a highly conserved molecular chaperone that
occurs in all eukaryotic cells (Banumathy et al., 2003). Hsp90 is found to be mostly

abundant in the cytosol under normal growth conditions, and is known to maintain cellular
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viability (Acharya et al., 2007). Hsp90 is a folding chaperone that reduces protein
misfolding, and suppresses thermally induced aggregation of proteins (Krukenberg et al.,
2011). The chaperone activity of Hsp90 is ATP-dependent and thus governed by the
capacity to bind and hydrolyze ATP (Edkins and Boshoff, 2014). Furthermore, the Hsp90
folding system is considered to be a late-stage folding system for proteins that are
transferred from Hsp70 (Section 1.6.2). Hsp70 and Hsp90 cooperate via an adaptor
Hsp70-Hsp90 organizing protein (Hop; Section 1.6.3) (Krukenberg et al., 2011). Hsp90
plays a crucial role in late-stage folding of essential proteins such as kinases, steroid
hormone receptors (reviewed in Krukenberg et al., 2011), and proteins that mediate
purine biosynthesis (French et al., 2013). In developing cells, Hsp90 is essential for their

development.

The structure of Hsp90 consists of three major domains (Figure 1.4); an N-terminal
nucleotide binding domain (NBD), a substrate binding domain (SBD), and a C-terminal
dimerization domain (reviewed in Edkins and Boshoff, 2014). The NBD is highly
conserved in Hsp90s and is essential for the protein’s ATPase activity (Meyer et al.,
2003). Hsp90 NBD binds ATP, and the signal is transmitted to the SBD to bind misfolded
substrates, which mediates protein folding (Chiosis et al., 2013). The dimerization domain
facilitates self-association. The chaperone function of Hsp90 is activated by dimerization
(Chiosis et al., 2013). The C-terminal consists of an EEVD motif (Figure 1.4) that facilitates
interaction of Hsp90 with tetratricopeptide repeats (TPR) containing co-chaperones, such
as Hop (Section 1.6.3) (Onuoha et al., 2008; Edkins and Boshoff, 2014). The negatively
charged linker region (Pearl and Promodou, 2006) connecting the NBD and the SBD of
Hsp90 is implicated in interdomain function and co-chaperone associations (Krukenberg
et al., 2011).

11
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Figure 1.4: The structure of Hsp90 as a homodimer

Five domains of Hsp90; the N-terminus (nucleotide binding domain; light blue), the charged linker domain
(dark blue), the middle domain (green), and the dimerization domain (orange) before the C-terminal EEVD
motif (red) (Pearl and Promodou, 2006). The dimerization domain results in self-association of Hsp90 and
activates chaperone function. Figure adapted from Krukenber et al. (2011); Edkins and Boshoff (2014).

In the human genome, there are four Hsp90 isoforms which facilitate normal cell growth
and development. Amongst these isoforms, there are two distinct cytosolic isoforms; the
induced Hsp90a (Hsp90AAL: NP_001017963.2) and the constitutively expressed Hsp903
(Hsp90AB1: NP_001258899.1) (Didelot et al., 2008). Based on protein sequence
analysis, these isoforms share 86 % identity (Acharya et al., 2007). Furthermore, the
isoforms exhibit a significant difference in their highly-charged linker regions; hence,
alteration in length, amino acid composition and charge properties suggest a slight

functional variation (Grammatikakis et al., 2002).

In P. falciparum, four Hsp90 paralogs exist; full length cytosolic Hsp90 homologue
(PfHsp90; PF3D7_0708400), endoplasmic reticulum (ER) Grp94 homologue
(PF3D7_1222300), mitochondrial TRAP1 (PF3D7_1118200) and an Hsp90 lacking the
cytosolic signal (PF3D7_1443900) (Acharya et al., 2007). P. falciparum Hsp90 mediate
processing of newly-synthesized proteins across various compartments of the parasite
and is considered a target for drug discovery (Pallavi et al., 2010; Zininga and Shonhai,
2014). The cytosolic PfHsp90 (Pf3D7_0708400) forms a dynamic multi-protein complex
with PfHsp70-1 (Section 1.6.6.1) and PfHop (Zininga et al., 2015b) that is implicated in

folding of a specialized group of protein substrates (Pallavi et al., 2010).
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1.6.2. Hsp70-Hsp90 organizing protein

Hsp70-Hsp90 organizing protein (Hop) acts as an adapter protein that facilitates the
association of Hsp70 (Section 1.6.4) and Hsp90 (Nicolet & Craig, 1989). Hop is a highly
ubiquitous nuclear and cytosolic protein (Gitau et al., 2012). Hop protein is expressed at
moderate levels in most organisms under normal conditions and overexpressed under
stressful conditions (Nicolet & Craig, 1989; Daniel et al., 2008; Gitau et al., 2012).

Structurally, Hop is composed of three major tetratricopeptide repeats (TPR: TPR1,
TPR2A and TPR2B) and two dipeptide repeats (DP: DP1 and DP2) (Figure 1.5; Schmid
et al., 2012; Eckl & Richter 2013). The TPR1 domain binds the EEVD motif of Hsp70
(Gitau et al., 2012; Zininga et al., 2015b), while the TPR2A subdomain binds the EEVD
motif of Hsp90 (Onuoha et al., 2008; RohI et al., 2015). The TPR2B domain has been
reported to exhibit affinity for Hsp70 binding in the absence of Hsp90 (R6hl et al., 2015).
As a result, TPR1 and TPR2B subdomains of Hop interact with Hsp70 while the TPR2A
motif preferentially interacts with the C-terminus of Hsp90 (Gitau et al., 2012; Rohl et al.,
2015; Zininga et al., 2015b). Hop possesses a nuclear localization signal termed the
nuclear localization signal 1 (NLS1) and a putative nuclear localization signal 2 (NLS2)
downstream of the C-terminus (Figure 1.5). The DP repeats are composed of aspartate
and proline repeats (Schmid et al., 2012). The DP repeats serve a specific function within
the protein. The DP1 is implicated in ATPase activity of Hop while DP2 facilitates and
enhances the capability of Hop to bind Hsp70 (Schmid et al., 2012; Yamamoto et al.,
2014). This suggests that the DP repeats enhance the function of Hop.

13

© University of Venda



()

‘. University of Venda
Creating Future Leaders
@)

Hsp90 Hsp90

Hsp70

SBD SBD

N— e
N C

TPR1 TPR2A TPR2B

Figure 1.5: The structure of Hsp70-Hsp90 organizing protein (Hop)

The structure shows the three major tetratricopeptide repeats (TPR), two aspartate-proline dipeptide
repeats (DP) domains and nucleus localization signal. The D in a gray box represent the dimerization
domain. The Hsp70 EEVD motif binding the TPR1 domain and the dimerized Hsp90 EEVD maoitif binding
TPR2A. Binding of Hsp90 increases Hsp70 binding affinity to TPR2B, and subsequently moves Hsp70 from
TPR1 to TPR2B. Figure adapted from Zininga et al. (2015b).

Hop is highly conserved across Plasmodium genus and across species. However, P.
falciparum Hop (PfHop: PF3D7_1434300) is slightly structurally divergent from that of the
mammalian counterpart (Odunuga et al., 2003; Gitau et al., 2012). PfHop is expressed at
the erythrocyte stage, and is implicated in proteostasis (Gitau et al., 2012; Zininga et al.,
2015b). The surface of the TPR domains exhibit concave and convex regions which
mediate hydrophobic interactions with Hsp70 and Hsp90 (Rohl et al., 2015). Despite the
presence of the NLS sequences, PfHop was reported to primarily localize in the cytosol
of the parasite (Gitau et al., 2012). Furthermore, PfHop has been shown to co-localize
with PfHsp70-1 (Gitau et al., 2012; Zininga et al., 2015b) and PfHsp90 (Section 1.6.1) at
the erythrocyte stage of the malaria parasites life cycle (Gitau et al., 2012). As a result,
the TPR domains of PfHop interacts with PfHsp70-1 and PfHsp90 to form a functional
protein folding multi-chaperone complex (Gitau et al., 2012; Zininga et al., 2015b). The
occurrence of PfHsp70-1 and PfHsp90 in a PfHop mediated complex has been reported
(Gitau et al., 2012). In addition, the formation of this complex has been reported to be

nucleotide-dependent (Gitau et al., 2012; Zininga et al., 2015b).
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1.6.3. Heat shock protein 40

Heat shock protein 40 (Hsp40) is a known co-chaperone for the Hsp70 chaperone. Hsp40
stimulates the ATPase activity of Hsp70 as well as serving as the substrates “carrier”
(Hannessy et al., 2005; Botha et al., 2011). Hsp40 proteins are highly conserved
molecules (Botha et al., 2007). Hsp40s are characterized by a J-domain and are referred
to as J-proteins (also Dnad in E. coli; Botha et al.,, 2007); and ‘DNAJ’ in humans
(Kampinga et al., 2009). Hsp40s are widely distributed across species. In humans there
are at least 50 Hsp40s and 51 occur in P. falciparum, while E. coli expresses 6 Hsp40s
(Kampinga et al., 2009; Njunge et al., 2013).

Hsp40s are classified into types based on the conservation of functional domains in
relation to E. coli DnaJ (Figure 1.6; Botha et al., 2007; Njunge et al., 2013). Hsp40s
possess four functional domains; a J domain, a Gly/Phe-rich region (GF), four cysteine-
rich zinc-binding domains (CRR), and a less conserved C-terminal substrate-binding
domain (SBD) (Figure 1.6; Botha et al., 2007, 2011). Therefore, the J-domain of Hsp40s
is highly conserved and made up of about 70 amino acid residues forming four highly
conserved a-helices (helices | — IV) (Hennessy et al., 2005).

Type |

Key:
SBD
Type Il
I i ; GF-rich
Type f T .
] ; + CR domain
EEES 2z
Type IV

Figure 1.6: The classification of Hsp40s

Hsp40s are characterized into four types | — IV and have J-domain, the GF-rich region, the Zinc-finger
region and the C-terminal region. Type | contains all domains, while type Il lacks only the Zinc-finger domain.
The types Il and IV only have the J-domain, however, the J-domain of type IV does not have the HPD
motif. Figure adapted from Rug & Maier (2011).

Furthermore, the J-domain consists of a tripeptide histidine-proline-aspartic acid (HPD)
motif between helices Il and Il (Figure 1.6; Hennesy et al., 2005). The HPD facilitates the
formation of the Hsp40-Hsp70 complex (Botha et al., 2011; Knox et al., 2011; Bascos et
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al., 2017). This interaction modulates and regulates the activity of Hsp70 as well as
facilitates substrate binding by Hsp70 (Section 1.6.5; Acharya et al., 2007). Type | Hsp40s
have all the domains that are present in E. coli DnaJ. Type Il are highly similar to type I,
but lack the CRR region (Figure 1.6; Botha et al., 2007; Kampinga & Craig, 2010).
Examples of P. falciparum type Il Hsp40s include Pfj4 (PF3D7_1211400) and Pfj2
(PF3D7_1108700) (Pesce et al., 2008; Njunge et al., 2013). Type Il Hsp40s possess a
J-domain with the HPD motif but lack all the other domains present in E. coli DnaJ (Figure
1.6; Botha et al., 2007). The type IV group is similar to type Il Hsp40s. However, type IV
Hsp40s possess a J-domain that lacks the HPD motif (Figure 1.6; Kampinga & Craig,
2010).

The main functions of Hsp40s are to recruit and bind substrates within the aqueous
environment of the cells (Bascos et al., 2017). The CRR region and C-terminus of Hsp40s
are implicated in substrates binding (Section 1.6.4; Botha et al. 2007, 2011). Types | and
Il Hsp40s have greater binding capability for substrates than types Il and 1V, hence they
lack the SBD (Figure 1.6). Although type Il Hsp40s lack the CRR region, the presence of
the GF-C-terminal is enough to promote substrate binding by these Hsp40s making them
capable of suppressing protein aggregation (Kampinga et al., 2009; Zininga, 2015).
Furthermore, types | and Il Hsp40s are capable of passing their misfolded substrates to
Hsp70 for refolding (Section 1.6.5) (Kampinga & Craig, 2010; Njunge et al., 2013).

Some of the P. falciparum Hsp40 proteins contain the PEXEL export signal sequence that
targets proteins to infected erythrocyte’s cytosol (Section 1.4) (Miller et al., 2004; Njunge
et al., 2013). Of these Hsp40s, 43 have been reported to be exported to the infected
erythrocyte (2 type I's, 9 type II's, 20 type llII's and 12 type IV’s). P. falciparum Hsp40s
that lack a substrate binding domain (the CRR region and C-terminal) are generally
termed truncated Hsp40s (Figure 1.6). The study of Petersen and colleagues (2016),
reported a novel export pathway mediated by a membrane vesicle diffusion phenomenon
(Figure 1.3; Section 1.4), of which the truncated family of Hsp40s proteins are exported
(Petersen et al., 2016). Truncated Hsp40s, however, possess the N-terminal PEXEL

which enables export into the erythrocytes cytosol (Petersen et al., 2016). Furthermore,
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they are translocated to their respective destination by highly mobile parasite induced
structures termed the J-dots (Section 1.5; Kiilzer et al., 2010; Petersen et al., 2016).

1.6.4. Heat shock protein 70

Heat shock protein 70 (Hsp70) belongs to one of the major molecular chaperone families
(Mayer & Bakau, 2005; Shonhai et al., 2007). The Hsp70 family is widely distributed and
is one of the most widely-studied molecular chaperones (Shonhai et al., 2007). Hsp70 is
present in all living cells and is conserved in all organisms (Kampinga et al., 2009). The
E. coli Hsp70 is known as ‘DnaK’ and the mammalian homologue is referred to as ‘HSPA’
(Kampinga et al., 2009). Hsp70 proteins facilitate protein folding (Shonhai et al., 2008).
Thus, Hsp70s interact with unfolded polypeptide chains via their exposed hydrophobic
surfaces. Hsp70 is capable of both protein folding as well as reversing and suppressing
protein aggregation (Mayer, 2013; Edkins & Boshoff, 2014).

Hsp70 is composed of two major domains; the N-terminal ATPase domain (nucleotide
binding domain, NBD) and a substrate-binding domain (SBD) (Shonhai, 2014). The SBD
is further characterized by B-sheets and a-helical subdomains. The lid which turns the C-
terminal of Hsp70 is a-helical and the extreme C-terminus is marked by EEVD residues
(Figure 1.7). The B-sheets form the substrate binding domain (Shonhai, 2014). The lid
encloses the bound substrate in the SBD. The EEVD motif is implicated in co-chaperone
binding (Section 1.6.2). The NBD and SBD domains are connected by a highly conserved
7-residue linker region which facilitates interdomain allosteric functioning (Sharma &
Masison, 2009).

