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Abstract

The main malaria agent, Plasmodium falciparum expresses an Hsp70 (PfHsp70-1) which plays a
significant role in parasite survival. PfHsp70-1 is distinct in that it possesses glycine-glycine-
methionine-proline (GGMP) tetrapeptide repeats in its C-terminal domain. To date, the GGMP
motif of PfHsp70-1 has not been studied. The motif is positioned within the C-terminal lid
segment of PfHsp70-1. The motif is also about seven residues upstream the terminal EEVD
residues that are responsible for the interaction of PfHsp70-1 with its functional regulators (co-
chaperones). P. falciparum Hsp70/Hsp90 organizing protein (PfHop) constitutes one of the
functional regulators of PfHsp70-1. PfHop allows PfHsp70-1 and its chaperone partner, PfHsp90
to form a functional partnership. Given the proximity of the GGMP repeats to the C-terminus of
PfHsp70-1, it was postulated in this study that the GGMP repeat residues may regulate
attachment of PfHop to PfHsp70-1. Hence, this study hypothesized that the GGMP repeat motif
is important for the interaction between PfHop and PfHsp70-1 as well as the chaperone activity

of PfHsp70-1.

Two variants in which the N-terminal and the C-terminal GGMP repeats were conservatively
substituted were generated. E. coli Hsp70 (DnaK) lacks a GGMP motif. Thus, the GGMP motif of
PfHsp70-1 was introduced into E. coli DnaK in order to generate a third GGMP variant.
Recombinant forms of PfHsp70-1, Dnak, and their GGMP variants were heterologously expressed
in E. coli XL1 Blue cells. The proteins were purified to homogeneity by using a combination of Ni-
NTA affinity chromatography, ion exchange, and size exclusion chromatography. Purified
proteins were then biophysically characterized using CD spectroscopy and tryptophan
fluorescence. Findings from this study revealed that there were minimal secondary structural
differences between PfHsp70-1, DnaK and their GGMP variants. In order to investigate the
chaperone function of PfHsp70-1, DnaK and the GGMP variants, a complementation assay in E.
coli dnak756 cells whose Hsp70 is functionally compromised was conducted. The PfHsp70-1

GGMP variants were able to suppress the thermosensitivity of the E. coli cells. However, the
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DnaK-G variant failed to confer cytoprotection to the E. coli dnak756 cells. To further validate the
findings from the complementation assay, the ability of the recombinant proteins to suppress
aggregation of heat stressed Malate dehydrogenase (MDH) was elucidated. PfHsp70-1 had better
MDH aggregation suppression capabilities than its GGMP variants. Overall, findings from the
MDH aggregation suppression assay suggest that the GGMP repeats may contribute towards
substrate binding. Substrate binding might be dependent on the specific positioning of a
particular repeat in the GGMP motif of PfHsp70-1. Furthermore, the ATPase activity of PfHsp70-
G632 and PfHsp70-G648 was significantly reduced compared to PfHsp70-1 (wild type). However,
PfHsp70-G632 had the lowest ATPase activity. Interestingly, the ATPase activity of PfHsp70-G632
was enhanced in the presence of synthetic Hsp70 model peptide substrates. Slot blot and ELISA
approaches confirmed that the GGMP mutations partially abrogated the interaction of PfHsp70-
1 with PfHop. Altogether, the findings suggest that the GGMP motif of PfHsp70-1 has marginal
effects on the structure of PfHsp70-1. In conclusion, this study provides the first direct evidence
that the GGMP motif is important for the chaperone function of PfHsp70-1 as well as its

interaction with PfHop.
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Preface

This thesis is comprised of seven chapters. The outlines for each chapter are provided below.

Chapter 1: This is a general introduction encompassing all the background to the suggested broad
aim and specific objectives. It also highlights the broad problem statement and spells out the

study hypothesis.

Chapter 2: This chapter represents the bioinformatics analyses conducted in order to elucidate

the role of the GGMP motif of PfHsp70-1.

Chapter 3: This chapter represents the recombinant production of PfHsp70-1, DnakK, and their
GGMP variant proteins. In this chapter, the proteins are also biophysically characterized to

determine the secondary and tertiary structural features.

Chapter 4: This chapter reports on the investigation of the chaperone function of PfHsp70-1 and

DnaK versus their GGMP variants in vitro.
Chapter 5: This chapter analyzes the structure-function features of PfHop.

Chapter 6: This chapter encompasses the evaluation of the association of PfHsp70-1, DnaK-G,

and their GGMP variants with PfHop.

Chapter 7. This chapter covers conclusive remarks and future perspectives.
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1.1 Malaria

Malaria is a disease responsible for deaths averaging around 435 000 in 2017; (WHO, 2018).
According to the World Health Organization (WHQO), there has been an increase in malaria cases
over the years reaching an estimated 219 million in 2017 (WHO, 2018). Africa remains the worst
affected region accounting for 92 % of the cases. In South Africa, malaria is endemic in low
altitude border regions of Limpopo, Mpumalanga and KwaZulu-Natal Provinces. In these regions,
active malaria transmission is experienced during summer (November to April). In 2018, about

18 638 malaria cases and 120 deaths were reported in South Africa (Dahan-Moss et al., 2018).

The World Health Organization lists children under the age of 5 years, pregnant woman, HIV/AIDS
patients and non-immune travelers/mobile populations as being at high risk of contracting
malaria. Although children and pregnant women are the most affected, malaria mortality rates
in children under the age of 5 years have since decreased from 440 000 in 2010 to 266 000 in
2017 (WHO, 2018). This could be attributed to the seasonal malaria chemo-preventative
strategies that reduce fatalities in children and pregnant women which were implemented by
WHO in 2012. Despite efforts to prevent and reduce malaria transmission, the estimated
numbers of malaria cases continue to vary over the years (WHO, 2018). This suggests that malaria

is still a major health burden in developing countries.

Malaria is caused by a Plasmodium protozoan parasite belonging to the phylum Apicomplexa
(Levine, 1988; Cowman et al., 2006). Members of the Plasmodium genus are eukaryotic,
intracellular, unicellular organisms with a characteristic apical complex at the anterior end (Lim
and McFadden, 2010). Five species of Plasmodium cause malaria in humans. These are: P. vivax,
P. falciparum, P. knowlesi, P. malariae and P. ovale (Vythilingam et al., 2006, Tuteja, 2007). P.
falciparum is the most prevalent species in Africa and causes cerebral malaria, the most lethal
form of the disease (Haldar and Mohandas, 2009). According to the WHO (2018), P. falciparum

is responsible for most malaria cases worldwide (estimated 99.7 % in 2017). Plasmodium
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parasites are transmitted to humans by female vector mosquitoes belonging to the Anopheles

genus (Kamareddine, 2012).

1.2 Plasmodium falciparum life cycle

P. falciparum undergoes a complex life cycle that spans two organisms, an invertebrate mosquito

vector and a vertebrate (human) host (Figure 1.1).
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Figure 1. 1: Life cycle of P. falciparum

The schematic represents the stages of the life cycle which include: 1. Gametocytes are ingested by the
mosquito during a blood meal. The gametocytes develop into sporozoites, which are then injected into a
human host during feeding. 2. In the liver, sporozoites develop into schizonts. Upon reaching maturity,
the schizonts rupture releasing merozoites. 3. The merozoites invade erythrocytes, develop into
trophozoites and finally form schizonts. More merozoites are released into the bloodstream upon rupture
of the schizonts. Some invade new erythrocytes while others develop into gametocytes that are readily
taken up during a blood meal, adapted from Scherf et al. (2008).