Substrate Binding Domain
{SBLD)

Figure 1.7: The general structure of Hsp70

The structure of Hsp70 showing the N-terminal ATPase domain (NBD) (light blue), linker (dark blue),
substrate binding domain (SBD); SBD@ (purple) and SBDa (gray), the lid (green) and an EEVD motif (red).
Figure adapted from Zininga (2015).
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1.6.5. Hsp70 functional cycle

The Hsp70 functional cycle facilitates protein folding function. Protein folding is driven by
the Hsp70-Hsp40 chaperone system (Section 1.6.4). Hsp70 switches between the ATP-
and ADP-bound states (Figure 1.8).
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Figure 1.8: Hsp70 nucleotide dependent protein folding cycle

Hsp70 forms a complex with substrate bound Hsp40, and mediates folding of substrate. Hsp40 recruits
unfolded substrate to Hsp70. The cycle is initiated when 1, Hsp40 captures nascent/misfolded substrate
(S). 2, Hsp40-substrate complex is lodged on to the NBD of ATP-bound Hsp70 and delivers the substrate
to the SBD Hsp70 eventually releasing Hsp40. Binding of the substrate stimulates hydrolysis of bound ATP
resulting in the formation of an ADP-bound Hsp70-substrate-Hsp40 complex. 3, ATP is hydrolyzed, the
conformation of the Hsp70 lid changes enclosing substrate and releasing Hsp40. At this point Hsp70 has
high affinity for substrate and mediates substrate folding. 4, Once the substrate is fully folded, NEF binds
the complex. 5, NEF facilitates ADP dissociation and subsequently binding of ATP. ATP lowers the
substrate affinity of Hsp70. 6, ATP binding activates conformational changes causing the lid to open and
release the fully folded substrate protein (F), and at the same time dissociates NEF. 7, Hsp70-ATP bound
is ready for the next cycle when 1 (Hsp40-substrate complex) is formed. Figure adapted from Edkins &
Boshoff (2014).

m

g

The NBD of Hsp70 proteins are known to confer ATPase activity which facilitates protein
folding. The ATP bound to Hsp70 at the ATP-bound state undergo hydrolysis. As a result,
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ATP gets hydrolyzed which then mediate substrate binding to the SBD (Figure 1.8;
Kampinga et al., 2009; Zininga et al., 2016). In the ATP bound state, Hsp70 has rapid on-
off rates, resulting in low affinity for substrate (Figure 1.8). In the ADP bound state, the
on-off rates are reduced resulting in an overall high affinity for substrate (Figure 1.8;
Kampinga & Craig, 2010). The Hsp70 chaperone cycle is regulated by a nucleotide
exchange factor (NEF) (Zininga et al., 2016). Once the substrate is folded, nucleotide ATP
bind to the chaperone system generating a substrate free Hsp70 (Figure 1.8). The

function of NEFs is to release ADP to make way for ATP binding to Hsp70.

1.6.6. Plasmodium falciparum heat shock protein 70 family

In P. falciparum, Hsp70s are widely expressed in different subcellular compartments of
the parasite, however, some are up-regulated during stress (Shonhai, 2014). P.
falciparum Hsp70s mediate parasite survival and development (Shonhai, 2014). Hsp70s
of P. falciparum are thought to facilitate parasite thermotolerance through their role in
proteostasis (Shonhai et al., 2007; Zininga et al., 2016). The genome of P. falciparum
encodes six Hsp70s (Shonhai et al., 2011; Shonhai, 2014). The Hsp70s are distributed in
various cellular compartments (Table 1.2; Shonhai et al., 2011; Shonhai, 2014; Przyborski
et al., 2015). The distribution of Hsp70s to various cellular compartments ensures

specialized function (reviewed in Shonhai et al., 2007).
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Table 1.2: Plasmodium falciparum Hsp70 homologues

Proteins MW Distribution Functions Signal
sequences

PfHsp70-1 74 kDa parasite cytosol, protein folding and NLS, GGMP,
(PF3D7_0818900) nucleus A B ¢ translocation B! EEVDB CH
PfHsp70-2 73 kDa parasite ER ©.P protein import into ER ER signal P
(PF3D7_0917900) and folding &P
PfHsp70-3 73 kDa parasite protein import into the Mt signal P
(PF3D7_1134000) mitochondrion D E mitochondrion and

refolding P E
PfHsp70-x 76 kDa PV, erythrocyte protein translocation, ER signal,
(PF3D7_0811700) cytosol £ G folding, parasite export signal,

virulence & ¢! EEVN F. ¢
PfHsp70-y 108 kDa parasite ER E chaperone function ER signal P
(PF3D7_1344200) and NEF for PfHsp70-

2 D

6. PfHsp70-z 110 kDa parasite cytosol 8. D chaperone function; ND

(PF3D7_0708800) proposed NEF for

PfHsp70-1 B

Plasmodium falciparum Hsp70 proteins classification, MW-molecular weight (KDa), subcellular distribution
and specialized function. The parenthesis represent PlasmoDB accession humbers. References: A-Shonhai
et al., 2008; B-Zininga et al., 2016; C-Pesce et al., 2008; D- Shonhai et al., 2007; E-Sargent et al., 2006; F-
Kulzer et al., 2010; 2012; G-Daniyan et at., 2016; H-Shonhai, 2014; I-Charnuad et al., 2017; ER-endoplasmic
reticulum; PV-parasitophorous vacuole; NEF-nucleotide exchange factor; ND-not determined. Table
adapted from Przyborski et al. (2015).

1.6.6.1. P. falciparum Hsp70-1

P. falciparum Hsp70-1 (PfHsp70-1, Table 1.2) is a cytosolic and nuclear localized protein
(Table 1.2; Shonhai et al., 2007; Zininga et al., 2015a). PfHsp70-1 is a soluble protein that
is highly expressed in the parasite and is upregulated at the blood stage of the parasitic
life cycle (Joshi et al., 1992; Sharma, 1992). PfHsp70-1 has a higher basal ATPase
activity than E. coli DnaK. PfHsp70-1 exhibits ATP-dependent chaperone activity (Zininga
et al., 2015a). The ATPase chaperone activity of the PfHsp70-1 is stimulated by binding
of substrate-bound PfHsp40 (Njunge et al.,, 2013). PfHsp70-1 is thermostable and is
thought to confer thermotolerance to the parasite to ensure its survival (Shonhai et al.,
2005; Bell et al., 2011). In addition, PfHsp70-1 was reported to suppress heat-induced
aggregation of a model substrate, malate dehydrogenase in vitro (Shonhai et al., 2008).
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Therefore, this highlights the role of PfHsp70-1 in maintaining cellular proteostasis
(Stephens et al., 2011; Makhoba et al., 2016).

1.6.6.2. P. falciparum Hsp70-x

P. falciparum Hsp70-x (PfHsp70-x, Table 1.2) is expressed by the parasite and exported
to the erythrocyte cytosol (Kulzer et al., 2012) where it is implicated in the modification of
the host erythrocytes (Section 1.5). PfHsp70-x is closely related to PfHsp70-1 as they
share a sequence identity of 73 %. The domain organization of PfHsp70-x is illustrated in
Figure 1.9. The C-terminal EEVN residues of PfHsp70-x are thought to bind to co-
chaperones (Figure 1.9; Mabate, 2017).

PfHsp70-x

TV

(P
MKTKICSYIHYIVLFLISTTVHT m

L J
I

Export signal sequence

Figure 1.9: Structural depiction of PfHsp70-1 and PfHsp70-x domains

The structure of PfHsp70-1 and PfHsp70-x are composed of the N-terminal ATPase domain (NBD) (light
blue), the linker region (dark blue), the substrate binding domain (SBD) (pink), a lid (green) and the C-
terminal EEVD motif (red dashed box). The N-terminals of PfHsp70-x has a putative signal cleavage site
(gray and orange, blue dashed box), whilst the C-terminals of PfHsp70-1 has additional sequences of
GGMP repeats (yellow). Figure adapted from Kilzer et al., (2012).

PfHsp70-x lacks the PEXEL/VTS export motif and it falls within the exported PNEPs
protein family (Section 1.4; Kllzer et al., 2012). PfHsp70-x possesses a unique N-terminal
signal sequence for export into infected erythrocyte (Kilzer et al., 2012; Przyborski et al.,
2015). This signal is comprised of 25 amino acids. Essentially the residues represent an
ER signal sequence (MKTKICSYIHYIVLFLIATTTVHT) which is followed by 8 residues
that facilitate the protein’s export (ASNNAEES) (Section 1.6.6.2). The ASNNAEES motif

is located between amino acids 25-33, and is known as a novel octameric export signal
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(termed NOES) (Kulzer et al., 2012). The N-terminal ER signal sequence consist of a
signal peptide cleavage site (region between putative signal sequence cleavage site). In
addition, the C-terminal of PfHsp70-x lacks the GGMP repeat that characterizes cytosolic
PfHsp70-1 (Shonhai et al.,, 2008; Zininga et al.,, 2015). The C-terminus of PfHsp70-x
differs from that of PfHsp70-1. Whereas PfHsp70-x contains a C-terminal EEVN motif,
PfHsp70-1 possesses an EEVD motif (Figure 1.9; Kilzer et al., 2012; Shonhai et al., 2007,
Shonhai et al., 2011). The EEVN motif may be essential to establish an association with
the TPR1 domain of Hop (Section 1.6.2).

PfHsp70-x is trafficked through the PVM to the erythrocytes cytosol (Figure 1.10; Kllzer
et al., 2012). In the erythrocyte, PfHsp70-x is reported to co-localize with parasite type Il
Hsp40s PFEO055c¢ (PF3D7_0501100) and PFA00660w (PF3D7_0113700) (Kulzer et al.,
2010). PfHsp70-x forms complexes with Hsp40s in distinct structures termed “J-dots”
within the infected erythrocyte cytosol (Figure 1.10; Kulzer et al., 2010). Within the J-dots,
PfHsp70-x interacts with a type Il P. falciparum Hsp40s PFA0066w (Daniyan et al., 2016)
and PFA00660w (Zhang et al., 2017). It is for this reason that PfHsp70-x is thought to be
involved in refolding exported parasite proteins (Section 1.4). In addition, since PfHsp70-
x also occurs in the PV, it is thought to play a role in facilitating trafficking of parasite
proteins exported to the erythrocyte (Kilzer et al., 2012). However, the role of PfHsp70-x

in the erythrocyte cytosol is yet to be fully understood.
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Figure 1.10: Localization of heat shock proteins in Plasmodium infected erythrocytes

Heat shock proteins are localized in different compartments within infected erythrocyte, and serve
specialized functions. Heat shock proteins are distributed in the parasite cytosol and the PV. The P.
falciparum—encoded proteins are exported into the erythrocyte cytosol with the involvement of the PTEX
complex, J-dots and MCs and are distributed in various compartments of the infected erythrocytes. The
proteins Hsp70-1, Hsp70-2, Hsp70-3, Hsp70-y, Hsp90 and Hop are restricted to P. falciparum. The P.
falciparum encoded protein, Hsp70-x localizes to the PV and the erythrocytes cytosol along with human
erythrocyte proteins hHsp90 and hHop. Host “remodeling” parasite-encoded proteins KAHSP40, Hsp40
localize in the erythrocyte’s cytoplasm and membrane. Figure adapted from Grover et al. (2013).

1.7. Problem statement

P. falciparum is responsible for the deadliest form of malaria that accounts for millions of
deaths worldwide (WHO, 2017). The erythrocytic stage of the parasites life cycle is
responsible for periodic episodes of fever (Shonhai, 2014; Bousema et al., 2016). As a
result, the parasite is exposed to temperature fluctuations that prompt the parasite to
develop various mechanisms of survival (Proellocks et al., 2015). The parasite achieves
this by expressing a subset of Hsps (Section 1.6) that maintain parasite proteostasis
(Shonhai, 2014). Some of the Hsps are exported into the erythrocyte cytoplasm (Section
1.4) (Botha et al., 2011; Kulzer et al., 2012). The exported proteins are linked with various
mechanisms of survival which includes erythrocytes remodeling (Section 1.5; Proellocks

et al., 2015; Jha et al., 2017). Amongst these parasite-encoded proteins is PfHsp70-x
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(PF3D7_0831700), which is mostly expressed throughout the P. falciparum erythrocytic
stages (Figure 1.1). In addition, PfHsp70-x localizes to the PV and the J-dots of the
erythrocytes cytosol (Section 1.5; Kulzer et al., 2012; Grover et al., 2013). Thus, it is
implicated in parasite protein trafficking and refolding. Protein export results in the
formation of direct parasite and host protein-protein interactions (Shi et al., 2013), which
are thought to facilitate protein folding, and erythrocyte remodeling (Kulzer et al., 2012;
Jha et al., 2017). Although, PfHsp70-x has been recently reported not to be essential for
parasite survival (Cobbs et al., 2017), it is shown to associate with virulent proteins
(Charnuad et al., 2017). As a result, PfHsp70-x is implicated in the developing parasite
virulence in infected erythrocytes (Charnuad et al., 2017).

The function of Hsp70s is regulated by Hsp40 co-chaperones (Section 1.6.5; Bascos et
al., 2017; Njunge et al., 2013). It has also been demonstrated that the Hsp70-Hsp40
chaperone complex facilitates substrate transfer to Hsp90 via an adaptor protein, Hop
(Banumathy et al., 2002; Wegele et al., 2006). In the cytosol of P. falciparum, PfHsp70-1
(Section 1.6.6.1) interacts with PfHsp90 (Section 1.6.1) via PfHop mediation (Gitau et al.,
2012; Zininga et al., 2015b). Furthermore, PfHsp70-1 interacts with some P. falciparum
Hsp40s (Section 1.6.4) to stimulate ATPase activity (Njunge et al., 2013). The EEVD
motifs of both PfHsp70-1 and PfHsp90 interact with PfHop TPR domains (Section 1.6.3;
Gitau et al.,, 2012; Zininga et al., 2015a). PfHsp70-x, a homologue of PfHsp70-1, is
exported to the erythrocyte cytosol and possesses an EEVN motif, which is distinct from
the canonical EEVD motif (Section 1.4; Shonhai et al., 2007 Kilzer et al., 2012; Mabate,
2017). Reports have shown the presence of human chaperones such as Hop (hHop),
Hsp70 (HSPA) and Hsp90 within the infected erythrocytes cytosol (Banumathy et al.,
2002; 2003, Kampinga et al., 2009; Wutchy et al., 2011; Ramakrishnan et al., 2015).

Some exported P. falciparum Hsp40s are thought to function as co-chaperones of
PfHsp70-x (Kulzer et al., 2012) and human Hsp70 (HSPA) (Jha et al., 2017). PfHsp70-x
interacts with Hsp40 PFA0660w which stimulates the ATPase activity (Daniyan et al.,
2016). Additionally, Jha and colleagues (2017), also reported the interaction of human
hHsp70 with the exported type Il Hsp40 (PF3D7_0409400), forming a co-chaperone

24

© University of Venda



()

*. University of Venda
Creating Future Leaders
@)

complex which, however, lacks any chaperone activity (Jha et al., 2017). Recently,
PfHsp70-x has been shown to associate with human Hop in vitro (Mabate, 2017). Thus,
PfHsp70-x exhibits the capability to interact with co-chaperones that mediate protein
folding in the erythrocytes. However, the function of PfHsp70-x in infected erythrocytes is
yet to be fully understood. Thus, the current study sought to characterize functional
interactors of PfHsp70-x. The main aim of this study was to elucidate the interacting
partners of PfHsp70-x that are resident in the infected erythrocyte cytosol. The
establishment of the interactome of PfHsp70-x within infected erythrocytes could shed
light on the function of this protein.

1.8. Hypothesis

PfHsp70-x associates with human chaperone and co-chaperone partners resident in the

parasite infected erythrocyte.

1.9. General objective

To investigate interactome characteristics of PfHsp70-x in infected human

erythrocytes.

1.10. Specific objectives of the study

1.10.1. Bioinformatics

To determine the structure and functional characteristics of PfHsp70-x and its
interactors in infected human erythrocytes.

1.10.1.1. Approaches

a) The amino acid sequence of PfHsp70-x was retrieved from PlasmoDB
(http://www.plasmodb.org/plasmo/) and BLAST searches were conducted to
identify homologues using NCBI.

b) Homologous amino acid sequences retrieved were aligned to identify conserved
functional domains using BioEdit.

c) The three-dimensional model of PfHsp70-x was generated and residues
implicated in its function were mapped out.
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d) The possible interactors of PfHsp70-x from P. falciparum exportome and the
human erythrocytes proteome were predicted using STRING (https:/string-
db.org/cai/network.pl) and were constructed using Cytoscape software
(http://www.cytoscape.org/).

1.10.2. Biochemical and cell-based studies

To identify the interactors of PfHsp70-x from P. falciparum 3D7 infected erythrocyte
lysates using the recombinant form of PfHsp70-x and antibodies specific to
PfHsp70-x (a-PfHsp70-x).

1.10.2.1. Approaches

a) Recombinant protein forms of P. falciparum Hsp70-x, human Hop and human
Hsp70 were expressed and purified using nickel affinity chromatography. The

recombinant proteins were used to conduct co-affinity assays.

b) The interaction partners of PfHsp70-x were investigated through immuno-affinity
assays using a-PfHsp70-x conducted on lysates obtained from P. falciparum 3D7

infected erythrocytes.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Bioinformatics

2.1.1. Multiple sequence analysis

Amino acid sequences of P. falciparum Hsp70-x (accession number. PF3D7_0831700);
PfHsp70-1 (accession number: PF3D7_08118900) and PfHop (accession number:
PFE3D7_1434300) were obtained from PlasmoDB (http://www.plasmodb.org/plasmo/;

Aurrecoechea et al.,, 2009). Homo sapiens amino acid sequences of Hsp70 (hHsp70)
(accession number: NP_005336.3) and Hop (hHop) (accession number: NP_006810.1) were
obtained from the National Centre for Biotechnology Information (NCBI)

(http://www.ncbi.nim.nih.gov). The sequence alignments were generated using MAFFT

(http://www.ebi.ac.uk/Tools/msa/mafft/) and were shaded using Boxshade

(http://embnet.vital-it.ch/software/BOX form.html). The sequence identity values were

calculated using BioEdit V7.2 software.

2.1.2. Three-dimensional structure analysis
Amino acids take up different structural orientations and are implicated in protein folding and
function in their destined locations. The sequences of the Hsp70 homologues (section 2.1)

were further analyzed for their folding pattern by homology modelling using Phyre?

(www.sbg.bio.ic.ac.uk/phyre2; Kelley et al., 2015) and viewed using University of California,

San Francisco (UCSF) Chimera version 1.9 (www.cgl.ucsf.edu/chimera; Pettersen et al.,

2004) Chimera. Analysis to identify structural features of their functional domains was
conducted. The models reveal the various conformational organization of the protein such as
the a-helices, B-plated sheets or coils. The three-dimensional models of the NBD and SBD of
PfHsp70-1 (PF3D7_08118900), PfHsp70-x (PF3D7_0831700) and hHsp70 (NP_005336.3)
were generated using Saccharomyces cerevisiae (Ssel) crystal structures (c3d2fC.pdb;
Polier et al., 2008) as a template. The 3D models of PfHop (PFE3D7_1434300) and hHop
(NP_006810) were generated using the crystal structure of a Chlamydomonas Hop

homologue (c4uzyA.pdb; Taschner et al., 2014) as template. The 3D models were developed
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as PDB files using Phyre?. The PDB files used for structural analysis were visualized and
compared using a match maker tool on Chimera. The predicted 3D-models generated in

Chimera were analyzed for conformation and structural orientation of the protein sequences.

2.1.3. Prediction of PfHsp70-x interactors

In order to predict and construct the network of potential interactors of PfHsp70-x, various
bioinformatics online tools, STRING 10.5 database (https://string-db.org/; Szklarczyk et al.,

2017) and Cytoscape software (http://www.cytoscape.org/; Shannon et al., 2003), as well as

literature reports were used (Figure 2.1).

" Retrieval of amino
4 acid sequences
| from databases [

JA PfHsp70-x L ( hHsp70 ]
PlasmoDB J 1 NCBI J,

"STRING proteln—protem |
l association data (PPI) l association data (PPI)__
) T

Human
erythrocyte
proteome

N { Candidates 1 [ Candidates
;" P. falciparum [ BLAST searchJ 1 BLAST search
\_ exportome / ' ' ' '

/" Construct cytosol and ™ Construct cytosol and
! membrane PPl network | membrane PPIl network
| ___Cytoscape software I Cytoscape software

Figure 2.1: The schematic diagram of the construction of the PfHsp70-x
The predicted interactors of PfHsp70-x were retrieved from the P. falciparum exportome and the erythrocytes
proteome. The candidates were analyzed by a BLAST search to retrieve homologous candidates in both species.
The candidates were filtered according to localization. The candidates from the infected erythrocytes cytosol and
membrane were used to conduct the interaction network using Cytoscape software. PPI represent protein-
protein interaction and BLAST represent Basic Local Alignment Search Tool.
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The interactome prediction was conducted using data retrieved from STRING database. The
amino acid sequence of PfHsp70-x (Section 2.1) was used to establish a network of
interactors from a STRING database (Figure 2.1). Furthermore, data on exported proteins
was retrieved from the parasite exportome literatures (Botha et al., 2007; Maier et al., 2008;
Spielmann et al., 2010; de Koning-Ward et al., 2016). Of the predicted PfHsp70-x interactors,
some are not exported. This is because the STRING software used does not factor subcellular
localization of selected proteins. Additionally, a network of human Hsp70 (Section 2.1) was
also retrieved from STRING database to identify potential interactors localized in erythrocytes
(Figure 2.1). A BLAST search was conducted in order to search for homologues in human
erythrocytes which could potentially interact with PfHsp70-x within the infected erythrocytes
(Wutchy et al., 2011, Ramakrishnan et al., 2015). The BLAST homology study resulted in the
retrieval of potential interactors for the exported PfHsp70-x of human origin in the cytosol
(Figure 2.1). Lately, some studies have experimentally validated and reported a set of
interacting partners of PfHsp70-x (Kulzer et al., 2012; Charnuad et al., 2017; Jha et al., 2017,
Mabate, 2017; Zhang et al., 2017). This data was used to validate the findings from the
bioinformatics study. To validate the potential interactors, proteome data of the erythrocyte
that has been published in literature was further investigated (Kakhniashvili et al., 2004; Pasini
et al., 2006; Goodman et al., 2007). The predicted interactors from P. falciparum and human
homologues were filtered according to sub-cellular localization, protein classes and molecular
function. Furthermore, the human erythrocyte proteome was filtered from the predicted protein
candidates (Kakhniashvili et al., 2004; Pasini et al., 2006; Goodman et al., 2007; Zhang et al.,
2017).

The protein interaction network was constructed with a threshold set at a confidence level of
0.700 which suggests that the predicted interactions are probable at a confidence level 0.700
and above (Jensen et al. 2009). The proteins that were predicted to be functional partners of
PfHsp70-x in the network are based on association scores representing interaction probability
(the higher the association score, the better the chance of a biological protein-protein
interaction to occur). The network edges (lines) represent chaperones class and the types

(families) and were analyzed on Cytoscape (Shannon et al., 2003). The size of edges reflects
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the most likely interactions that may form known functional multi-chaperone complexes
(Newman, 2003).

2.2. Biochemical assays

2.2.1. Materials

The following antibodies were used to validate the recombinant PfHsp70-x proteins; a-His
antibody produced in rabbit from Thermo Scientific (USA), a-PfHsp70-x antibody produced in
rabbit (a kind donation from Prof. J. Pryzbroski, Philipps Marburg University in Germany).
Additionally, rabbit raised a-PfHsp70-1 (Shonhai et al., 2008), Secondary HRP conjugated
goat raised anti-rabbit antibody (Zininga et al., 2015a; 2015b), a-His (Zininga et al., 2015a;
2015b) and mouse raised a-DnaK antibody from Enzo Life Science (UK) were used. The rest
of the reagents used in the study are listed in the appendix section (Appendix C). The bacterial
strains and plasmid constructs used for expression of the recombinant proteins are listed in
Table 2.1 below.

Table 2.1: Description of E. coli strains and plasmid constructs used in this study

Strains and plasmids

Competent strains for Description Supplier
transformation Reference
E. coli IM109 DE3 e14— (McrA-) recAl endAl gyrA96 thi-1 hsdR17 (rK — mK+) | Thermofisher
supE44 relA1 A(lac-proAB) (F" traD36 proAB laclqg ZAM15) | Scientific,  USA,
Zininga, 2015
BL21 Star (DE3) F- ompT gal [decm] [lon] hsdSB ADEs Studier et al., 1990

Antibiotic(s)
Plasmids Description resistance of
plasmid constructs

1. pQE30-PfHsp70-xr | pQE30 encoding full length | ampicillin resistance | Mabate, 2017
PfHsp70-x (AmpR)

2. pQE30-PfHsp70-xr | pQE30 encoding PfHsp70-x lacking AmpR Mabate, 2017

EEVN residues at the C-terminus

3. pQE30-hHop pQE30 encoding human Hop AmpR Genscript, USA
4. pQE30-hHsp70 pQE30 encoding human Hsp70 AmpR Genscript, USA
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2.2.2. Confirmation of PfHsp70-x, hHop and hHsp70 plasmid DNA constructs
Competent E. coli IM109 DE3 cells (Table 2.1, Appendix B1) were chemically prepared and
transformed with the plasmid constructs, including pQE30-PfHsp70-xr, pQE30-PfHsp70-xT,
pPQE30-hHop, and pQE30-hHsp70 (Appendix B2). The constructs expressing PfHsp70-xr or
PfHsp70-xt, hHop and hHsp70 were purified using the Zymo Research Plasmid Miniprep™
(Epigenetics, USA) following the manufacturer’'s instructions (Appendix B3). Restriction
analysis was conducted on each of the plasmid DNA constructs using restriction enzymes
Bam HI and Hind Il (Thermo Scientific, USA) to digest and confirm the integrity of the plasmid
DNA. The digested products were analyzed using 0.8 % of agarose gel electrophoresis
(Appendix B4).

2.2.3. Recombinant protein expression

Competent E. coli JM109 DE3 cells were transformed with plasmid constructs, pQE30-
PfHsp70-xF or pQE30-PfHsp70-x1, pPQE30-hHop or pQE30-hHsp70, respectively (Table 2.1).
Single colonies containing respective plasmids were grown overnight in 100 ml 2 X
yeast/tryptone (2 X YT) (tryptone 16 g/L, yeast extract 10 g/L and NaCl 5 g/L, broth containing
100 pg/ml ampicillin) at 37 °C. The overnight culture was subsequently diluted using 900 ml
2 X YT and grown at 37 °C gently shaking at 250 rpm using the FMH 200 shaker (FMH
Electronics, RSA). The cultures were incubated until they reached a mid-log phase at ODeoo
= 0.6. Recombinant protein expression was induced using 1 mM (final concentration) of
isopropyl-B-D-1-thiogalactopyranoside (IPTG) and incubated at 37 °C. For E. coli BL21 Star
(DE3) cells expressing pQE30-PfHsp70-xr or pQE30-PfHsp70-xt, the cultures were
incubated for 6 hrsin 1 L of 2 X YT broth at 30 °C. E. coli IM109 DE3 cells transformed with
pPQE30-hHop and pQE30-hHsp70 were respectively expressed for 4 hrs and 5 hrsin 1 L of 2
X YT at 37 °C. Pre- and post-induction samples were collected at hourly intervals. The cells
were harvested by centrifugation at 5000 xg for 20 min at 4 °C and the pellets were re-
suspended in 50 ml lysis buffer (10 mM Tris-HCI, pH 7.5, 300 mM NaCl and 10 mM Imidazole
containing 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1 mg/ml lysozyme).
The cell lysates were incubated at room temperature shaking for about 30 minutes and stored
at -80 °C.
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Protein expression samples were analyzed using 12 % sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and visualized using Coomassie Blue
(Appendix B6). The production of the His-tagged recombinant protein was confirmed by
Western blot analysis (Immunoblot; Appendix B10) using mouse monoclonal a-His-
horseradish peroxidase antibodies [1:2000 dilution] (Sigma-Aldrich, USA). The production of
recombinant proteins was further confirmed using rabbit-raised polyclonal a-PfHsp70-x
antibody [1:2000 dilution] as primary antibody for PfHsp70-x. The secondary antibody used
was goat raised a-rabbit horseradish peroxidase conjugated antibody [1:5000 dilution]. The
production of human Hop and human Hsp70 was confirmed using a-His [1:2000 dilution]
antibodies. Visualization of the Western blot was conducted using the enhanced
chemiluminescent substrate (ECL) kit (Thermo Scientific, USA) as per manufacturer's
instructions (Appendix B10). Images were captured using the ChemiDoc Imaging system (Bio-
Rad, USA).

2.2.4. Recombinant protein purification

Recombinant proteins were successfully purified by sepharose nickel affinity chromatography
under native conditions as previously described by Zininga et al., (2015a; 2015b), with minor
modifications. Lysates were retrieved from the -80 °C freezer and thawed on ice for 1 hr.
Polyethyleneimine (PEI) 0.1 % (v/v) was added to the thawed lysate (Shonhai et al., 2008;
Gitau et al., 2012; Zininga et al., 2015a;b). The lysates were sonicated and centrifuged at
5000 xg for 20 min at 4 °C to separate the insoluble and soluble protein fractions. The
supernatant was loaded into a column with HisPur™ Nickel nitrilotriacetic acid (Ni-NTA)
(Thermo Scientific, USA) immobilized metal affinity chromatography column (IMAC) with 4 hrs
incubation at 4 °C to enhance binding of recombinant proteins. The beads were washed off
of the unbound proteins with 2 bed volumes of wash buffer | (10 ml Tris-HCI pH 7.5; 300 mM
NaCl; 25 mM Imidazole; 1 mM PMSF) and wash buffer Il (10 ml Tris-HCI pH 7.5; 300 mM
NaCl; 80 mM Imidazole; 1 mM PMSF). Washes were performed in the presence of 5 mM
ATP. The addition of ATP helps eliminate possible E. coli DnaK contamination of the target
protein. Additionally, ATP further purifies the target heterologous protein by stripping off some
misfolded E. coli proteins that may have bound to the target protein. The bound protein(s)
were eluted with elution buffer 1 (10 mM Tris-HCI pH 7.5; 300 mM NaCl; 250 mM Imidazole
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and 1 mM PMSF) and elution buffer Il (10 mM Tris-HCI pH 7.5; 300 mM NaCl; 500 mM
Imidazole and 1 mM PMSF). The eluents were collected and prepared for analysis with 12 %
SDS-PAGE (Appendix B6) and Western blot (Appendix B10).