Within the human host, the parasite undergoes asexual reproduction which is divided into the

pre-erythrocytic stage (exoerythrocytic), the erythrocytic (intra-erythrocyte) stage and the
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gametocyte stage. The pre-erythrocytic stage occurs in the hepatocytes and at this stage, the
parasites replicate by asexual reproduction. Sporozoites, resident in the salivary glands of the
mosquito, are injected into the human host suspended in the mosquito saliva while the mosquito
is feeding on blood marking the beginning of the pre-erythrocytic stage. The sporozoites circulate
in the bloodstream and subsequently invade hepatocytes and develop into merozoites (Arama
and Troye-Blomberg, 2014). A single sporozoite can produce as many as 20 000 merozoites
(Fujioka and Aikawa, 2002). The schizonts rupture releasing merozoites into the bloodstream.
The merozoites then infect erythrocytes marking the beginning of the erythrocytic cycle and a
continuous asexual cycle (Schuster, 2002). Most of the clinical symptoms associated with malaria

manifest at this stage.

In the erythrocytes, the parasite develops from a ring to a trophozoite in about 24-32 hours and
finally to schizont. A parasite at the schizont stage gives rise to approximately 16-32 merozoites
(Arama and Troye-Blomberg, 2014). The merozoites are released into the bloodstream upon
erythrocyte rupture (schizont stage) and infect uninfected erythrocytes. At the erythrocytic
stage, some parasites differentiate into male (micro-gametes) and female (macro-gametes)
forms, which are taken up by the mosquito as it draws its blood meal (Fujioka and Aikawa, 2002).
In the midgut of the mosquito, sexual reproduction occurs through fertilization of the macro-
gametes by micro-gametes to form a zygote which then develops into a motile ookinete (Bennik
et al., 2016). Ookinetes invade and reside in midgut epithelial subsequently forming oocyst. The
oocysts undergo asexual development resulting in thousands of sporozoites that invade the
salivary glands of the mosquito. The sporozoites are then released into the bloodstream and the

cycle continues (Bennik et al., 2016).

1.3 The erythrocyte as the host cell for malaria parasites

The human erythrocyte functions as the main oxygen carrier in the body. Structurally, the mature
erythrocyte lacks a nucleus, intracellular organelles (Bull and Hermamen, 2010) and a de novo-

protein biosynthesis pathway. The parasite obtains a greater proportion of its nutrition from the

4
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extracellular milieu for it to survive and develop (Desai, 2014). In the initial stages of development
(ring stage), the parasite takes up some of the erythrocyte cytoplasm in large vacuoles via a
process referred to as the “big gulp” (Elliott et al., 2007; Wendt et al., 2016). Trophozoite stage
parasites acquire hemoglobin by endocytosis through cytosomes. Cytosomes are small endocytic
structures bound by parasite outer membranes. Late stage parasites acquire hemoglobin via an
actin-independent process called phagotrophy (Pishchany and Skaar, 2012). The hemoglobin-
containing cytosomes then transport the hemoglobin to and fuse with, the parasite’s digestive
vacuole (Milani et al., 2015). Proteases in the parasite’s acidic digestive vacuole digest
hemoglobin releasing heme and amino acids (Goldberg, 2005). The amino acids are then utilized
for parasite protein synthesis (Abu Bakar et al., 2010). Heme is toxic to both the parasite and the
erythrocyte. Therefore, it is converted to hemozoin (heme dimer crystals; Rinehart et al., 2016).
In this way, its toxicity is alleviated. However, hemoglobin degradation provides limited nutrition
for parasite growth as some amino acids (e.g isoleucine, glutamate, methionine, cysteine and
proline) are not derived from hemoglobin as a nitrogen source (reviewed by Mbengue et al.,
2012). Hence, there is a need for nutrient supply from the extracellular environment.
Consequently, the parasite modifies the erythrocyte membrane increasing permeability to
various solutes including some anions, cations sodium (Na*) and potassium (K*), and organic

solutes which are important for parasite survival (Desai, 2014; Soni et al., 2016).

1.4 Host cell remodeling by Plasmodium falciparum

The parasite merozoite invades the host cells by adhering to the surface receptors on the
erythrocyte (Cowman et al., 2012; Weiss et al., 2015). This process is followed by the irreversible
attachment of the parasite. An electron-dense junction between the host cell (erythrocyte) and
the apical prominence of the parasite is generated (Cowman et al., 2012; Weiss et al., 2015). The
tight junction moves from the apical to the posterior end of the merozoite. This movement is
driven by the parasite actin motor which mediates entry into the erythrocyte. This event is
followed by the erythrocyte undergoing echinocytosis (morphological spiking of the cell) due to

loss of chloride and potassium ions (Cowman et al., 2012). This facilitates internalization of the

5
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parasite. At this stage, the parasite is in a membrane-enclosed compartment called the

parasitophorous vacuole (PV, Lingelbach and Joiner, 1998) as represented in Figure 1.2.

®

Parasite

g

M

Figure 1. 2: Subcellular organelles implicated in protein traffic in P. falciparum-infected erythrocyte

Representation of a trophozoite stage infected erythrocyte: A, apicoplast; DV, digestive vacuole
containing hemozoin; ER, endoplasmic reticulum; M, mitochondrion; MC, Maurer’s clefts; N, nucleus; PV,
parasitophorous vacuole; K, knob and TVN, tubulovesicular network, adapted from Deponte et al. (2012).

The parasite is eventually sealed inside the PV (Cowman et al., 2012; Weiss et al., 2015). The PV
is surrounded by the parasitophorous vacuole membrane (PVM, Figure 1.2). The PVM acts as a
structural border separating the parasite from the erythrocyte cytosol and hence is important in
survival and multiplication of the parasites (Griiring et al., 2012). The PV acts as a transit
compartment for proteins intended for the infected erythrocyte cytosol (Nyalwidhe and
Lingelbach, 2005; Charpian and Przyborski, 2008). The tubulovesicular network (TVN) protrudes
into tubular like membranous structures. The TVN is an extension of the PVM (Dhangadamajhi
et al., 2010). The TVN extends to the erythrocyte membrane and opens to the exterior of the
erythrocyte surface. The TVN is thought to play a role in the import of macromolecules. As the

parasite matures, parasite induced secretory organelles, called Maurer’s clefts, develop within
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the infected erythrocyte cytosol (MC, Figure 1.2). In the Maurer’s clefts lumen, soluble parasite
proteins destined for the membrane accumulate. Hence, Maurer’s clefts participate in the sorting

of parasite proteins destined for the host erythrocyte (Mundwiler-Pachlatiko and Beck, 2013).

The development of the parasite in the mature erythrocyte comes with several drawbacks that
include poor nutritional supply and aggressive host-immune response. The parasite overcomes
these challenges by remodeling the erythrocyte intensely (Haldar and Mohandas, 2009; Maier et
al., 2009). This remodeling is facilitated by P. falciparum-encoded proteins exported beyond the
parasite’s plasma membrane (Mbengue et al., 2012; Soni et al., 2016). P. falciparum is thought
to traffic approximately 450 (8 %) of its proteins into the infected erythrocyte (Przyborski et al.,
2015; Soni et al., 2016). In this way, the host cell undergoes numerous changes crucial to the
parasite’s survival marked by sequestration of infected erythrocytes and inflammation due to the
host immune response (Craig and Scherf, 2001). The sequestration occurs as a result of parasite
expressed adhesins that are exposed on the surface of the infected erythrocyte. These infected
erythrocytes then adhere to human endothelial cells lining blood capillaries (Rowe et al., 2009).

In this way, the parasite avoids clearance by the spleen (Soni et al., 2016).

Most proteins that are exported from the parasite to the erythrocyte possess either a signature
pentameric signal sequence (RxLxE/Q) called the Plasmodium export element (PEXEL) motif or
the vacuole transport signal (VTS) (Hiller et al., 2004, Marti et al., 2004). For protein export to be
efficient, the PEXEL motif is cleaved by plasmepsin V (aspartic protease) and the resultant
terminus must be acylated. At the PV, these proteins then interact with the PEXEL-protein
translocation machine (PTEX) which then facilitates export to the erythrocyte. This export system
does not account for proteins lacking the PEXEL motif, so-called PEXEL Negative Proteins (PNEP;
Boddey et al, 2016). PNEPs include P. falciparum skeleton binding protein 1 (PfSBP1), membrane-
associated histidine-rich protein (MAHRP1), P. falciparum ring exported protein (PfREX1 and 2).
Export of PNEPs is thought to be mediated via a short amino acid sequence (identified in PfSBP1,
MAHRP1, and PfREX2), which functions like a recessed signal peptide (Przyborski et al., 2016). It
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is thought that export occurs in a similar manner as in other translocon systems where proteins

destined for transport are maintained in an unfolded state (reviewed by Shonhai, 2014).