The proteins were extensively dialyzed using the Amicon® Ultra-15 10K centrifuge filter device
(Merck Millipore, Germany) in dialysis buffer (300 mM NaCl, 10 mM Imidazole, 10 mM Tris-
HCI, pH 7.5, 10 % (v/v) glycerol, containing 1 mM PMSF). The filter device was rinsed with
dialysis buffer before use. Briefly, dialysis buffer was added up to 15 ml to the Amicon® Ultra-
15 10K centrifuge filter device (Merck Millipore, Germany). The filter device was capped and
placed in the centrifuge rotor. The filter device was centrifuged for 15 min at 4000 xg at 4 °C
and collected dialysis buffer was discarded. The 4 ml of the protein was added into the filter
device and centrifuged for 15 min at 4000 xg at 4 °C and flow through was discarded. The
concentrated protein was resuspended in 4 ml of dialysis buffer and centrifuged for 15 min at
4000 xg at 4 °C. The concentrated protein solute was immediately recovered using a pipette
in the bottom of the filter device. The solute was withdrawn using a side-to-side sweeping
motion to ensure total recovery and stored in storage buffer (150 mM NaCl, 10 mM Tris-HClI,
pH 7.5, 10 % (v/v) glycerol, containing 1 mM PMSF). The purity of the eluted proteins was
assessed using 12 % SDS-PAGE (Appendix B6) and further confirmed by Western blotting
(Appendix B10). To validate that the purified proteins were not contaminated with traces of E.
coli Hsp70 (DnakK), the purified proteins were analyzed by Western blot using a-DnaK
antibody (Enzo Life Science, UK). The concentrations of the respective proteins were
estimated by Bradford’s assay (Sigma-Aldrich, USA) following manufacturer’s instructions
using Bovine Serum Albumin as protein standard (Appendix B7). The concentrations of the
proteins  were  further  computed using the Christoph-Leidig logarithm
(http://christophleidig.de/tprot.html; Appendix B8, Zininga, 2015).
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2.3. Analysis of the interaction of PfHsp70-x with hHop in parasites maintained at the
erythrocytic stage

Parasite culture: Investigation of the direct association of PfHsp70-x with hHop using
a co-affinity and immuno-affinity chromatography

P. falciparum 3D7 infected erythrocytes were cultured as previously described (Trager &
Jensen, 1976; Gitau et al., 2012; Zininga et al., 2015a). The parasites were synchronized
using sorbitol and harvested at the trophozoite stage. Infected erythrocytes were lysed with
0.1 % (w/v) saponin containing lysis buffer (Zininga et al., 2015a) and incubated for 10 minutes
at 25 °C. The saponin lysed erythrocyte and the PVM leaving the P. falciparum 3D7 parasite
membrane intact (Figure 2.2).

Infected erythrocyte

A
—

Parasite
Erythrocyte -
M v | Parasitophorous
cytosol X
» vacuole material

~ _—

Sa powr;\ir; _Iysis

Erythrocyte cytosol & Parasite

Parasitophorous vacuole P. faiciparum 3'_)7
Material (S) & Cellular debris (P)

Western blot analysis for
the distribution of
PfHsp70-x & PfHsp70-1

Presence of PfHsp70-1 Presence of PfHsp70-1
No X Yes v/

Presence of PfHsp70-x Presence of PfHsp70-x
Yes v/ No X

!

Immuno-affinity chromatography
Co-affinity chromatography

Figure 2.2: Schematic flow diagram of the preparation of parasite P. falciparum 3D7 infected erythrocyte
The P. falciparum 3D7 parasite infected erythrocytes were prepared by saponin surfactant producing two
fractions, the supernatant (erythrocyte and the PV material) and the pellet (whole P. falciparum 3D7 parasite).
The S represent the supernatant and P the parasite fraction. A mixed culture at the trophozoite stage was
obtained and lysed using saponin. The cytosolic material and the parasite material and debris were analyzed
using Western blot in order to evaluate the subcellular distribution of PfHsp70-x and pfHsp70-1.
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After lysing the erythrocyte, cytosol and parasite fractions were respectively collected by
centrifugation at 5000 xg for 10 minutes. The pellet (of the parasites obtained from lysis) was
extensively washed using Phosphate-Buffered Saline (PBS) pH 7.4 (NaCl 137 mM, KCI 2.7
mM, Na2HPO48 mM, and KH2P041.46 mM; Zininga et al., 2015a). The pellet and supernatant
fractions were obtained from the lysis (Figure 2.2). The fractions obtained were investigated
in order to elucidate the distribution pattern of PfHsp70-x using antibodies specific for
PfHsp70-x (Figure 2.2).

The erythrocyte cytosolic fraction (prey: input) was used to investigate the direct association
of PfHsp70-x and hHop in vitro. Co-affinity chromatography as illustrated in Figure 2.3 below
was conducted using a Pierce Protein Interaction kit (Thermo Scientific, USA), with
modifications. Briefly, the erythrocyte cytosol fraction obtained (input) from saponin lysed
erythrocytes in Figure 2.2 was re-suspended in Pierce lysis buffer (Thermo Scientific, USA).
This was followed by incubation of recombinant PfHsp70-xe/PfHsp70-xT proteins (bait) with
HisPur™ cobalt affinity beads for 2 hrs at 4 °C to allow binding. Beads without immobilized
recombinant PfHsp70-xtr protein were used as a control. The samples were extensively
washed using a solution of Tris-Buffered Saline (TBS; 25 mM Tris, 0.15M NaCl, pH 7.5):
Pierce lysis buffer to remove unbound proteins and some non-specific bound proteins.
Following washes, the bait-prey complex was subsequently pulled down as elutes in 250 pL
of elution buffer (TBS: Pierce lysis buffer: Imidazole 290 mM). The co-affinity chromatography

eluates were analyzed with silver stain (Appendix B11).

Bait (PfHsp70-x)
protein . . ; : . .
. S Bait and Prey protein | Bait-prey protein complex Bait-protein complex eluates
immobilization
l PfHsp70-x . -
// ' — /\’ N
Bead Bead =l Prsox Bead =l Pphisorox - | R - Bead

l

Complex analysis

Figure 2.3: Co-affinity chromatography schematic diagram using recombinant proteins

Recombinant proteins (bait) immobilized on beads followed by incubation with the erythrocyte cytosol fraction
(input: prey). The bait and prey associates and form a complex. The complex is analyzed using silver stain and
Western blot analysis.
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Additionally, the association of PfHsp70-x and hHop was conducted using immuno-affinity
chromatography. The input fraction was resuspended in a volume of 500 i
immunoprecipitation lysis buffer (25 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM EDTA, and 1
% (v/v) Tween-20) containing 1 mM PMSF. The chromatography was carried out using
Pierce® Protein A/G Magnetic Beads according to the manufacturer’s instructions with slight
modifications (Thermo scientific, USA). Briefly, the input fraction was reconstituted to a
volume of 500 ul. The constituents were added to the a-PfHsp70-x antibodies coupled to
Pierce® Protein A/G Magnetic Beads. The mixture was incubated to allow binding to occur
for 2 hrs at 4 °C with gentle shaking. The flow through was collected and the column was
extensively washed. A 150 ul volume of elution buffer (50 mM glycine, pH 2.8) was used to
elute the immunoprecipitate, which were concentrated using trichloroacetic acid at 10 % (v/v).
The immunoprecipitate was analyzed using silver stain (Appendix B11). Erythrocyte cytosol
fraction (input) was included as a control to show the presence of PfHsp70-x in the lysate prior
to immino-affinity chromatography. As a negative control, the Pierce® Protein A/G Magnetic
Beads incubated with input to validate non-specific binding of PfHsp70-x to the resin was also

included. The assay was conducted as illustrated in Figure 2.4.

Rabbit raised antibody @-PfHsp70-x coupled Capture bait protein  Incubation with = a-PfHsp70-x-bait-prey
(a-PfHsp70-x) beads and bait prey protein Immunoprecipitate
immobilizing protein (PfHsp70-x)

%%Y;: S

A

—> Immunoprecipitate
eluates

_ -gtl‘_

Eluates analysis with
o-PfHsp70-x/a-hHop

Figure 2.4: Schematic for immuno-affinity chromatography using specific antibody

Antibody specific for a target protein is immobilized on the beads. The antibody coupled beads are then incubated
with recombinant protein (bait) followed by incubation with the input (prey). The bait protein immunoprecipitates
with prey protein complex. The Immunoprecipitate eluates were analyzed by silver stain and Western blot
analysis.
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Chapter 3

Results

3.1. Bioinformatics based studies
3.1.1. The 3D models of the carboxyl ends of PfHsp70-x/PfHsp70-1/hHsp70

The protein sequences of the Hsp70 homologues are highly conserved as well as the
structural orientation of their functional domains (Appendix Al; Appendix A2). Generally,
Hsp70s are composed of three main domains the NBD, SBD and the C-terminal domain. The
C-terminal domain of the Hsp70s are predominantly coiled, and are joined to the a-helical lid
(Figure 3.1). The carboxyl-ends of PfHsp70-x and hHsp70 are composed only of coils (Figure
3.1). PfHsp70-1 possesses the tetrapeptide sequence Glycine-Glycine-Methionine-Proline
(GGMP) motif that is generally known for immunomodulation, which is absent in both
PfHsp70-x and hHsp70 (Figure 3.1, Appendix A3). The GGMP motif defines the orientation
(fold) of the carboxyl end of PfHsp70-1 which is an elongated coil (Figure 3.1). Furthermore,
in the absence of the GGMP motif the ends are compact and are in close proximity with the
lid (Figure 3.1). This suggests that PfHsp70-1 is structurally distinct compared to PfHsp70-x
and hHsp70.

The carboxyl-terminal end of PfHsp70-x possesses an asparagine (N) residue at position Ne7o,
which is different from the aspartic acid (D) residue in PfHsp70-1 and hHsp70 (Figure A3,
Appendix A2). However, the Ne7o residue showed structural conservation with the Dea1 of
hHsp70 (Figure 3.1). The overall folding pattern of the EEVN motif of PfHsp70-x is in reverse
orientation but is structurally conserved with that of hHsp70 (Figure 3.1). However, the EEVD
motif of PfHsp70-1 completely folds differently from that of PfHsp70-x and hHsp70 (Figure
3.1). The EEVD motif of PfHsp70-1 forms a short a-helix, showing structurally divergence from
PfHsp70-x and hHsp70 (Figure 3.1). This suggests the role that the GGMPs may have in the
structural conformation of the PfHsp70-1 EEVD moitif.

The overall structural orientation of regions of Hsp70 homologues that are important for

ATPase activity and substrate folding are conserved (Figure A1, A2; Appendix Al). Therefore,
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PfHsp70-x and human hHsp70 may be functional substitutes (redundancy). Thus, PfHsp70-x
may potentially form functional complexes with human co-chaperones. The EEVN motif of
PfHsp70-x could facilitate its interaction with human TPR containing co-chaperones such as

hHop, subsequently forming a complex with Hsp90.

A (PfHsp70-x- PfHsp70-1) B (PfHsp70-x-HSPA1A)

Figure 3.1. Comparison of 3D models of the carboxyl-terminal end of Hsp70 homologues.

The 3D models of the carboxyl-terminal structural orientation of PfHsp70-x (cyan) compared with PfHsp70-1
(medium blue) and hHsp70 (red). (A) PfHsp70-x-PfHsp70-1 carboxyl terminus, with the GGMP motif of PfHsp70-
1 represented with a red segment. (B) PfHsp70-x-hHsp70 carboxyl terminus. The orientation of the carboxyl-
terminal motifs showing residues involved in co-chaperone association (EEVD/EEVN represented by ball and
stick). The models were generated by Phyre2 (www.sbg.bio.ic.ac.uk/phyre2) and visualized using Chimera
(www.cgl.ucsf.edu/chimera; Pettersen et al., 2004).

The Hsp70 C-terminal domain contains a conserved motif, EEVD, but PfHsp70-x has EEVN.
The asparagine (N) residue is non-polar and hydrophilic. The aspartate (D) is a hydrophilic
residue. Therefore, the D residue in the EEVD motif is negatively charged and is found
exposed on the external surface of the folded proteins (Betts and Russell, 2003; 2007). At
physiological cellular pH aspartate interacts with amino acids of opposite charge forming
strong ionic bonds which is observed in the EEVD motifs of PfHsp70-1 and hHsp70 (Figure
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3.1). Additionally, D is known to interact with the positively charged and hydrophilic lysine (K)
residue that is also surface exposed in the co-chaperone Hop (Appendix A3). The uncharged
N residue obtains a negative charge at physiological condition and is also surface exposed.
Thus, the carboxyl-terminal EEVN motif of PfHsp70-x may interact with oppositely charged
residues forming weak hydrogen bonds (Betts & Russell, 2003; 2007). The proposed
interaction with the TPR domain of co-chaperone Hop is important for the formation of multi-
chaperone complexes with other chaperones such as Hsp90. It is thus possible that the C-

terminal N residue of PfHsp70-x may equally facilitate co-chaperone binding.

3.1.2. Prediction of PfHsp70-x’s interaction partners

The data generated predicts the interaction of PfHsp70-x with chaperones such as human
Hop, and human Hsp90 (Figure 3.2). Interestingly, PfHsp70-x is predicted to interact with host
erythrocyte cytosol co-chaperones, hHop (STIP1: NP_6202661) and hHsp90 (alpha:
NP_001017963.2 and beta: NP_001258899.1) (Figure 3.2; Table 3.1). Human NEF hBag2
(NP_004273.1) was also predicted to be a potential interactor (Figure 3.2; Table 3.1). NEFs
regulate substrate binding and release (Shonhai, 2014). PfHsp70-1 nucleotide exchange is
thought to be regulated by PfHsp70-z which acts as a NEF (Zininga et al., 2016). Therefore,
hBag2 may serve as a potential NEF for PfHsp70-x (Figure 3.2).