Most of the exported proteins that are known to associate with the membrane include ring-
infected erythrocyte surface antigen (RESA; Goel et al., 2014), mature-parasite-infected
erythrocyte surface antigen (MESA; Kilili and LaCount, 2011), P. falciparum erythrocyte
membrane protein 3 (PfEMP-3), knob-associated histidine-rich protein (KAHRP; Pei et al., 2005)
and P. falciparum erythrocyte membrane protein 1 (PfEMP-1; Weng et al., 2014). The KAHRP and
PfEMP-1 cluster together forming high-density knobs (K, Figure 1.2) while the rest are evenly
distributed around the infected erythrocyte membrane. The clustering of PFEMP-1 and KAHRP at
the knobs mediates adherence of the infected erythrocyte to endothelial cells, platelets and
other infected or non-infected erythrocytes (Cutts et al., 2017). In this way, destruction of the
infected erythrocyte is evaded by sequestration of the erythrocyte. Together, PfEMP-1 and
KAHRP including PfSBP1 and MAHRP associate with the Maurer’s clefts (MC, Figure 1.2). The
PfSBP1 is essential in protein trafficking and during the assembly of numerous proteins at the
infected erythrocyte membrane (Cooke et al., 2006, Maier et al., 2009). This enhances knob

formation and is important for pathogenesis.

During remodeling, some of the exported proteins are known to interact with host proteins on
the erythrocyte membrane skeleton. Ring stage expressed RESA (Goel et al., 2014) binds to beta-
spectrin thereby increasing membrane stability and ensures the structural integrity of the
erythrocyte. MESA (Kilili and LaCount, 2011) binds to protein 4.1 in the membrane skeleton
ensuring parasite survival. Alterations in the erythrocyte morphology are an important immune
evasion mechanism by the parasite. However, during the late stages (after 48 hours) of
development, destabilization of the membrane is essential for egress of merozoites from the
infected erythrocyte. The PfEMP-3 is known to bind a-spectrin destabilizing the spectrin-actin-
protein 4.1 complex thereby compromising the mechanical stability of the erythrocyte

membrane (Mohandas and An, 2012). Despite altering the erythrocyte morphology to ensure
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immune evasion, trophozoite stage parasites alter the erythrocyte to ensure enough nutrient
supplies given the limitations of hemoglobin digestion (Section 1.3). Infection by parasites
enhances the permeability of the erythrocyte membrane allowing entry of solutes from the
exterior environment, exporting metabolic waste and changing the ionic composition of the
erythrocyte cytoplasm (Baumeister et al., 2006; Tilley et al., 2011). The tubulovesicular
membrane network (TVN) provides unlimited access to nutrients as it protrudes from the PV to
the erythrocyte periphery (reviewed by Mbengue et al., 2012). Taken together, the process of
host cell remodeling requires correctly folded proteins which are functional. Therefore, an
efficient protein folding machinery is necessary to support these events. Not surprisingly, the

parasite genome possesses about 2 % of molecular chaperone encoding genes.

1.5 Molecular chaperones

Molecular chaperones form a group of ubiquitous, structurally diverse and highly conserved
proteins that exhibit specialized functions (Bukau et al., 2006). Molecular chaperones facilitate
the folding of newly-synthesized proteins, their translocation through membranes, maturation
and assembly of client proteins, prevention of protein aggregation, and facilitate protein

degradation (Hartl et al., 2011).

1.5.1 Heat shock proteins as molecular chaperones

Cells that have been exposed to stress stimulate the synthesis of a group of molecular chaperones
termed heat shock proteins (Hsps) (Lindquist and Craig, 1988). Hsps are classified according to
their molecular mass in kilodaltons (kDa). The major classes are the Hsp100, Hsp90, Hsp70,
Hsp60, Hsp40 and small Hsps (sHsps) (Table 1.1). Hsps are involved in maintaining proteostasis
thereby ensuring cell survival. They are implicated in the development and pathogenesis of
parasites (Shonhai et al., 2011). Hsps are also implicated in many human diseases. These include

diseases caused by parasites (Kaul and Thippeswamy, 2011); autoimmune diseases (Tsan and
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Gao, 2004; Raska and Weigl, 2005; Keijzer et al., 2012; Moudgal et al., 2013) and

neurodegenerative diseases (Turturici et al., 2011; Wyttenbach and Arrigo, 2013, Leak, 2014).

Table 1. 1: Heat shock protein families and their general functions

Protein family  Localization Function Reference
(Size; kDa)
sHsps cytosol, nucleus prevent aggregation of Vos et al., 2008
(10-40) unfolded proteins and or Mchaourab et al., 2009
accumulation of aggregated
proteins
Hsp40 cytosol binding to non-native Botha et al., 2007
(40-100) proteins, delivery of Njunge et al., 2013
substrate to Hsp70, regulate
Hsp70 activity
Hsp60 cytosol, mitochondria protein folding and assembly  Sato and Wilson, 2005
(58-65) Zhang et al., 2010
Hsp70 cytosol, nucleus, cytoprotection; protein Hartl and Hayer-Hartl,
(66-78) mitochondria, folding and refolding; 2009
endoplasmic reticulum protein trafficking and Vos et al., 2008
degradation
Hsp90 cytosol, nucleus, protein folding and Hahn, 2009
(82-96) endoplasmic reticulum maturation of regulatory Yang et al., 2008
proteins eg. kinases and Mora’ n Luengo et al.,
transcription factors; 2018
prevention protein of
aggregation; prepares
proteins for spontaneous
folding
Hsp100 cytosol, nucleus, facilitate protein foldingand  Bosl et al., 2006
(80-110) chloroplast degradation Barends et al., 2010
Nowicki et al., 2012
Hsp110 cytosol, endoplasmic inhibition of protein Dragovic et al., 2006
(100-150) reticulum unfolding; Hsp70 nucleotide  Vos et al., 2008

exchange factors

Muralidharan, 2012;
Zininga et al., 2016

10
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As a result, Hsps are a potentially attractive class of drug targets. The rationale being that
interference with the function of a single Hsp would likely have far-reaching effects on a biological
system (Zininga and Shonhai 2014). Heat shock proteins have been reported to be important for
the survival of the malaria parasite (P. falciparum) in all its life stages (Shonhai et al., 2014). The
mechanism of action by certain Hsps is either ATP dependent or independent. Some Hsps require
the assistance of partner co-chaperones (reviewed by Mayer and Bukau, 2005) to regulate their

function.

1.6 Plasmodium falciparum heat shock proteins

Heat shock proteins play an important role in the survival and virulence of malaria parasites
(Shonhai, 2014). For these parasites, survival under varying conditions is key given a complicated
life cycle within a cold-blooded mosquito vector and warm-blooded human host (Shonhai, 2014).
The parasite is exposed to temperature changes from ~ 25 °C in the mosquito to 37 °C in the
human host and ~41 °C during fever episodes (Pavithra et al., 2004). The temperature changes
do not necessarily impair parasite survival but enhance their numbers (Pavithra et al., 2004). The
parasite not only endures thermally induced physiological changes within the host but is
subjected to host immune responses (Moll et al., 2015; Gomes et al., 2016; Belachew, 2018), and
oxidative stress (van Schalkwyk et al., 2013; Sussmann et al., 2017; Rocamora et al., 2018).
Interestingly, the parasite survives under such conditions with the help of chaperones and still
manages to synthesize correctly folded proteins necessary for survival and development. Two
major Hsps implicated in the survival and virulence of the malarial parasite are P. falciparum
Hsp70 (PfHsp70-1; Shonhai et al., 2007; 2008) and P. falciparum Hsp90 (PfHsp90; Pavithra et al.,
2004; Shahinas et al., 2013). These two Hsps are important for parasite survival and are potential

drug targets.