Hsp40s are known to recruit substrates and bind to Hsp70 handing over the substrate to the
Hsp70 SBD (Botha et al., 2011; Shonhai, 2014). Recent studies have shown interaction of
Hsp70s with type Il PfHsp40 (PF3D7_0113700) (Daniyan et al., 2016; Jha et al., 2017). The
ATPase activity of PfHsp70-1 has been shown to be stimulated by its interaction with Hsp40.
Furthermore, the function of the association of hHsp70 with P. falciparum Hsp40 has not been
understood (Jha et al., 2017). However, the function of such associations has not been fully
characterized. Therefore, PfHsp70-x may possibly interact with the Hsp90 human chaperone
through human Hop in a similar manner to that of PfHsp70-1/PfHop and PfHsp90. Thus, the
interaction of PfHsp70-x with the human chaperone system may facilitate exported parasite
proteins being transfered from PfHsp70-x to hHsp90 through hHop in infected erythrocytes
(Figure 3.2).
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Figure 3.2. Network for the predicted potential partners of PfHsp70-x

The predicted network of potential interactions PfHsp70-x within the P. falciparum infected erythrocyte. The lines
(edges) sizes and colors represent distinct chaperones that interact with PfHsp70-x. The thick edges connected
to PfHsp70-x represent distinct chaperones families, i.e., the Hsp70 co-chaperones Hsp40s (black), PHIST
(blue), VAR membrane proteins (green), chaperonins (solid orange - P. falciparum and broken orange — human
chaperonins) and NEF (purple). The red edges and box represent the co-chaperone system of PfHsp70-x with
Hop (NP_620266.1), and hHsp90s (hHsp90-a; NP_001017963.2, hHsp90-B; NP_001258899.1). The thin
(orange) edges represents group Il chaperonin folding system while the black represent the PfHsp40 types. The
stars (black) indicates the experimentally validated interactions. The interaction network was predicted using
STRING (www.string-db.org; Szklarczyk et al., 2017) and analyzed using Cytoscape (Shannon et al., 2003).
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Furthermore, PfHsp70-x was also predicted to interact with the exported group of Plasmodium
proteins such as the Plasmodium helical interspersed subtelomeric (PHIST) family (Figure
3.2). PHIST proteins are erythrocyte membrane destined, and thus are implicated in
erythrocyte remodeling facilitating knob formation and PfEMP1 distribution onto the
erythrocyte’s surface (Proellocks et al., 2015). Therefore, interaction of PfHsp70-x with PHIST
family of proteins suggests its involvement in protein translocation within the infected
erythrocyte and enhancing remodeling. Human chaperones and some P. falciparum
exportome mainly the Hsp40 (DnaJ) family, predicted to interact with PfHsp70-x (Figure 3.2)
are listed together with their probability scores of interactions (the most likely chance of

interactions) (Table 3.1).
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Table 3.1: The predicted chaperone functional interactors of PfHsp70-x

PfHsp70-x Interactors of parasite P. falciparum origin

Protein PlasmoDB MW Protein description Characterized Scores/
accession # (KDa) localization Reference
1. PF3D7_1434300 66.06 | STI1-like protein, Hsp70/Hsp90 organizing protein cytosol 0.940
2. PF3D7 0201800 48.28 | Knob associated heat shock protein 40 (KAHsp40), Type I membrane 0.988
3. PF3D7_1108700 62.37 | Heat shock protein DnaJ homologue Pfj2, Type Il cytosol 0.938
4. PF3D7_0501100 46.36 | Heat shock protein putative (DnaJ), Type Il membrane 0.924
Jha et al., 2017
Zhang et al., 2017
5. PF3D7 1211400 28.06 | Heat shock protein DnaJ homologue Pfj4, Type I cytosol 0.913
6. PF3D7_1413900 45.23 | DnaJ protein, putative, Type Il membrane 0.899
7. PF3D7_0113700 46.98 | Heat shock protein 40, Type Il cytosol 0.840
Daniyan et al.,
2016
8. PF3D7 1201100 107.62 | RESA-like protein with PHIST and DnaJ domains, Type Il membrane 0.862
9. PF3D7 0220100 117.28 | DnaJ protein, putative, Type Il membrane 0.862
10. PF3D7_1038800 107.58 | RESA-like protein with PHIST and DnaJ domains, Type llI membrane 0.860
11. PF3D7_0523400 61.90 | DnaJ protein, putative, Type lll membrane 0.849
12. PF3D7_0201700 105.90 | DnaJ protein, putative, Type IV membrane 0.979
13. PF3D7_0220400 61.90 | DnaJ protein, putative, Type IV membrane 0.849
14. PF3D7_ 0114000 17.09 | exported protein family 1 (EPF1)/ PFGEXPQ06, Type IV membrane 0.849
15. PF3D7_ 0108600 37.63 | Conserved Plasmodium protein, unknown function membrane 0.899
16. PF3D7_1253100 34.78 | Plasmodium exported protein (PHISTa) , unknown function membrane 0.870
17. PF3D7_0831200 11.41 | DNAJ protein, putative membrane 0.862
18. PF3D7_ 0201600 58.58 | Plasmodium exported protein (PHISTh) RLP1 membrane 0.862
19. PF3D7_1333000 29.06 | 20 kDa chaperonin (CPN20), chaperonin cytosol 0.856
20. PF3D7_1357800 57.97 | T-complex protein 1 subunit delta CCT4, chaperonin cytosol 0.757
Zhang et al., 2017
21. PF3D7_0113200 70.11 | T-complex protein 1, alpha subunit TCP1, chaperonin cytosol 0.937
22. PF3D7_0306800 59.19 | T-complex protein 1 subunit beta CCT2, chaperonin cytosol 0.847
23. PF3D7 1240300 30.03 | erythrocyte membrane protein 1 (PfEMP1), VAR membrane 0.605
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24. PF3D7_0600200 33.34 | erythrocyte membrane protein 1 (PfEMP1), VAR membrane 0.595
Kulzer etal., 2012
25. PF3D7_0201900 27.36 | erythrocyte membrane protein 3 (EMP3) membrane Cobb et al., 2017

PfHsp70-x Interactors of human origin

Protein accession # MW Protein description Characterized Scores/
(KDa) localization Reference

26. NP_001017963.2 98.16 Heat shock protein Hsp 90-alpha (hHsp90-a) cytosol 0.984

27. NP_001258899.1 83.26 Heat shock protein Hsp 90-beta (hHsp90-B) cytosol 0.980

28. NP_006810.01 62.63 Stress-induced-phosphoprotein 1 (STIP1) cytosol 0.957

Mabate, 2017

29. NP_004273.1 23.77 BAG family molecular chaperone regulator 2 (BAG2), NEF cytosol 0.763

30. NP_110379.2 60.34 T-complex , chaperonin protein 1 subunit alpha isoform a cytosol 0.807
(CCT1/TCP1), chaperonin

31. NP_006420.1 59.36 T-complex protein 1 subunit eta isoform a (CCT7), chaperonin cytosol 0.760

32. NP_005989.3 60.53 T-complex protein 1 subunit gamma isoform a (CCT3), cytosol 0.759
chaperonin

33. NP_006421.2 57.92 T-complex protein 1 subunit delta isoform a (CCT4), cytosol 0.757
chaperonin

34. NP_006422.1 57.48 T-complex protein 1 subunit beta isoform 1 (CCT2), cytosol 0.757
chaperonin

35. NP_036205.1 59.67 T-complex protein 1 subunit epsilon isoform a (CCT5), cytosol 0.757
chaperonin

Parenthesis represent molecular weights (MW; kDa) and the references are of interactions that have been experimentally validated. The following represent
chaperone families; NEF-nucleotide exchange factor, PfHsp40 type Il, lll and IV, CCT- chaperonin containing TCP-1 also known as TCP-1 Ring Complex (TRIC).
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3.2. Biochemical assays

3.2.1. Confirmation of pQE30-PfHsp70-xr/PfHsp70-xT1 plasmids

The integrity of pQE30-PfHsp70-xr/PfHsp70-xr plasmid constructs (Section 2.2.1; Figure
3.3A;B) were verified using restriction digestion analysis (Figure 3.3C). A single restriction
digest was conducted with either Bam HI or Hind Il resulting in a linearized plasmid of 5462
bp for pQE30-PfHsp70-xr and 5450 bp for pQE30-PfHsp70-xr. Double digestion was
conducted using both Bam HI and Hind Il which resulted in two linearized fragments of 3424
bp corresponding to the pQE30 expression vector, as well as 2040 bp for PfHsp70-xF and
2028 bp for PfHsp70-x7 (Figure 3.3C).
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Figure 3.3: pQE30-PfHsp70-Xr/ PfHsp70-xT plasmid maps and restriction agarose gels

Restriction analysis of DNA plasmids. (A) Plasmid map of pQE30-PfHsp70-xr and (B) pQE30-PfHsp70-xr
constructs showing the Bam HI and Hind 11l restriction sites. (C) Agarose gel electrophoresis of pQE30-PfHsp70-
xe/PfHsp70-x7: lane M, DNA molecular weight ladder in bp; lane 1, undigested pQE30-PfHsp70-xg, lane 2,
undigested pQE30- PfHsp70-xr; lane 3, pQE30-PfHsp70-xr and lane 4, pQE30-PfHsp70-x7 digested with Hind
llI; lane 5, pQE30-PfHsp70-x¢ and lane 6, pQE30-PfHsp70-xr digested with Bam HI; lane 7, pQE30-PfHsp70-xg
and lane 8, pQE30- PfHsp70-x7 digested with both Bam HI and Hind IIl.
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3.2.2. Confirmation of pQE30-hHop plasmid

Single restriction digest of pQE30-hHop plasmid construct with either Bam HI or Hind Il
(Figure 3.4A) resulted in a linearized plasmid that resolved at 4979 bp (Figure 3.4B). Double
digestion with both Bam HI and Hind Il resulted in two linearized fragments of 3424 bp

corresponding to the pQE30 vector and 1644 bp for the hHop insert size (Figure 3.4B).
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Figure 3.4: pQE30-hHop plasmid map and restriction agarose gel

Restriction analysis of pQE30-hHop DNA plasmids (A) Plasmid map of pQE30-hHop showing the Bam HI and
Hind 11l restriction sites. (B) Agarose gel electrophoresis of pQE30-hHop: lane M, DNA molecular weight ladder
in bp; lane 1, undigested pQE30-hHop plasmid; lane 2, pQE30-hHop digested with Bam HI; lane 3, pQE30-hHop
digested with Hind 1lI; lane 4, pQE30-hHop digested with both Bam HI and Hind III.

3.2.3. Confirmation of pQE30-hHsp70 plasmid

The pQE30-hHsp70 plasmid construct’s integrity (Section 2.2.1) was verified using restriction
analysis (Figure 3.5A). The construct was digested using either Bam HI or Hind Ill which
resulted in a linearized plasmid of 5363 bp (Figure 3.5B). A double digestion using both
restriction enzymes Bam HI and Hind Ill resulted in two linearized fragments of 3424 bp
corresponding to the pQE30 vector and 1953 bp of the hHsp70 insert (Figure 3.5B). In lane 2
and 3, single digested plasmid constructs were observed to take up linear conformations. In
lane 2 the plasmid DNA migrated slowly at approximately 6000 bp. This suggests that the

plasmid DNA was supercoiled.
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Figure 3.5: pQE30-hHsp70 plasmid map and restriction agarose gel

Restriction analysis of pQE30-hHsp70 DNA plasmids. (A) Plasmid map of pQE30-hHsp70 showing the Bam HI
and Hind 11l restriction sites. (B) The agarose gel electrophoresis lane M, DNA molecular weight ladder in bp;
lane 1, undigested pQE30-hHsp70 plasmid; lane 2, pQE30-hHsp70 digested with Bam HI; lane 3, pQE30-
hHsp70 digested with Hind IllI; lane 4, pQE30-hHsp70 digested with both Bam HI and Hind 111

3.2.4. Recombinant PfHsp70-xr/PfHsp70-xT protein expression and purification

Recombinant PfHsp70-xr/PfHsp70-xT proteins were successfully expressed in E. coli BL21
Star (DE3) cells (Figure 3.6). Protein products were analyzed by SDS-PAGE and confirmed
using Western blot analysis using peptide specific antibodies raised against PfHsp70-x (a-
PfHsp70-x; Kllzer et al., 2012) and a-His specific antibodies. SDS-PAGE analysis showed a
band whose intensity increased over time as a band of approximately 76 kDa in size (Figure
3.6). E. coli BL21 Star (DE3) cells transformed with pQE30 were used as a negative control.
The pQE30 transformed E. coli BL21 Star (DE3) cells showed absence of the 76 kDa band.
The expected proteins were only detected in cells transformed with the constructs. This
suggests that the 76 kDa band represented recombinant PfHsp70-xr and PfHsp70-xt
respectively, as confirmed by Western blot analysis (Figure 3.6, lower panels). Both PfHsp70-
Xk were expressed prior to induction due to leaky expression. Unregulated promoters such

as the T5 promoter cause leaky expression (Rosano & Ceccarelli, 2014). However, the
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expression of PfHsp70-xr/PfHsp70-xr was further induced by IPTG, with the greatest

expression at 6 hr (Figure 3.6A, lower panel).
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Figure 3.6: Expression of recombinant PfHsp70-xg/PfHsp70-xtproteins

SDS-PAGE (12%) analysis of the protein expression of (A) PfHsp70-xr, (B) PfHsp70-xr in E. coli BL21 Star
(DE3) cells. Samples collected of E. coli BL21 Star (DE3) cells transformed with pQE30-PfHsp70-x-/pQE30-
PfHsp70-xr plasmids at different time intervals were assessed by SDS-PAGE and Western blot analysis. Lane
M-Page ruler in kDa; lane C-total extract from the IPTG induced cells transformed with a neat pQE30 plasmid;
lane O-total extract of cells transformed with pQE30/PfHsp70-xs/PfHsp70-x7 prior to IPTG induction; lanes 1 - 6
— total extracts from cells transformed with pQE30/PfHsp70-x/PfHsp70-xr obtained 1 - 6 hr post IPTG induction.
Lower panels: Western blot analysis was conducted using a-His and a-PfHsp70-x antibodies, confirming
expression of PfHsp70-xr and PfHsp70-xr proteins.

The PfHsp70-xrT proteins were expressed in a partially soluble form and were hence purified
from the soluble fraction. The purification was analyzed by 12 % SDS-PAGE and Western
blot analysis. The SDS-PAGE showed PfHsp70-x proteins in both pellet and soluble fractions
(Figure 3.7). Western blot analysis using a-His and a-PfHsp70-x antibodies confirmed the

presence of the protein in the pellet and supernatant fractions (Figure 3.7; lower panel). The
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expressed PfHsp70-xr and PfHsp70-xt recombinant proteins were purified natively using
nickel affinity chromatography (Figure 3.7).
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Figure 3.7: Purification of recombinant PfHsp70-xg/PfHsp70-x proteins

Recombinant PfHsp70-xr and PfHsp70-xr expressed in E. coli BL21 Star (DE3) cells transformed with (A)
pQE30-PfHsp70-xg, (B) pQE30-PfHsp70-xt were successfully purified. SDS-PAGE (12%) and Western blot
analysis for the purification; lane M-Page ruler in kDa; lane P, S- pellet and soluble fractions obtained from the
total lysate of cells transformed with pQE30-PfHsp70-xs/PfHsp70-x7, respectively. Lane FT- flow through; lane
W- wash samples, lane E- eluted samples using 500 mM Imidazole and lane D- dialyzed protein. Lower panels:
Western blot analysis based on use of a-His and a-PfHsp70-x antibodies confirming purification of the proteins.
Western blot analysis was conducted using a-DnaK antibodies to confirm the proteins’ purity.