1.6.1 Heat shock protein 90

Hsp90s consists of three domains which are highly conserved: an N-terminal 25 kDa ATP-binding
domain, a middle domain of 35 kDa and a 12 kDa C-terminal domain (Figure 1.3; Terasawa et al.,

11
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2005). The N-terminal domain binds and hydrolyzes ATP. It is also implicated in dimerization. The
middle domain is responsible for client binding. Hsp90 has a charged linker region between the
ATP binding domain and the middle domain (Tsutsumi et al., 2012; Penkler et al., 2018). This
linker is responsible for conferring flexibility between the N-domain and the middle domain as
well as enhancing the chaperone function of Hsp90. The C-terminal domain is implicated in the
dimerization of Hsp90 (Ciglia et al., 2014). Dimerization has been shown to be essential in the in

vivo function of the chaperone (Wayne and Bolon, 2007).

N i Middle domain ( C'terminal
— comn . SR
Figure 1. 3. Domain organization of PfHsp90

PfHsp90 possesses an N-terminal ATPase domain, a linker domain, a middle domain and a C-terminal
substrate binding domain comprising a dimerization domain and an EEVD motif. The dimerization domain
is responsible for PfHsp90 dimer formation and the EEVD motif is responsible for binding to PfHop TPR
domains, adapted from Pavithra et al. (2007).

The MEEVD motif at the end of the C-terminus facilitates binding of tetrapeptide repeat (TPR)
containing co-chaperones (Hsp70/Hsp90 organizing protein, protein phosphatase PP5, J domain-
containing protein TPR2, the myosin folding factor uncoordinated 45 [unc-45] and the peptidyl-
prolyl isomerases [PPlases], such as Fk506 binding protein 52 [Fkbp52], Fk506 binding protein 51
[Fkbp51] and cyclophilin P40 [cyp40]) to Hsp90 (reviewed by Li et al., 2012). Hsp90 functions as
a molecular chaperone and stabilizes proteins implicated in signal transduction pathways (Li et
al., 2012). Hsp90 targets near-native client proteins downstream of Hsp70 and it is important for
their complete folding. Recently, Hsp90 was reported to break the folding blockage inflicted on
client proteins by Hsp70 thereby allowing their spontaneous folding (Moran Luengo et al., 2018).
Thus, inhibition of Hsp90 function is likely to abrogate protein folding and have far-reaching

effects within cells.
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1.6.1.1 Plasmodium falciparum Hsp90

The P. falciparum genome encodes four PfHsp90 proteins, two cytosolic PfHsp90
(PF3D7_0708400 and PF3D7_1443900), an endoplasmic reticulum PfGrp94 (PF3D7_1222300)
and a mitochondrial PfTRAP1 (PF3D7_1118200) (Banumathy et al., 2003; Pallavi et al., 2010). Of
the two cytosolic isoforms, only one PfHsp90 (PF3D7_0708400) possesses the MEEVD motif. It is
induced by stress and is expressed during the erythrocytic stage in the parasite life cycle
(Banumathy et al., 2003). PfHsp90 (PF3D7_0708400) is the most studied. PfHsp90 functions as a
dimer (Shahinas et al., 2013). Hydrogen bonding plays an important role in the interaction of the
two monomeric forms of PfHsp90 (Kumar et al., 2007). PfHsp90 plays an essential role at the pre-
erythrocytic (Posfai et al., 2018) and erythrocytic stages (Pavithra et al., 2004; Posfai et al., 2018)
thus facilitating parasite development and survival. The PfHsp90 function is essential in parasite
development during the frequent febrile episodes. PfHsp90 has been presented as a drug target
because of this crucial role (reviewed by Ramdhave et al., 2013; Wang et al., 2016; Posfai et al.,
2018). Various studies have identified compounds, that inhibit PfHsp90 resulting in parasite
death (Wang et al., 2016; Posfai et al., 2018).

PfHsp90 also occurs in multi-protein complexes with other parasite Hsps such as P. falciparum
Heat shock protein 70 (PfHsp70-1; Shonhai et al., 2007), P. falciparum Heat shock protein 110
(PfHsp70-z; Zininga et al., 2016), P. falciparum Heat shock protein 40 (PfHsp40; Pavithra et al.,
2007) and co-chaperones; P. falciparum Hsp70/Hsp90 organizing protein (PfHop; Gitau et al.,
2012), P. falciparum Activator of Hsp90 ATPase 1 (PfAhal; Chua et al., 2012), P. falciparum Hsp90
co-chaperone p23 (Pfp23; Banumathy et al., 2003) (Figure 1.4). These complexes play important

roles in the survival of P. falciparum.
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Figure 1. 4. PfHsp90 predicted interaction partners
The predicted interactome of PfHsp90 (yellow) reflects interaction with known molecular chaperones
(PfHsp70-z, PfHsp70-1 and co-chaperones (PfHop, Pfp23, PfAhal, PfHsp40) forming functional complexes.

1.6.2 Hsp70-Hsp90 organizing protein

Structurally, Hop is a multi-domain protein made up of three tetratricopeptide repeat (TPR)
domains namely TPR1, TPR2A and TPR2B and two aspartic acid-proline domains (DP1 and DP2)
(Figure 1.5). Each TPR domain is characterized by three TPR repeat motifs that form superhelical
structures giving rise to amphipathic grooves (Morgan et al., 2012; Schmid et al., 2012). The TPR
domains serve as protein-protein interaction modules. TPR domains are made up of tandem
repeats of 34 amino acids that form a-helices which are aligned antiparallel to each other (Figure
1.5). The TPR domain surface comprises both concave and convex regions with most interactions
occurring on the concave surfaces. The TPR1-DP1 fragment is connected to the TPR2A-TPR2B
region by unstructured residues (positions 198-260; Schmid et al., 2012; Rohl et al. 2015). The
DP2 is connected to the TPR2B by unstructured residues (positions 520-526; Schmid et al., 2012).

14
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Figure 1. 5. Schematic representation of Hop domains

The positions of the three tetracopeptide repeat domains (TPR), the two dipeptide domains (DP) and the
two nuclear localization signals (NLS) are shown. Ribbon representation of the three-dimensional models
of TPR1 (1ELW.pdb; Scheufler et al., 2000), TPR2A (3ESK.pdb; Kajander et al., 2009), TPR2B (3UPV.pdb;
Schmid et al., 2012), DP1 (c2llvA.pdb; Schmid et al., 2012) and DP2 (c2llwA.pdb; Schmid et al., 2012)
domains are shown.

The TPR1 domain is in the N-terminus region of the protein and is responsible for binding the C-
terminally located EEVD motif of Hsp70 (Gitau et al., 2012). The middle TPR2A binds the C-
terminal MEEVD motif of Hsp90 and the TPR2B, like TPR1, binds to the EEVD motif of Hsp70
(Scheufler et al., 2000; Southworth and Agard 2011). The TPR1 and TPR2B preferentially bind
PfHsp70-1 compared to PfHsp90 (Zininga et al., 2015b), suggesting specificity in the engagement
of clients. Although it was initially thought that Hop interacts only with the EEVD/MEEVD of
chaperone proteins, some studies suggest the existence of other binding sites on the chaperones

(reviewed by Edkins, 2016).

Hop modulates the functional interaction of Hsp70 and Hsp90. Several studies have however
shown that the Hsp90/Hsp70 interaction could occur independent of Hop (Nakamoto et al., 2014;
Kravats et al., 2017; 2018). Using Hsp90 and Hsp70 from bacteria and yeast, direct Hsp90/Hsp70

interaction was reported to occur via a region in the middle domain of Hsp90 (Nakamoto et al.,
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2014; Kravats et al., 2017; 2018). Given that there is no Hop homolog in E. coli, a direct association
between Hsp90 and Hsp70 in E. coli is important (Genest et al., 2016). The Hop gene is not
essential in yeast (Reidy et al., 2018), Trypanosoma cruzi and Trypanosoma brucei (Schmidt et al.,
2018) although in the absence of Hop certain functions are affected (Lackie et al., 2018). This
might explain the need for Hsp90/Hsp70 direct interaction (Nakamoto et al., 2014). It remains to
be investigated whether this direct interaction is conserved among species. Hop has been
proposed as a potential drug target (Gitau et al., 2012; Zininga et al., 2015b). However, this would
only apply in cases where Hop is essential for example in cancer (Rohl et al., 2014) and

Leishmaniasis (Morales et al., 2010; Hombach et al., 2013).

1.6.2.1 Plasmodium falciparum Hsp70/Hsp90 organizing protein

The P. falciparum genome encodes a Hop homolog (PfHop; PF3D7_1434300). Cytosolic and
nuclear localization of Hop has been reported (Longshaw et al., 2004, Daniel et al., 2008; Gitau
et al., 2012). In these cells, Hop shuttles between the cytosol and the nucleus in response to heat
stress (Lassle et al., 1997; Longshaw et al., 2004). Furthermore, the movement of mouse Hop to
the nucleus was observed to occur during heat shock (Langer et al., 2003; Longshaw et al., 2004).
Hop contains two nuclear localization signals (NLS) and these are important in the nuclear

localization of Hop under heat stress (Longshaw et al., 2004; Daniel et al., 2008).

PfHop localizes in the cytosol in a similar pattern with PfHsp70-1 and PfHsp90 suggesting that
these proteins may co-operate in a common complex (Gitau et al., 2012). Furthermore, like
PfHsp70-1, PfHop expression was shown to be upregulated in cells exposed to heat stress (Zininga
et al., 2015b) signifying its importance during stress. Studies by Zininga and colleagues (2015b)
also confirmed a direct association between PfHsp70-1 and PfHop using surface plasmon

resonance (SPR).

Hop contact residues important for its interaction with Hsp70 or Hsp90 are conserved among

species. Residues lysine (K8), asparagine (N12) in TPR1 and K301, arginine (R305) in TPR2A in
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mouse Hop were shown to interact with an aspartic acid (D) residue in the EEVD and MEEVD
motifs of Hsp70 and Hsp90 respectively (Odunuga et al., 2004). These charged residues (K; N; R)
are surface exposed and protrude in TPR grooves (Odunuga et al., 2004). Mutation of these
residues disrupted the helical structure of TPRs and inhibited TPR/Hsp70 and TPR/Hsp90
interactions (Odunuga et al., 2004; Blundell et al., 2017). High conservation of residues implicated
in PfHop/PfHsp70-1 interaction has been demonstrated and these are reported to be present in
Plasmodium Hop. Residues K11, K247, K382 and N15, N251, N386 of PfHop were shown to be
conserved within TPR1, TPR2A and TPR2B of yeast, human, mouse and other Plasmodial parasites
(Gitau et al., 2012). Residues K11 and N15 in PfHop correspond to residues K8 and N12 in mouse
Hop. These residues constitute the so-called ‘carboxylate clamp’ contacting the D residue in the
EEVD motif of Hsp70 and Hsp90 (Kumar et al., 2017; Ad3do et al., 2018). The interaction between
TPR domains and the EEVD motif of chaperones Hsp70 and Hsp90 is conserved although other
binding sites outside EEVD have been proposed (Durech et al., 2016). However, Batista et al.
(2016) suggest that there are differences in these co-chaperone residues responsible for binding
despite the conservation of structure and function among homologs. Recent insights into these
interactions can shed more light towards the design of therapeutics targeting the Hop/Hsp
interactions. Interestingly, Hop from Leishmania major (LmSTI) has shown potential as an antigen
towards the development of a vaccine (Goto et al., 2011). Taken together, this has the potential

to mitigate diseases in which Hop is implicated for example cancer.

1.6.3 Heat shock protein 70

Heat shock protein 70 (Hsp70) is a ubiquitous and highly conserved family of proteins known to
perform a wide range of cellular processes. Some members of the Hsp70 family are constitutively
expressed (referred to as heat shock cognate proteins, Hscs) performing general housekeeping
functions, while stress-inducible forms are referred to as Hsps (Chiappori et al., 2016). Hsp70
(known as DnaK in archaea and eubacteria) is regarded as the most versatile group of molecular
chaperones performing a myriad of functions. Hsp70s are capable of folding nascent

polypeptides, prevention of aggregation and refolding of misfolded proteins (Zuiderweg et al.,
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2017). In contrast, a recent report seems to suggest that the binding of Hsp70s blocks the
spontaneous folding of client proteins. The study used luciferase, an Hsp70 substrate. Folding
only occurs when Hsp90 knocks off the Hsp70 (Moran Luengo et al., 2018). This seems to suggest
that Hsp70 is not useful for protein folding at physiological concentrations. However, it is known
that Hsp70 is essential at normal temperatures of growth and at high temperatures in different
organisms (reviewed by Yu et al., 2015). The binding of Hsp70 to hydrophobic patches prevents
aggregation of client proteins which is an important function to protein folding (Zylicz and

Wawrzynow, 2001; Mayer and Bukau, 2005).

Structurally, Hsp70s consist of two major domains: an N-terminus ATPase (or nucleotide-binding
domain; NBD) of 44 kDa and a substrate binding domain (SBD) of 25 kDa (Figure 1.6; Bertelsen et
al., 2009). On the other hand, Hsp110s exhibit an extended lid segment located in their SBD.
Hence, Hsp70s possess a larger SBD. The Hsp70 family of proteins are divided, based on a
structural distinction, into canonical Hsp70s and Hsp110s (Easton et al., 2000). All DnaK-like
Hsp70s are referred to as canonical Hsp70s. Hsp110s act as nucleotide exchange factors (NEFs)
for Hsp70s (Dragovic et al., 2006) but recent reports suggest that Hsp110s possess independent

chaperone activity (Zininga et al., 2016).
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Figure 1. 6. Representation of Hsp70 domains

The domain representation is based on the structure of E. coli DnaK. I: representation of the basic
structure of Hsp70 showing the N-terminal domain, a highly charged linker and a C-terminal domain
comprising the EEVD motif. Il: N-terminal domain (NBD) comprising two domains subdivided into lobes
IA, IB, IIA and IIB. Also shown is a bound nucleotide (blue) and the Hsp40 binding site, C-terminal domain
(CTD) showing the hydrophobic pocket, a bound substrate and the alpha-helical lid. The lid is made up of
helices A, B, C, D and E, adapted from Shonhai (2007).

The two are linked together by a highly charged linker (English et al., 2017). The linker is highly
conserved and possesses a characteristic D/E-V/I/L-L-L-D-V-*-P hydrophobic sequence (reviewed
by Zuiderwig et al., 2012). The linker acts to regulate allostery (English et al., 2017). In this way,
the linker maintains the distance between the NDB and SBD as well as the orientation of the
domains. Besides regulating allostery, the linker also modulates ATP hydrolysis (Alderson et al.,
2014). The linker is reported to bind the NBD and stimulate ATP hydrolysis (Alderson et al., 2014).

This demonstrates the versatile function of the linker.

The NBD is thought to indirectly regulate the affinity of substrate binding through allostery, while

the SBD binds hydrophobic regions of client proteins (Kityk et al., 2015). Interdomain
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communication (allostery) is crucial for Hsp70 function and occurs via the seven-residue linker
(Figure 1.6). The NBD is made up of two linked subdomains | and Il, which are in turn subdivided
into lobes IA, 1B, I1A and 1B (Figure 1.6 B). These are arranged in such a way that there is a crevice
with a hydrophilic pocket that only binds adenosine and phosphates on ATP. On the other end,
the SBD is composed of two subdomains: the B-sandwich domain and the a-helical lid (Figure
1.6). The double-layered B-sandwich comprises the substrate binding cleft. It is connected to the
a-helical subdomain which functions as a flexible lid to cover the SBD cleft (Zhang et al., 2014).
The terminal region of the SBD is known to be variable between Hsp70s. In most cytosolic Hsp70s
this region is glycine/proline (G/P)-rich possessing the terminal EEVD motif responsible for

binding co-chaperones and other Hsps (Radons, 2016).