Some of the protein was lost in washes (Figure 3.7; lane W). However, the recombinant
PfHsp70-x protein(s) were successfully purified as a band of approximately 76 kDa (Figure
3.7; lanes E1; E2) and dialyzed (Figure 3.7; Lane D). The final yield of the purified proteins
resulted in 19.2 mg obtained from 1 L of culture for PfHsp70-xF and 16.0 mg for PfHsp70-xr1

obtained from 1 L of culture. Purified proteins were further validated using a-DnaK antibody.
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Western blot analysis confirmed that the eluted and dialyzed products were DnaK-free and

also free from any other protein contaminants’ (Figure 3.7, lower panels).

3.2.5. Recombinant hHop protein expression and purification

The recombinant hHop protein was expressed successfully at 37 °C in E. coli IM109 (DE3)

cells and purified as previously described (Figure 3.8; Zininga et al., 2015a;b).
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Figure 3.8: Expression of recombinant hHop protein and purification

The hHop was successfully expressed in E. coli IM109 DE3 cells transformed with pQE30-hHop. SDS-PAGE
(12%) and Western blot analyses. (A) Expression and (B) purification of hHop protein. Lane M-Page ruler in
kDa; lane C -Total extract for cells transformed with a neat pQE30 plasmid; lane O - total cell extract transformed
with pQE30-hHop prior to IPTG induction; lanes 1 - 5 hrs post induction, respectively. Lane L, total cell extract;
lane P, pellet and S, soluble fractions obtained from the total lysate for cells transformed with pQE30-hHop,
respectively; lane FT; flow through; lanes W; wash samples, lanes E; hHop protein eluted using 500 mM
Imidazole and lane D, dialyzed protein. Lower panel: Western blot analysis of hHop was conducted using of a-
His and a-Dnak antibodies confirming purification of hHop protein.
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Cells transformed with pQE30 were used as control and SDS-PAGE showed absence of a 66
kDa band in these cells (Figure 3.8A). The protein was expressed upon induction with 1 mM
IPTG (Figure 3.8A). Western blot analysis confirmed the expression of hHop protein at 66
kDa using a-His antibody. Recombinant hHop protein was expressed as a partially soluble
protein (Figure 3.8B, lane S). The hHop was purified successfully by affinity chromatography
under native conditions (Figure 3.8B). Most of the protein was lost in the flow through (FT).
This suggesting that some of the protein was not bound to the beads (Figure 3.8B, lane FT).
Some of the protein was lost in washes (Figure 3.8, lane W). The recombinant hHop protein
was purified successfully and represented in elution 2 as a band of approximately 62 kDa
(Figure 3.8B, lanes E2). Western blot analysis using a-His antibodies confirmed the presence
of the protein (Figure 3.8B; lower panel). Furthermore, the purified product was dialyzed and

guantified. The yield of the final protein was 39.2 mg obtained from 1 L of culture.

3.2.6. Expression of recombinant hHsp70 protein and purification

The human Hsp70 protein (hHsp70) was expressed in E. coli IM109 (DE3). The expressed
hHsp70 protein was assessed by SDS-PAGE and confirmed by Western blot analysis using
a-His antibody (Figure 3.9A). The pQE30 transformed E. coli IM109 (DES3) cells were used
as a negative control for the expression study. The control and pre-induction samples did not
exhibit heterologous expression of the 74 kDa band (Figure 3.9A). The post-induction samples
showed an increase in the level of expression of a band of approximately 74 kDa with optimum
expression at 4 hr (Figure 3.9A). Western blot analysis successfully confirmed induction and
expression of the 74 kDa band hHsp70 (Figure 3.9A, lower panel).

Recombinant hHsp70 protein was successfully purified by affinity chromatography (Figure
3.9B). The recombinant protein was detected in the total cell lysate and was expressed in
soluble form as a band of 74 kDa (Figure 3.9B, lower panel). Some protein was detected in
the FT sample, hence suggesting that some protein did not bind to the column beads (Figure
3.9B, lane FT). The protein was successfully eluted (Figure 3.9B, lane E1 and E2).
Additionally, some of the protein was lost during washing, suggesting that not all of the hHsp70
bound onto the column (Figure 3.9B, lane W). Western blot analysis of the purified hHsp70
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was conducted (Figure 3.9B, lower panel). The final yield of the purified hHsp70 protein

resulted in 30.5 mg obtained from 1 L of culture.
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Figure 3.9: Expression of recombinant hHsp70 protein and purification

The hHsp70 was successfully expressed in E. coli JIM109 DE3 cells transformed with pQE30-hHsp70. SDS-
PAGE (12%) and Western blot analyses of the (A) expression and (B) purification of hHsp70 protein. Lane M-
Page ruler (Thermo Scientific, USA) in kDa; lane C -Total extract for cells transformed with neat pQE30 plasmid;
lane O - total cell extract transformed with pQE30-hHsp70 prior to IPTG induction; lanes 1 - 4 hr post induction,
respectively. Lane L, total lysate, P, pellet and S, soluble fractions obtained from the total lysate for cells
transformed with pQE30-hHsp70, lane FT; flow through; lanes W; washes, and lanes E; hHsp70 eluted using
500 mM Imidazole. Lower panel: Western blot analysis of hHsp70 using of a-His antibodies.

3.2.7. Validation of the distribution of PfHsp70-x in P. falciparum 3D7 cellular fractions

PfHsp70-x is exported by the parasite into the PV as well as the cytosol of infected
erythrocytes (Section 1.6.6.2; Kilzer et al., 2012). The bioinformatics results in this study
predicted PfHsp70-x protein to share high sequence identity with homologue PfHsp70-1
(Appendix Al, A2; Zininga, 2015). P. falciparum 3D7 parasite fractions used for analysis were
obtained from infected erythrocytes lysed using saponin, as previously described (Zininga et
al., 2015b) and illustrated in Figure 2.2. In this study, the fractions were investigated using
silver stain and Western blot analysis in order to elucidate the presence and distribution of
PfHsp70-x using antibodies specific for PfHsp70-x. PfHsp70-1 was used as a control which
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was identified using antibodies specific for PfHsp70-1. Recombinant PfHsp70-x and PfHsp70-
1 were included as positive controls (Figure 3.10). PfHsp70-1 was detected in the pellet
fraction (Figure 3.10). On the other hand, PfHsp70-x was not detected in pellet fraction,
signifying that it was exported and not associated with the parasite fraction (Figure 3.10). The
rabbit raised PfHsp70-x antibody (a-PfHsp70-x) confirmed the presence of PfHsp70-x in the
erythrocyte cytosolic material as reported by Kiilzer and colleagues (2012) (Figure 3.10, lane
S). However, the PfHsp70-x band formed a smear and resulted in some strong signals which
could suggest that some of the protein was degrading.
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Figure 3.10: Validation of presence of PfHsp70-x and PfHsp70-1 in saponin lysed erythrocyte fractions
Silver stain and Western blot analysis of saponin lysed erythrocyte fractions to validate the presence of PfHsp70-
x and PfHsp70-1. Lane M; marker, positive controls, lane RP; recombinant PfHsp70-x and PfHsp70-1, P; whole
3D7 parasite (pellet), S; lysed erythrocyte-parasitophorous vacuole material (supernatant).
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The erythrocytes have high concentration of hemoglobin which may contaminate the lysate.
Hence, the background could be a result of cross reactivity of the antibody with hemoglobin
(Figure 3.10, lane S). These data validated the cell lysate which was used for affinity

chromatography studies in this study.

3.2.8. Investigation of the direct association of PfHsp70-x with hHop

The bioinformatics study conducted here predicted interaction of PfHsp70-x with hHop
(Section 3.1.5; Figure 3.2). Mabate, (2017), using the recombinant form of the proteins,
experimentally validated that PfHsp70-x interacts with hHop in vitro. The current study
investigated the possible association of PfHsp70-x with hHop under physiological conditions,
as illustrated (Figure 2.3, Appendix A6). The recombinant PfHsp70-xFr proteins (in Section
3.2.4) were used as bait and the erythrocyte cytosolic material served as a source of prey
protein (hHop). The eluate complex was analyzed using silver stain (Appendix B11) (Figure
3.11). As control, the input was run through the cobalt beads without recombinant PfHsp70-
X Frr. Another control of beads immobilized with recombinant PfHsp70-x rr without input was
used. The input eluate fraction showed the presence of bands with molecular weights 35 kDa
and 100 kDa (Figure 3.11, lane El and Ell), including the ones above 170 kDa (Figure 3.11,
lane ElI).

Beads . + + + + + o+
Input + - - + + + o+
PfHsp70-x; -+ - -+ - -
PfHsp70-x; - - 4+ - - + +
Ell

170 kDa

70 kDa
)
r,‘.'_f?

¢ Eﬂ-sskoa

Figure 3.11: Direct interaction of PfHsp70-x and hHop using co-affinity chromatography

Co-affinity chromatography using recombinant PfHsp70-xr and PfHsp70-xt. The eluates were analyzed by silver
staining. Lane M; marker. The input is the erythrocyte cytosolic material, EI and Ell are elutions of the complexes
(eluates).
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The results from this study did not establish the predicted interaction of PfHsp70-x with hHop
(Table 3.1). In the biological system some interactions are not stable, therefore, more sensitive
techniques such as surface plasmo resonance (SPR) and isothermal titration calorimetry
(ITC) are required to detect such interaction. PfHsp70-x could be transiently interacting with
hHop, which may be the reason why the interaction could not be confirmed by co-affinity
chromatography.

3.2.9. Direct association of PfHsp70-x with hHop using immuno-affinity
chromatography

The interaction between PfHsp70-x with hHop was further investigated using immuno-affinity
chromatography (Appendix A7). The assay was performed using input fraction (Section 3.2.7),
protein A/G magnetic beads and specific rabbit raised antibodies against the exported
PfHsp70-x (a-PfHsp70-x). To validate the assay, beads immobilized with a-PfHsp70-x
antibody only were used as a negative control in order to demonstrate the migration pattern
of the reduced antibodies (Figure 3.12).

Beads - + + +
Input + + - +
a-PfHsp70-x - - + +

< gG light
chain

1gG light
chain

Figure 3.12: Direct interaction of PfHsp70-x and hHop using immuno-affinity chromatography
Co-affinity chromatography was conducted using antibodies against PfHsp70-x and erythrocyte cytosolic fraction
(input) obtained from P. falciparum 3D7 cell cultures grown under temperature condition of 37 °C. The eluate
and controls were analyzed using silver staining. Lane M; marker.

The input was included as a control to show the presence of the bait protein, as well as beads
immobilized with input to show that there was non-specific binding (Figure 3.12). The input
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together with the immunoprecipitate eluates were analyzed using silver stain. The
endogenous PfHsp70-x may have been degraded as it was not detected by the antibody
during immuno-affinity chromatography (Figure 3.12). The assay was conducted under
reducing conditions, hence, the a-PfHsp70-x antibody was reduced to heavy chain (55 kDa)
and light chain (25 kDa) which were detected using silver stain (Figure 3.12). In this study, the
co-affinity chromatographic assay failed to confirm interaction between PfHsp70-x and human

Hop as predicted by bioinformatics analysis (Figure 3.2) and the study by Mabate, (2017).
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Chapter 4

Discussion and concluding remarks

P. falciparum expresses six Hsp70s throughout the blood stage of the parasite’s development
(Shonhai et al., 2007). Of these proteins, PfHsp70-x is exported to the cytosol of infected
erythrocytes (Kulzer et al., 2012). In addition, PfHsp70-x has been reported to directly interact
with co-chaperones resident in the infected erythrocytes, such as hHop (Mabate, 2017) and
the parasite Hsp40 that is exported to the erythrocyte (Daniyan et al., 2016). The function of
PfHsp70-x is still not known, however, it is thought to be important for virulence (Charnuad et
al., 2017). Therefore, this study investigated the structural features and potential interactors
of PfHsp70-x within the infected erythrocytes using bioinformatics analysis as well as
biochemical assays. Of particular interest, was to explore the interaction of PfHsp70-x with

hHop under physiological conditions.

P. falciparum and human Hsp70s have been shown to be highly conserved (Shonhai et al.,
2007; Hatherley et al., 2014; Shonhai, 2014). Furthermore, the functional TPR domains of P.
falciparum and human Hop are conserved (Gitau et al., 2012). Bioinformatics analysis showed
high sequence conservation amongst P. falciparum and human Hsp70s as well as Hop protein
(Appendix A). Important functional features of PfHsp70-x were also identified (Figure Al; A2;
Appendix Al). For examples, residues implicated in direct contact between PfHsp70-x and
Hsp40 co-chaperone and the substrate are conserved (Appendix Al; A2). Furthermore,
residues of the TPR domains of Hop known to bind to Hsp70 and Hsp90 are conserved
(Appendix A3; Figure A5).

The structural prediction analysis of Hsp70s from P. falciparum and human origin revealed
similar folding pattern (Appendix Al; A2). This suggests that these Hsp70 proteins may have
similar conformations. Also the Hop of P. falciparum and human origin showed similar folding
patterns (Appendix A3). Both hHop and hHsp70 are reportedly available in the erythrocyte
cytosol and may thus co-localize with PfHsp70-x (Grover et al., 2013; Jha et al., 2017). The

occurrence of proteins in the same subcellular compartments enhance their capability to
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interact (Jah et al., 2017). Furthermore, hHsp70 and PfHsp70-x could have functional

redundancy with respect to their protein folding roles in infected erythrocytes.

The carboxyl end of PfHsp70-x is represented by the residues, EEVN (Figure 3.1; Kilzer et
al., 2012; Shonhai & Blatch, 2014). In contrast, canonical Hsp70s possess EEVD residues at
the C-termini that interact with the TPR1 and TPR2A domains (Figure A6) of Hop (Rohl et al.,
2015; Zininga et al., 2015b). The C-terminal aspartate (D) is negatively charged while the
asparagine (N) is polar (neutral). Polar residues are surface exposed and are more soluble in
agueous environments than negatively charged residues (Betts & Russell, 2003; 2007). The
lysine (K) residues are highly charged and form strong ionic bonds with the D residue.
Although, N has no net charge, it is known to gain a negative charge under physiological
conditions within the cytosol of cells (Betts & Russell, 2003; 2007). Therefore, it is likely that
the N residue associates with the K residue resulting in unstable transient interactions within
the aqueous cytosolic environment. Taken together, this suggests that the EEVN of PfHsp70-
x may form transient hydrogen interaction with the K residue of hHop TPR1 domain (Figure
3.1). Hence, direct interaction between hHop and PfHsp70-x has been reported in vitro
(Mabate, 2017). It is possible that the interaction between PfHsp70-x and human Hop would
possibly be enhanced in vivo through post translational modification of the two proteins
(Khoury et al., 2011).