1.6.4 Hsp70 chaperone cycle

The binding of nucleotide to the NBD regulates the activity of Hsp70 function (Figure 1.7). Binding
of ATP by the NBD facilitate substrate release from the Hsp70 SBD (section 1.6.2) and conversely,
substrate binding to the SBD promotes ATP hydrolysis by the NBD (Zhuraleva and Gierasch,
2015). On the other hand, Hsp70 bound to ADP possesses a high affinity for the substrate. Hsp70
possess low basal ATPase activity, hence it cooperates with Hsp40 co-chaperones (section 1.6.3)
which stimulates the ATP hydrolysis (Kityk et al., 2012). When Hsp70 binds ATP, lobe | and Il of
NBD rotate by 25.5° relative to each other concurrently as the SBDB and SBDa separate to dock
on different faces of the NBD. This causes an increase in the substrate on and off rates by two or
three orders of magnitude respectively, hence lowering affinity for the substrate by 10-50-fold
(Kityk et al., 2012; Mayer and Kityk, 2015). Movement in lobe IA and IIA also stimulates ATP
hydrolysis resulting in Hsp70 regaining high-affinity state for the substrate in the ADP-bound form
(Kityk et al., 2015). In this state, the NBD and SBD are further from each other (distances < 16 A,
Kityk et al., 2012) but the SBD and SBDa dock close to one another resulting in lower on and off
rates hence higher affinity for substrate (Kityk et al., 2015). On the other hand, Hsp110s have a
distinct mechanism of action. In their work, Kumar et al. (2017) did not observe changes in the

distance between NBD and SBD of Hsp110 (Ssel, in yeast) in the presence of both ATP and ADP.
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Hsp110s possess a rigid linker which limits allostery as compared to canonical Hsp70s, hence they

are thought not to exhibit inter-domain movement (Stetz and Verkhivker 2015).
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Figure 1. 7. Hsp70 chaperone cycle

Hsp70 assumes different conformations 1. In its ATP-bound state, there is a low affinity for the substrate.
Hsp40 facilitates ATP hydrolysis. 2. Hsp40 delivers the bound substrate to Hsp70. Hsp40 then interacts
with the NBD of Hsp70 thereby facilitating ATP hydrolysis. 3. ADP-bound state, the binding groove of
Hsp70 closes and thus Hsp70 exhibits high affinity for the substrate. Other Hsps amongst them Hsp90
form part of the complex through the mediation of co-chaperones such as Hop (Stil). ADP exchange is
mediated by NEFs. Binding of NEFs to the NBD of Hsp70 causes a conformational change resulting in a
low-affinity state. The substrate is released; sketch was adapted from Radons (2016).

1.6.5 The role of co-chaperones in regulating Hsp70 function

Hsp70s mediate a cohort of functions in protein quality control through their co-operation with
co-chaperones. Co-chaperones act by either connecting the Hsp70s and substrates or mediating
the release of the cargo (Mayer and Bukau, 2005). Prokaryotes and eukaryotes encode different
co-chaperones that serve distinct functions (Raviol et al., 2006). These co-chaperones are the

Hsp40s, Hsp110s, Bcl-2-associated athanogene proteins (Bag), Hsc-70 interacting protein (Hip),
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Hsp70/Hsp90 organizing protein (Hop) and C-terminus of Hsc70-interacting protein (CHIP)
(Mayer and Bukau, 2005). It is interesting to note that, although initially considered as NEF,

Hsp110s exhibit independent chaperone function (Zininga et al., 2016).

The J-domain (derived from E. coli Dnal) proteins (Hsp40s) serve as targeting factors for Hsp70
clients as they bind to client proteins and hand them to Hsp70 for subsequent folding. Apart
from recruiting client substrates, Hsp40s also stimulate the ATPase activity of Hsp70 during the
subsequent refolding of substrates or disaggregation of proteins (Torrente and Shorter, 2013). In
order to bind to protein aggregates, Hsp70 must first displace the sHsps (section 1.5.1). Small
Hsps tend to form a protective shield around protein aggregates (Zwirowski et al., 2017). Hsp70
does this by competing with the sHsps for binding to the aggregates (Zwirowski et al., 2017). This
process is highly dependent on the Hsp70 chaperone. Hence, Hsp70 is activated by Hsp40 and
recruited to areas of need. Overall, the role of Hsp40 involves regulating the functional specificity

of Hsp70 and also services as the latter’s substrate scanner.

Like the Hsp40s, Bag proteins (Takayama et al., 1995) in eukaryotes have also been proposed to
serve as targeting factors for Hsp70. This family of proteins physically interact with Hsp70 and
have also been shown to associate with signaling molecules and some steroid hormone
receptors. In eukaryotes, Bag family of proteins, heat shock factor binding protein (HsBP1) and
Hsp110 (Dragovic et al., 2006) mainly serve as nucleotide exchange factors (NEF), like GrpE in E.
coli. They bind to the NBD of Hsp70 thereby mediating substrate release (Knapp et al., 2014). The
hydrolysis of ATP and the exchange of ADP for ATP are essential for the Hsp70 function. NEFs are
reported to either positively or negatively modulate Hsp70 chaperone function (Shomura et al.,
2005; Tzankov et al., 2008). Hip also interacts with the NBD of Hsc70. In so doing there is
competition between Hip and Bagl for binding NBD and this inhibits the Bagl stimulated
nucleotide release (Mayer and Bukau, 2005). Nevertheless, Hip plays a role in stabilizing Hsp70-
ADP bound state thus preventing the quick release of the client. Another co-chaperone CHIP

influences the ATPase activity of Hsp70. It acts by mediating the ubiquitination of Hsc70
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substrates for degradation by the proteasome (Edkins, 2015). In protein degradation, co-
chaperones Hsp40 and Hip promote binding of client substrate to Hsp70. On the other hand,
CHIP and BAG-1 promote substrate release. BAG-1 triggers the exchange of ADP to ATP. CHIP
then mediates the ubiquitination of substrate and inhibits ATP hydrolysis. In this way, substrate
folding is inhibited as Hsp70 is locked in substrate low-affinity state and the ubiquitinated

substrate is shuttled to the proteasome (reviewed by Kriegenburg et al., 2011).

1.7 Plasmodium falciparum heat shock protein 70

The P. falciparum genome encodes six Hsp70s (Table 1.2). The Hsp70s occupy different cellular
compartments. Each of the Hsp70s plays important functions in proteostasis in conjunction with
partner proteins to ensure parasite survival (Table 1.2; reviewed by Shonhai, 2014). Of the six
Hsp70s, more research attention has been given to PfHsp70-1 because it exhibits distinct
functional features and plays key cytoprotective roles (section 1.7.1.1). Recently a lot of work
has focused on PfHsp70-z as a drug target (Zininga et al., 2015a, 2016, 2017a, 2017b) since the
protein is essential for parasite viability (Muralidharan et al., 2012). Moreover, PfHsp70-z is able
to suppress the misfolding of otherwise aggregation-prone asparagine repeat-rich proteins,
which make up to 10 % of the P. falciparum proteome (Pallarés et al., 2018). Zininga and
colleagues (2015a) have shown that PfHsp70-z is a thermotolerant molecule with independent
chaperone activity. This supports the fact that PfHsp70-z acts to suppress aggregation of
asparagine-rich proteins during malarial fever. Recent studies by Pallares et al. (2018) suggest
that the presence of such a higher percentage of asparagine-rich proteins in P. falciparum is of a
functional advantage to the parasite. Long sequences of asparagine or glutamate are implicated
in prion-like domains (PrLD). Prion proteins are able to transition between soluble and amyloid
conformations, so parasites are thought to utilize this prion-like mechanism to their own benefit

(Pallares et al., 2018).
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Table 1. 2: Hsp70s from Plasmodium falciparum
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Name Location Expression Function/s References
phase
PfHsp70-1 nucleus & erythrocytic  protein folding, Kumar et al.,1991
(PF3D7_0818900) cytosol stage translocation, Sharma et al., 1992
aggregation Shonhai et al., 2007
suppression Pesce et al., 2008
PfHsp70-2 E.R erythrocytic  protein import and Kumar et al., 1991

(PF3D7_0917900)

stage

folding in the ER,
retrograde
translocation of
proteins for
degradation

Pavithraa et al., 2004
Shonhai et al., 2007
Njunge et al., 2013
Chen et al., 2018

PfHsp70-x
(PF3D7_0831700)

P.V and exported
to the
erythrocyte

erythrocytic
stage

export of specialized
virulence proteins
and protein folding
in the

erythrocyte

Shonhai et al., 2007
Kulzer et al., 2012
Daniyan et al., 2016
Charnaud et al., 2017
Cobb etal., 2017

PfHsp70-3
(PF3D7_1134000)

mitochondrion

protein
translocation into
the mitochondrion

Sharma et al., 1992
Shonhai et al., 2007
Njunge et al., 2013
Nyakundi et al., 2016

PfHsp70-z cytosol erythrocytic  essential chaperone  Sargeant et al., 2006
(PF3D7_0708800) and proposed NEF Shonhai et al., 2007
for PfHsp70-1; Muralidharan et al.,
suppression of 2012
aggregation of Zininga et al., 2015a
asparagine-rich
proteins
PfHsp70-y E.R N. E chaperone function  Sargeant et al., 2006
(PF3D7_1344200) and NEF for Shonhai et al., 2007
PfHsp70-2 Njunge et al., 2013

E.R: endoplasmic reticulum; P.V: parasitophorous vacuole; N.E: not elucidated

Most of the prion-like proteins identified in yeast, humans, and plants are involved in diverse
functions, mainly gene expression, regulation of either transcription or translation, protein
localization and regulation of vehicle mediated transport (King et al., 2012; Iglesias et al., 2015;
Chakrabortee et al., 2016). This would be a crucial transport mechanism in P. falciparum as about
450 of its proteins are predicted to be exported to the infected erythrocyte (Spielmann and

Gilberger, 2015; Przyborski et al., 2016).
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PfHsp70-x has been shown to be 74 % identical to PfHsp70-1 (Hatherly et al., 2014). PfHsp70-x is
exported to the infected erythrocytes (Kiilzer et al., 2012). PfHsp70-x which is regarded as a
PEXEL negative protein (PNEP), possesses a 32 amino acid N-terminal secretory signal
(MKTKICSYIHYIVLFLIATTTHTASNNAEES; Kilzer et al., 2012). The 8 amino acids (in bold) referred
to as a novel octameric signal (NOES) are thought to remain attached to the NBD of PfHsp70-x
after cleavage of the signal sequence. Kiilzer and colleagues (2012) speculated that the NOES
may be responsible for the trafficking of PfHsp70-x into the erythrocyte. However, studies by
Rhiel and colleagues (2016), have shown that soluble PfHsp70-x can also be exported via the PTEX
translocon despite lack of the PEXEL/HT motif. Recently, using gene knockout and knockdown
approaches, PfHps70-x was shown to be dispensable for asexual development of the parasite

(Charnaud et al., 2017; Cobb et al., 2017).

PfHsp70-x was initially thought to play a role in protein transport across the PV (Przyborski et al.,
2015). However, studies by Cobb and colleagues (2017) suggest that knockout of PfHsp70-x does
not abrogate the export of proteins (KAHRP, MAHRP1, PfEMP1, and PfFIKK4.2). Charnaud and
co-workers (2017) observed a delayed export of proteins responsible for cytoadherence of
erythrocytes infected by parasites void of PfHsp70-x. This suggests that PfHsp70-x only acts to
speed up the export of proteins responsible for cytoadherence. Furthermore, PfHsp70-x is also
speculated to maintain exported proteins in an unfolded state before transport across the PVYM
via PTEX. PfHsp70-x is required for the folding and transport of the various proteins to their
destinations (Maurer's clefts, or host cell plasma membrane). The fact that PfHsp70-x interacts
with an Hsp40 co-chaperone (PFA0660W) implies that PfHsp70-x is involved in the chaperoning
of exported parasite proteins (Daniyan et al., 2016; Behl et al., 2018). Furthermore, studies by
Mabate et al. (2018) reported that PfHsp70-x interacts with human Hop in vitro. It is possible that
PfHsp70-x forms functional complexes with proteins of human origin. It is for this reason that

PfHsp70-x is implicated in host cell remodeling, infectivity and immune evasion.

25

© University of Venda



()

o
*. University of Venda
Creating Future Leaders
@)

Chapter 1

Literature Review

The ER-based PfHsp70-2 possesses chaperone properties (Ramya et al., 2006). PfHsp70-2 was
shown to suppress the aggregation of alcohol dehydrogenase and glutamate dehydrogenase in
vitro. Together with the translocon machinery (Plasmodium falciparum protein transport protein
61; PfSec61 complex), PfHsp70-2 is reported to take part in the secretory pathway as well as the
degradation processes within the ER (reviewed in Przyborski et al., 2015). PfHsp70-2 is thought
to be involved in quality control and is thought to cooperate with P. falciparum Hsp40s found in
the ER lumen. A second Hsp110 family member, PfHsp70-y acts as a NEF for PfHsp70-2 in the ER
(Shonhai, 2014). Recently, PfHsp70-2 was shown to be a viable drug target due to the protein
being structurally different from its human orthologue (Chen et al., 2018). The mitochondrial
Hsp70, PfHsp70-3 forms part of a motor system which interacts with the pre-protein to facilitate

its entry into the matrix.

1.7.1 Plasmodium falciparum Hsp70-1

PfHsp70-1 possesses the canonical Hsp70 structure (Figure 1.8). However, PfHsp70-1 possesses
seven glycine-glycine-methionine-proline (GGMP) tetrapeptide repeats in the C-terminal lid
segment. This stretch of GGMP repeats together with other none-GGMP residues (GAGMPGNAP)
is referred to as a GGMP motif. It is located between the SBDa and the terminal EEVD motif
(residues 632 to 658; Figure 1.8).

GGMPGGMPGGMPGGMPGGMNFPGGMPGAGMPGNAP

T N SBDB D SBDa GGMP _EEVD

Linker

Figure 1. 8. Representation of the structure of PfHsp70-1 showing the N-terminal domain, a highly
charged linker domain and a C-terminal domain comprising the GGMP motif and EEVD motif.

PfHsp70-1 is known to be induced by stress and is cytosolic and nuclear-localized (Shonhai et al.,
2007). It is upregulated in all blood stages of the parasite’s life cycle, demonstrating enhanced

expression in response to heat shock (Zininga et al., 2015b). PfHsp70-1 has been suggested to
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facilitate the translocation of proteins destined for the mitochondria (Przyborski et al., 2015).
Using in vitro studies PfHsp70-1 was shown to exhibit ATPase activity and ability to suppress heat-
induced protein aggregation (Matambo et al., 2004; Shonhai et al., 2005; 2008; Ramya et al.,
2006; Cockburn et al., 2011).