There is paucity on PfHsp70-x biochemical interaction data in infected erythrocytes. So far
PfHsp70-x has been shown to co-localize with type Il exported Plasmodium Hsp40s
PFEO0055C (PF3D7_0501100) and PFA0660w (PF3D7_0113700) in structures called J-dots
(Kulzer et al., 2010). Recent studies have shown interaction of PfHsp70-x with both Hsp40s
(Daniyan et al., 2016; Jha et al., 2017; Zhang et al., 2017), which were also predicted by
bioinformatics analysis (Table 3.1). Bioinformatics predicted several possible functional
associations. Of interest was prediction of the interaction between PfHsp70-x and hHop
(NP_006810.1), as was proposed in agreement with the study of Mabate, (2017) (Figure 3.2,
Table 3.1). Furthermore, PfHsp70-x was also predicted to interact with erythrocyte cytosolic
human Hsp90s, hHsp90-a (NP_001017963.2) and hHsp90- (NP_001258899.1) (Figure 3.2;
Table 3.1). In infected erythrocytes, hHop and hHsp90 co-localize to the erythrocyte’s cytosol.
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It is thus possible that hHop may directly bind PfHsp70-x in the erythrocyte. In addition to
Plasmodium Hsp40s type Il PFEO055C and PFA0660w (Daniyan et al., 2016; Jha et al.,
2017), a group of other exported type Il, Ill and IV protein and Hsp40-like proteins were
predicted as possible interactors of PfHsp70-x (Figure 3.2; Table 3.1; Table A5). The possible
interaction of PfHsp70-x with PFAO660w could facilitate stimulation of PfHsp70-x activity
(Daniyan et al., 2016). The ATPase activity of Hsp70s has been shown to be regulated by
NEFs (Shonhai, 2014). The interactome data predicted association of PfHsp70-x with hBAG2
(NP_004273.1) (Figure 3.2). This suggests that Bag2 may act as a NEF of Hsp70s resident

in the erythrocytes.

In addition, the interactome data predicted direct association of PfHsp70-x with a group of
chaperones from other families with various functions (Table 3.1; Appendix A4). Amongst
them, are the membrane proteins (PHIST, RESA and RESA-like proteins, PfEMP1/3) (Table
3.1) that are implicated in cellular modification, and facilitate knob formation (Maier et al.,
2008; Kilili et al., 2011). Furthermore, several parasite and human chaperones from the Hsp60
and TCP-1 Ring Complex (TRIC) are also known as chaperonin containing TCP-1 (CCT/TCP-
1) chaperoning complexes (Table 3.1) were also predicted. Apart from these families of
proteins, PfHsp70-x is predicted to interact with a group of proteins of human origin that reside
in the erythrocyte, which were also reported in the study by Zhang and colleagues (2017)
(Table 3.1). Proteins that form the PTEX Plasmodium translocon were also predicted as
interactors of PfHsp70-x (Table A5; Zhang et al., 2017). Based on these observation, this
study proposes that PfHsp70-x may bind parasite proteins destined for export and aid in
trafficking as cargo across the PVM PTEX into the erythrocyte.

Taken together, the bioinformatics protein-protein interaction results established in this study,
suggest that PfHsp70-x interacts with parasite and human chaperones in the cytosol of
infected erythrocytes (Figure 3.2). Moreover, PfHsp70-x may form prominent protein folding
pathways which could represent an important role of PfHsp70-x in maintaining the
proteostasis in the parasite-infected erythrocyte (Shonhai, 2014). The functional role of
PfHsp70-x in the predicted complexes is yet to be fully understood, but could possibly be
important for folding of substrate proteins in infected erythrocyte (Shonhai, 2014). However
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some studies have suggested that PfHsp70-x is involved in translocation of proteins to the
membrane of the erythrocytes that mediate membrane modification (Zhang et al., 2017). This
observation implicates PfHsp70-x in host cell remodeling processes and malaria
pathogenicity. However, PfHsp70-x knockout studies suggested that the protein is not

essential for parasite survival (Charnuad et al., 2017; Cobb et al., 2017).

Furthermore, the recombinant proteins; PfHsp70-xr, PfHsp70-x1, hHop and hHsp70 were
successfully expressed and purified under native conditions. However, leaky expression was
observed in the E. coli BL21 Star (DE3) cells for recombinant PfHsp70-x proteins and JM109
(DE3) cells for hHop prior induction with IPTG. Leaky expression is caused by unregulated T5
promoters of pQE30 which may lead to cytotoxicity and low protein yields (Saida et al., 2006).
Therefore, leaky expression can be avoided by using an inducible T7 RNA polymerase system

which produce high yield of soluble nontoxic recombinant proteins (Briand et al., 2016).

Analysis of the erythrocyte cytosolic material that was used in the current study showed that
PfHsp70-x was highly unstable (Figure 3.11). Using the recombinant forms of PfHsp70-x the
SPR and slot blot analyses showed direct protein-protein interaction between human Hop and
PfHsp70-x in vitro (Mabate, 2017). Therefore, co-affinity chromatography and immuno-affinity
chromatography studies failed to confirm the interaction of PfHsp70-x with human Hop. This
could be as a result of transient interactions between the two proteins which were not stable
enough to be confirmed by affinity chromatography. However, co-affinity chromatography
established interaction of PfHsp70-x with unidentified bands of molecular weights 35 kDa, 100
kDa and 170 kDa (Figure 3.13). On the other hand, immuno-affinity chromatography did not
identify the PfHsp70-x complex. This could be as a result of the lack of adequate level of full
PfHsp70-x in the cell lysate. Nonetheless, it would be important to identify co-precipitates

observed in this study (Figure 3.13).

In conclusion, bioinformatics analysis predicted the formation of the PfHsp701-PfHop-
PfHsp90 complex in the erythrocyte infected by the parasite. Further work is required to
validate interaction of PfHsp70-x with hHop using more sensitive assays such as isothermal

titration calorimetry (ITC).
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Appendices
Appendix A: Supplementary data

Al. The NBD sequences and 3D models of PfHsp70-x/PfHsp70-1/hHsp70
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Figure Al. Multiple sequences alignment of nucleotide binding domain (NBD) Hsp70 homologues
Multiple sequence alignment of Hsp70 NBD of PfHsp70-x (PF3D7_0831700), PfHsp70-1 (PF3D7_0818900) and
hHsp70 (NP_005336.3). PfHsp70-x N-terminal export signaling sequence (blue and orange letters) (Kllzer et
al., 2012; Rhiel et al., 2016). The white residues on black background represent identical residues; white on gray
background represent similar residues while the black on white background show non-conserved residues. The
MAFFT online ClustalW (http://www.ebi.ac.uk/Tools/msa/mafft/). The numbers on the left-hand side represent
the position of the residues.
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PfHsp70-x- PfHsp70-1
180° rotation

Figure A2. Comparison of 3D models of the NBD of Hsp70 homologs

Structural 3D models of the NBD of PfHsp70-x (cyan) was compared with that of PfHsp70-1 (medium blue) and
hHsp70 (red). (A) The structural orientation and conformational differences in the ATPase activation and
regulation of PfHsp70-x-PfHsp70-1 and PfHsp70-x-hHsp70. Sites implicated in nucleotide binding (grey) and
phosphorylation (green sphere), NEF Bag2 binding (purple balls and sticks) and boxes show the linker. Hsp40
binding sites (green) and the phosphorylation site (green sphere) of (B) PfHsp70-x-PfHsp70-1 and (C) PfHsp70-
x-hHsp70, boxes are zoomed in hsp40 binding sites. The models were generated by Phyre2
(www.sbg.bio.ic.ac.uk/phyre2) and visualized using Chimera (www.cgl.ucsf.edu/chimera; Pettersen et al., 2004).
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A2. The SBD sequences and 3D models of PfHsp70-x/PfHsp70-1/hHsp70
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Figure A3. Multiple sequence alignment of substrate binding domain (SBD) Hsp70 homologues

Multiple sequence alignment of the SBD amino acid sequences of PfHsp70-x (PF3D7_0831700), PfHsp70-1
(PF3D7_0818900) and hHsp70 (NP_005336.3) were aligned, showing the linker, SBD and the carboxyl-terminal
EEVD motifs with residues that interact with TPR domains, Hsp40s and substrate including the GGMP motif
(Shonhai et al., 2007). The regions of direct contact with substrates are highlighted including those that bind
Hsp40. The white residues on black background represent identical residues; white on gray background
represent similar residues while the black on white background show non-conserved residues. The MAFFT
online ClustalwW (http://www.ebi.ac.uk/Tools/msa/mafft/). The numbers on the left-hand side represent the
position of the residues.
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Figure A4. Comparison of 3D models of the SBD of Hsp70 homologs

The 3D models of PfHsp70-x was compared with that of PfHsp70-1 and hHsp70. (A) The structural orientation
and conformational differences in the SBD of PfHsp70-x and PfHsp70-1 showing the substrate binding cavity
and binding sites, Hsp40 binding site (green), the GGMP maotif (red) and the carboxyl-terminal (purple ball and
sticks). (B) The substrate binding cavity (B-sheets), hydrophilic pocket (yellow sphere), arch (orange) and
substrate binding sites (grey) of PfHsp70-x-PfHsp70-1 and PfHsp70-x-hHsp70. The models were generated by

Phyre2 (www.sbg.bio.ic.ac.uk/phyre2) and visualized using Chimera (www.cgl.ucsf.edu/chimera; Pettersen et
al., 2004).
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A3. The amino acid sequences and 3D models of PfHop and hHop
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Figure A5. Pairwise sequence alignment of Hop homologues
Sequence alignment of Hop homologues, PfHop (PF3D7_1434300) and hHop (NCBI accession number;

NP_006810.1) showing the TPR domains, respectively (Scheufler et al., 2000, Gitau et al., 2014). Residues for
direct interaction of TPR1 with Hsp70, TPR2A with Hsp90 and TPR2B with Hsp70are highlighted (Gitau et al.,
2014). The numbers in brackets and italics represent the percentage identities between the proteins as well as
their domain respectively, including their similarities. The white residues on black background represent identical
residues; white on gray background represent similar residues while the black on white background show non-
conserved residues. The MAFFT online ClustalW (http://www.ebi.ac.uk/Tools/msa/mafft/). The numbers on the
left-hand side represent the position of the residues.
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Figure A6. Comparison of 3D models of Hop homologues

The 3D models of PfHop (red) and hHop (light sea green) were compared. The models show the TPR domains
of Hop homologs showing structural differences based on the folding orientation. (A) The KN sites of the TPR1,
TPR2A and TPR2B are highlighted (green) that are involved in interaction with the carboxyl D residues of Hsp70
and Hsp90, respectively. The models were generated by Phyre2 (www.sbg.bio.ic.ac.uk/phyre?) and

visualized using Chimera (www.cqgl.ucsf.edu/chimera; Pettersen et al., 2004).

A4. Bradford’s assay standard curve

BSA standard curve
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Figure C7. Brandford standard curve for protein concentration determination.

Bovine serum albumen (BSA) standards of concentration ranging from 0 to 1.0 mg/ml were prepared and
absorbance was read at 595 nm using Spectramax M3 spectrometer. The linear equation: y = 0.3308x + 0.0014;
R2 = 0.9646 was used to calculate the protein concentration. The protein concentrations determined using
Bradford’s were confirmed using the Christoph-Leidig assay (Appendix B9).
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A5. Interacting partners of PfHsp70-x

Table A5: The predicted chaperone functional interactors of PfHsp70-x

Protein PlasmoDB MW Protein description Characterized Scores/Reference
accession # (KDa) localization
1. PF3D7_0708400 86.16 | heat shock protein 90 (Hsp90) cytosol Zhang et al., 2017; STRING
2. PF3D7_0113700 46.98 | heat shock protein 40 (Hsp40), Type I j-dots, Daniyan et al., 2016; Jha et al.,
membrane 2017, STRING
3. PF3D7_0501100.1/2 | 46.36 | heat shock protein 40 (Hsp40), Type I j-dots, Zhang et al., 2017; STRING
membrane
4. PF3D7_1232100 81.48 | 60 kDa chaperonin (CPNG60) cytosol Zhang et al., 2017; STRING
5. PF3D7_1015600 62.55 | heat shock protein 60 (Hsp60), Chaperonin | cytosol Zhang et al., 2017, STRING
GroL
6. PF3D7_1116800 102.87 | heat shock protein 101 (Hsp101), ClpB2 PV/IPVM Charnuad et al., 2017; Zhang et
al., 2017; STRING
7. PF3D7_1229500 60.66 | T-complex protein 1 subunit gamma | cytosol Zhang et al., 2017,STRING
(CCT3)
8. PF3D7_1357100 48.95 | elongation factor 1-alpha unknown Zhang et al., 2017, STRING
9. PF3D7_1015900 48.67 | Enolase (ENO) unknown Zhang et al., 2017; STRING
10.PF3D7_1436300 112,40 | translocon component PTEX150 membrane Charnuad et al., 2017; Kulzer et
al., 2012
11. PF3D7_1471100 33.41 | exported protein 2 (EXP2) PVM Charnuad et al., 2017; Zhang et

al., 2017

The references are of reported interactions with PfHsp70-x (Charnuad et al., 2017; Jha et al., 2017; Kilzer et al., 2012; Zhang et al., 2017).
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A6. Direct interaction of PfHsp70-x with hHop using co-affinity chromatography
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Figure A8: Investigating direct interaction of PfHsp70-x with hHop using co-affinity chromatography

Pulldown assay was conducted using recombinant full length PfHsp70-x (A) or truncated (EEVN minus)
PfHsp70-x (B). Prey proteins in the cytosolic fraction of 3D7 parasite infected erythrocyte harvested from cultures
grown under 37 °C. Prey protein was allowed to bind onto columns with recombinant PfHsp70-x proteins
immobilized, respectively. The eluates were analyzed by silver staining. Lane M; marker, lanes F (full length)

and T (truncated). Lane L is input, lane 2; beads without protein, lane 3; beads with antibody and input, lane 4;
beads with input.
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A7. Direct association of PfHsp70-x with hHop using immuno-affinity chromatography

Flow
through Wi Wil wi El Ell El el Bead M EW

Beads

- -+ o+ o+ o+ o+ O+ + + o+ + + o+ o+ + o+ o+ + o+ + o+ 4+ + + +
- -+ o+ -+ o+ - + o+ - + + - 4+ + - + + -+ o+ - + +
a-PfHsp70-x
+ + -+ o+ - + + - + o+ - o+ o+ -+ + -+ o+ - + + -
PfHsp70-x¢

Figure A9: Investigating direct interaction of PfHsp70-x and hHop using immuno-affinity
chromatography

Co-affinity chromatography was conducted from erythrocyte cytosolic fraction (input) harvested from cultures
grown under normal temperature (37 °C) using antibodies against PfHsp70-x. The eluate and controls were

analyzed by silver staining. Lane M; marker, F; PfHsp70-x, L; input, w; washes, E; elutions and EW; washes with
water.
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Appendix B: Methodolgy

B1. E. coli competent cells preparation

E. coli glycerol stocks of JIM109 DE3 cells, XL1 blue cells and BL21 Star (DE3) cells were
streaked on antibiotic free agar plates under flame. The flame conditions helps avoid
contamination form aerobic microbial when using the continuous streaking method. The plates
containing the cell lines were incubated for overnight at 37 °C. A single colony from the plate
was picked, respectively, and transferred into 5 ml double strength yeast-tryptone broth (2 X
YT media). The inoculum was allowed to grow in a shaking incubator at 37 °C for overnight.
The overnight starter culture broth was transferred into 45 ml of fresh broth and incubated in
an incubator at 37 °C shaking until absorbance was between 0.3 - 0.6 at optical density of 600
nm. The culture was collected in a 50 ml tubes and centrifuged at a speed of 5000 xg at a
temperature of 4 °C for 10 minutes and the pellet was suspended on ice. The pellet cells were
chemical treated with 10 ml of 0.1 M MgClz to each tube and subsequent storage for 30
minutes on ice. The chemical suspension was centrifuged at 5000 xg at 4 °C for 10 minutes.
The pelleted cells were resuspended with 10 ml 0.1 M CaClz and incubated on ice for 5 hrs.
The suspension mixture was centrifuged at 5000 xg at 4 °C for 10 minutes. The pellet was
resuspended in 3 ml of 0.1 M CaClz and 3 ml of 30 % glycerol and incubated on ice for 15
minutes. Following incubation, cell strains were aliquoted into labelled microcentrifuge tubes

(eppendorf tube) and stored at -80 °C.

B2. Transformation into chemical competent cells

Competent cells from -80 °C freezer were retrieved and allowed to thaw on ice. PfHsp70x
DNA was added into an eppendorf tube containing JM109 DE3 competent cells. pQE30 DNA
was also added in a different tube as a positive control. Distilled water was added into another
eppendorf tube as a negative control. The tubes were stored on ice for 30 minutes and heat
shocked at 42 °C for 50 seconds. The tubes were placed back on ice and stored for 10
minutes. Pre-chilled broth was added into each eppendorf tube containing competent cells
and DNA. The mixture was incubated for 1 hr at 37 °C with shacking at 100 rpm. The culture
was streaked using a sterile cotton swab on the media plate containing 100ug/ml ampicillin.
The plates were labelled and incubated for overnight at 37 °C.
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B3. DNA extraction and restriction digestion analysis

Successful transformants were picked and inoculated into 2x YT broth containing ampicillin at
final concentration of 100 pg/ml and incubated with shaking at 250 rpm at 37 °C. DNA
extraction was done following the Zippy™ Plasmid Miniprep kit (Zymo Research, USA)
protocol. Briefly, the culture was added into a sterilized eppendorf tube and centrifuged for 60
seconds at 15000 xg. 7X lysis buffer from the kit was added and the solutions was thoroughly
mixed and left to react for few minutes. The reaction was neutralized by adding neutralization
buffer (yellow) and mixed thoroughly for complete neutralization. Once neutralized the mixture
was centrifuged for 3 minutes at 15000 xg. The supernatant was carefully transferred into a
Zymo-Spin™ INN column to avoid disturbance of the cell debris in the pellet. The supernatant
was collected by placing the column in the collection tube and centrifuged for 15 seconds.
The flow through was decanted, and in the same collection tube, the column was washed with
Endo-wash buffer. The column was extensively washed with Zyppy™ wash buffer. The
plasmid DNA was eluted with pre-warmed (50 °C) Zyppy™ elution buffer in a sterile eppendorf
tube. In order to confirm the DNA plasmid constructs, the plasmids were analyzed using
restriction enzymes. The plasmid DNA were prepared as described in table below and

analyzed on agarose gel electrophoresis.

Table B1: The samples will be prepared in this manner

Components | Tube 1 Tube2 | Tube3 |Tube4

Control (uncut) | Bam HI | Hind lll | Bam HI & Hind I
dH20 16 pl 15 pl 14 ul 13 ul
DNA 2ng 2ng 2ng 2ng
Buffer 2ul 2 pl 2 ul 2 ul
R/Enzyme - 1l 2 ul 2u &1yl
Loading dye 5ul 5ul 5ul 5ul

B4. Agarose gel electrophoresis
0.8 % agarose gel was prepared by dissolving 1.2 g in 150 ml TAE (1X) buffer, allowed to cool
at room temperature. Once cooled, 10 pL of ethidium bromide was added and the gel contents

were gently poured into the casting tray with a preplaced comb and allowed to solidify at room
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temperature. The combs were removed from the solidified gel and the casting tray was placed
in the electrophoresis chamber filled with TAE (1X) buffer.

B5. Solubility studies and purification of PfHsp70-x, hHop and hHsp70

Lysates were retrieved from the -80 °C freezer and thawed on ice. 0.1 % (v/v)
Polyethyleneimine (PEI) was added to the thawed lysate to solubilize any insoluble proteins.
Additionally, PEI precipitates nucleic acids which may be protein-linked leaving the target
protein in the supernatant. The lysate was sonicated and target protein was recovered in the
supernatant by centrifugation at 5000 xg for 20 minutes at 4 °C. The column was prepared
using a small piece of cotton wool as a plug, and sterilized with 70 % ethanol. HisPur™ Nickel-
charged nitrilotriacetic acid (Ni-NTA) (IMAC) beads (Thermo Scientific, USA) were added to
the column, followed by the addition of distilled water to wash of the ethanol. The beads were
equilibrated with lysis buffer. The supernatant was loaded onto the prepared HisPur™ Ni-NTA
column and incubated at 4 °C for four hours to allow binding of the His-recombinant proteins
(PfHsp70-x/hHop/hHsp70) in the soluble cell extract. The supernatant was run through the
column with the flow through being collected for analysis. The unbound proteins in the column
were washed with wash buffer 1 (10 mM Tris pH 7.5; 300 mM NaCl, 1 mM EDTA and 25 mM
Imidazole containing 1 mM PMSF) followed by wash buffer 2 (10 mM Tris pH 7.5; 300 mM
NaCl, 1 mM EDTA and 80mM Imidazole containing 1 mM PMSF). The proteins bound to the
column were then eluted with of elution buffer 1 (10 mM Tris pH 7.5; 300 mM NaCl, 1 mM
EDTA and 250 mM Imidazole containing 1 mM PMSF), followed by elution buffer 2 (10 mM
Tris pH 7.5; 300 mM NaCl, 1 mM EDTA and 500 mM Imidazole containing 1 mM PMSF). The
washes and elutions were collected and prepared for SDS-PAGE and Western blot analysis

including beads.
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B6. Preparation of 12 % of sodium dodecyl sulphate-polyacrylamide resolving gel

electrophoresis (SDS-PAGE) analysis

Running X1 X2 X3 X4 Stacking X1 X2 X3 X4
Gel Gel
Bis (ml) 2.08 4.16 6.24 8.32 Bis (ml) 0.235 0.47 0.705 | 0.94

Tris pH 8.8 | 1.25 2.5 3.75 5.0 Tris pH 6.8 | 0.437 0.875 1312 |1.748
(ml) (ml)

10 % SDS|0.05 |01 [0.15 |02 |[[[10 % SDS|0.0175 |[0.035 |[0.0525 |0.07
(ml) (ml)

H20 (ml) 158 |3.16 |4.74 |6.37 ||[H0 (mI) 1.05 2.1 3.15 |42

APS (ml) 0.025 | 0.050 | 0.075 | 0.1 APS (ml) 0.00875 | 0.017 0.026 | 0.03

TEMED (ul) | 20 20 20 20 TEMED (ul) | 20 20 20 20

B7. Concentration of proteins

The proteins were extensively dialyzed and concentrated using the Amicon® Ultra-15 10K
centrifuge filter device (Merck, Germany) and dialysis buffer (300 mM NacCl, 10 mM Imidazole,
10 mM Tris-HCI, pH 7.5, glycerol 10 % (v/v), containing 1 mM PMSF) as previously described
in Section 2.3.5. The recombinant proteins were subsequently concentrated with PEG
(polyethyleneglycol) for 30 minutes and pipetted out of the tubing and stored at -20 °C. The
eluted proteins was evaluated for purity using SDS-PAGE and further confirmed using various

sets of antibodies by Western blotting (Appendix B10).

B8. Recombinant protein quantification using Bradford’s assay

The Bradford assay (Sigma-Aldrich, USA), a method that uses the Bradford reagent to
estimates the concentrate proteins at 595 nm absorption, was used. The assay was
conducted using bovine serum albumin (BSA) protein as a standard following manufacturer's
instructions. The assay is based on the association the dye, Brilliant Blue G, and the proteins
in solution. Protein standards were prepared ranging from a concentration of BSA ranging
from 0.1 — 1.4 mg/ml on a 96 well plate in individual wells. The Bradford’s reagent was mixed
with the protein standards. PBS buffer (137 mM NacCl, 27 mM KCI, 4.3 mM Naz:HPOsand 1.4
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mM KH2PO4) was used as blank and added in the blanking wells. The protein sample(s) with
the concentration ranging from approximately 0.1 — 1.4 mg/ml were prepared, mixed with
Bradford’s Reagent and incubated for approximately 30 seconds with shaking. The mixture
was incubated for 5 — 45 minutes at room temperature followed by measuring the absorbance
at 595 nm. The values of the BSA standard curve were compared with the absorbance of the
protein to determine the range in which the protein fall in. To further confirmed the
concentration of the protein the Christoph-leidig equation (Appendix B9) was used to calculate

the concentration of the protein.

B9. Protein quantification using Christoph-leidig webtool

The concentrations of the proteins wwre determined as described by Zininga (2015) using

webtool (http://christophleidig.de/tprot.html) with the formula below:

A=ZCXAXE .ioiiiiiiiiiiiiii Equation (1)
M=nNXM ... Equation (2)

Where A= Absorbance at 280 nm
C= concentration (in mol/l)
D= cuvette length in (cm)
e= extinction coefficient (in L/mol x cm)
m= mass (in g)
n= quantity (in mol)

M= molecular unit (in g/mol)

B10. Immunoblotting (Western blotting)

The expressed and purified proteins were resolved by 12 % SDS-PAGE as described above
(Appendix B6). The SDS-PAGE gel was removed from the glass plates after completion of
electrophoresis. The stacking gel was cut off to only leave the running gel. The gel, Whatman
filter papers, two scotchbrite fibre pads and nitrocellulose/ immobilon®-P transfer membrane
were immersed in Western transfer buffer and left to equilibrate at 8 °C for 30 minutes. The
gel was prepared for transfer in a sandwich as follows: the filter paper was placed on a
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scotchbrite pad; followed by the gel ensuring that there is no trapped air bubbles; nitrocellulose
membrane was placed over the gel; followed by another filter paper on the membrane and
another scotchbrite pad. The proteins were transferred to the nitrocellulose membrane at 100
volts for 1 hr. After transfer, the blot was removed from the sandwich, rinsed using the transfer
buffer and stained with Ponceau stain to determine if transfer was successful followed by
visualizing the band using chemiluminescence. The blot was washed off of the stain using
TBS-Tween (TBST) and blocked for 1 hr in 10 ml of non-fat milk (5 %) in TBS on a rotary
shaker set at 1 rpm. The membrane was washed 3 times for 10 minutes in TBST, followed by
a 1 hr incubation with primary antibody. The unbound primary antibody was washed off the
membrane 3 times, for each wash, 10 minutes with TBST. Following washes, the blot was

incubated with the secondary antibody for 1 hr and washed 3 times using TBST.

B11l. SDS-PAGE for silver stain analysis
The SDS-PAGE gel is removed cautiously from the gel casting plates and placed into the
staining tray. The Pierce® Silver Stain Kit (Thermo Scientific, USA) was used for silver stain

analysis of the SDS-PAGE gel using protocol as described by the manufacturer as follows:

1. The gel was wash for 5 minutes in ultrapure water. The water was replaced and washed
for another 5 minutes.

2. After washing, the gel was fix in a solution of 30 % ethanol: 10 % acetic acid for 15
minutes. The fixing solution was replaced and fixed the gel for another 15 minutes.

3. Following fixing, the gel was wash for 5 minutes with 10 % ethanol. The ethanol solution
was replaced and gel was washed for another 5 minutes.

4. The gel was washed for 5 minutes with ultrapure water. The water was replaced and
washed for another 5 minutes.

5. The Sensitizer Working Solution was prepared by mixing 1 part of Silver Stain
Sensitizer with 500 parts of ultrapure water.

6. After washes, the gel was incubated for exactly 1 minute in Sensitizer Working Solution,
and then washed with 2 changes of ultrapure water for 1 minute each.

7. The Stain Working Solution was prepared by mixing 1 part of Silver Stain Enhancer
with 50 parts of Silver Stain.

8. The gel was stained by incubating for 30 minutes in Stain Working Solution.
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9. The Developer Working Solution was prepared by mixing 1 part of Silver Stain
Enhancer with 50 parts of Silver Stain Developer.

10.The Stop Solution of 5 % acetic acid was prepare.

11.The gel was quickly wash with 2 changes of ultrapure water for 20 seconds each.

12.Immediately after washing, the Developer Working Solution (Step 9) was added onto
the gel. The gel was incubated until the desired protein bands appeared (2 - 5 minutes).

13.0nce the desired level of intensity was observed, the Developer Working Solution was
replaced with the prepared Stop Solution (5 % acetic acid; Step 10).

14.The gel was washed with Stop Solution briefly. The Stop Solution was replaced and
incubated for 10 minutes.
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Appendix C: Additional materials

Table C1. Special chemical reagents

Name of reagents Supplier

Acetic acid Merck, Germany

Adenosine triphosphate (ATP) Sigma-Aldrich, USA

Agarose Merck, Germany

Ammonium persulphate Sigma-Aldrich, USA

Ampicillin Melford, UK

Bovine serum albumin Melford, UK

Bromophenol blue Merck, Germany

Calcium chloride Merck, Germany

Chemiluminescence Western blotting kit Amersham, USA

Nitrocellulose membrane Thermo Scientific, USA

Immobilon®-P transfer Membrane Merck, Germany

Coomasie brilliant blue R250 Merck, Germany

Ethidium bromide Merck, Germany

Glacial acetic acid Merck, Germany

Glycerol Merck, Germany
Glycine Merck, Germany
Glucose Merck, Germany
Imidazole Merck, Germany

Isopropyl-1-thio-D-galacopyranoside Sigma-Aldrich, USA

GeneRuler 1 Kb DNA ladder Thermo Scientific, USA

Lysozyme

Merck, Germany

Magnesium chloride

Merck, Germany

Methanol

Merck, Germany

Ni-chelating sepharose

Amersham, USA

Phenylmethylsufonyl fluoride

Merck, Germany

Polyacrylamide

Merck, Germany

Ponceau S Sigma-Aldrich, USA

Restriction enzymes Thermo Scientific, USA

Amicon® Ultra-15 10K centrifuge filter device Merck, Germany

Snakeskin™ pleated dialysis tubing Thermo Scientific, USA

Sodium chloride Merck, Germany

Sodium dodecyl sulphate Merck, Germany
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Sodium hydroxide Merck, Germany
TEMED Sigma-Aldrich, USA
Tris-HCI Merck, Germany
Tryptone Oxoid, England
Tween 20 Melford, UK
Yeast Merck, Germany
Page ruler prestained protein ladder Thermo Scientific, USA
Nutrient agar Merck, Germany
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