PfHsp70-1 is thought to provide cytoprotection to the malaria parasite during stressful events
associated with its development in the human host. The cytoprotective role of PfHsp70-1 was
previously demonstrated by its ability to complement the DnaK function in E. coli dnak756 cells
whose DnaK was functionally compromised (Shonhai et al., 2005). The introduction of PfHsp70-
1 conferred thermotolerance to these cells when they were grown at a non-permissive
temperature of 43.5 °C (Shonhai et al., 2005). Moreover, the introduction of PfHsp70-1 into E.
coli cells enhanced the heterologous production and quality of recombinant malarial proteins
(GTP cyclohydrase 1 and PfAdoMetDC; Stephens et al., 2011; Makhoba et al., 2016). In addition,
the enhanced production of malarial proteins in E. coli in the presence of PfHsp70-1 as described

above validated that Hsp70 is species-specific in function.

PfHsp70-1 is emerging as a potential drug target (Shonhai, 2010). Recent studies have shown that
a lipoprotein, polymyxin B (PMB), binds Hsp70 and inhibits its chaperone activity (Zininga et al.,
2017a). This was performed based on studies that suggested that cyclic lipopeptides (colistin and
PMB) bind and inhibit the chaperone function of Hsp90 (Minagawa et al., 2012). PMB inhibited
the chaperone activity of two cytosolic Hsp70s in P. falciparum (PfHsp70-1 and PfHsp70-z). In
addition, PMB abolished the association of PfHsp70-1 with partner proteins PfHop and PfHsp70-
z (Zininga et al., 2017a). This shows that PMB binds Hsp70 modulating its function. However, PMB
only weakly inhibited parasite growth in vitro. This is because PMB is largely membrane-bound

and does not access the parasite cytosol.

In another study, (-)-Epigallocatechin-3-gallate (EGCG) was shown to bind directly to PfHsp70-1

and PfHsp70-z perturbing the secondary and tertiary structure of the proteins (Zininga et al.,
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2017b). The ATPase and chaperone functions of both proteins were inhibited by EGCG.
Furthermore, like PMB, EGCG also abolished the association of PfHsp70-1 with a partner protein,
PfHop (Zininga et al., 2017b). Using P. falciparum 3D7 parasites maintained in culture, Zininga
and colleagues (2017b) demonstrated that EGCG inhibited 50 % of parasite growth at 2.9 uM
exhibiting its anti-plasmodial activity. Furthermore, certain plant compounds with
antiplasmodial activity were observed to inhibit the ATPase and chaperone activities of the two
P. falciparum Hsp70s (PfHsp70-1 and PfHsp70-z, Zininga et al., 2017c). The plant extracts were
obtained from Pterocarpus angolensis and Ziziphus mucronata. Findings from these studies
suggest therapeutic potential involving targeting Hsp70 function. However, there is a need for

further studies to assess the effects of these molecules on the Hsps of human origin.

Evidence from recent studies demonstrates that some Hsps are secreted to the extracellular
environment as part of the stress response mechanism. These Hsps have been implicated in host
immune modulation (Zininga et al., 2018). Hsp90, Hsp70, Hsp60, Hsp40 and sHsp families of
chaperones are reported to play a role in immunomodulation (reviewed by Zininga et al., 2018).
PfHsp70-1 possesses a GGMP motif which is thought to be immunogenic (Matambo et al., 2004).
PfHsp70-1 and PfHsp70-x are thought to play a role in immunomodulation. Antibodies against
the two Hsp70s have been reportedly found in sera from patients in areas where malaria is
endemic (Cabral et al.,, 2017). In contrast, other findings suggest that PfHsp70-1 lacks
immunomodulatory activity (Pooe et al., 2017). The above study was based on monitoring the
induction of inflammatory cytokines, interleukin 6 (IL-6) and interleukin 8 (IL-8) in immune cells
exposed to PfHsp70-1. It is possible other pro-inflammatory cytokines, such as IL-1, IL-12,
interferon gamma (IF-gamma) were induced. On the other hand, failure to induce IL-6 and IL-8
could also be due to a poorly post-translationally modified recombinant protein (Tokmakov et

al., 2012).
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1.7.2 The GGMP repeat motif

The motif consists of tandem repeats of glycine-glycine-methionine-proline residues
(tetrapeptide) (Figure 1.8). This motif characterizes cytosolic Hsp70s (Shonhai, 2014), including
their constitutive isoforms (Hsc70s) (MacFarlane et al., 1990, Wu et al., 2007; Cui et al., 2010).
Initially thought to be a characteristic of Hsp70s of parasitic origin, the GGMP repeats have been
identified in other protein families as well as homologs from non-parasitic organisms (Table 1.3).
The only difference is that parasite Hsp70s seem to have more copies of the GGMP repeats
compared to other organisms.

Table 1. 3: The occurrence of the GGMP repeats in various Hsp families

Protein Organism No. of GGMP
repeats

Homo sapiens 2

Hsc70 Mus musculus 2
Rattus novergicus 2
P. falciparum 5
P. bergei 9

Hsp70 P. vivax 9
Leishmania donovani 2
Trypanosoma cruzi 4
Toxoplasma gondii 6

Hsp60 Saccharomyces 2
cerevisae

Other

Hip Aradiposis thaliana 10

58 kDa phosphoprotein  Plasmodium bergei 9

Probably the enhanced representation in parasite Hsp70 suggest an essential role for them and
may contribute towards their virulence (Lyons and Johnson, 1998). There is a paucity of data on
the function of the Hsp70 GGMP motif. The location of these highly conserved residues in a less
conserved C-terminal region may possibly provide functional versatility to C-terminus of Hsp70.
Wu and co-workers (2008) suggest that the GGMP repeats in combination with the EEVD motif

and the a-helical subdomain form a structural entity regulating cofactor binding. Gly-met rich
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regions tend to be hydrophobic (Tang et al., 2006; Gao et al., 2015) which may facilitate Hsp70
interaction with substrates. Thus, the GGMP may regulate the chaperone activity of Hsp70.

Miller and colleagues (1999) provided insight that the deletion of one of the GGMP repeats in
Hsp70s of virulent and avirulent strains of T. gondii affected the synthesis and stability of the
molecular chaperone. However, deletion of the GGMP region from Hip (a co-chaperone of Hsp70)
did not affect its binding to Hsp70 (Prapapanich et al., 1996). Taken together, this suggests that
the GGMP motif may be functionally redundant. In light of this, it is important that the function

of this motif be elucidated.

1.8 Rationale of the study

1.8.1 Problem statement

Malaria remains a deadly disease accounting for at least 435 000 deaths and most of its victims
are young children (under 5 years old) and pregnant women. At least 90% of malaria cases occur
in Africa and in South Africa malaria remains a concern in parts of Limpopo, Mpumalanga and
KwaZulu Natal provinces (Dahan-Moss et al., 2018). Plasmodium falciparum is the main causative
agent of malaria. Malaria remains a global health burden and this can be attributed to parasite
drug resistance among other factors (Carey et al., 2017; Haldar et al., 2018). Hsps have been
implicated in drug resistance and some have been proposed as drug targets (Shonhai et al., 2010,
Zininga and Shonhai, 2014). PfHsp70-1 plays a major role in the development and pathogenicity
of P. falciparum (Shonhai 2014). PfHsp70-1 is expressed at all blood stages of the parasite’s life
cycle (Shonhai, 2014). Increased expression of PfHsp70-1 was observed after heat shock (Zininga
et al., 2015b) signifying that the protein is important in protecting the parasite against stressful
conditions. PfHsp70-1 also occurs in functional multi-protein complexes with other parasitic
chaperones and co-chaperones (Banumathy et al., 2003) suggesting that it cooperates with

functional network partners.
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PfHsp70-1 has been the most studied Hsp70 out of the six Hsp70 isoforms that are encoded by
the P. falciparum genome (Shonhai, 2014) and is also the only one that possesses GGMP
tetrapeptide repeats in the C-terminal domain. Initially, GGMP motifs were thought to be
immunogenic (Matambo et al., 2004). However, it was recently shown that PfHsp70-1 lacks
immunomodulatory activity (Pooe et al., 2017). To date, the function of the GGMP motif of
PfHsp70-1 has not been ascertained. The GGMP motif is about seven residues upstream of the
terminal EEVD residues responsible for the interaction of PfHsp70-1 with its functional regulators
such as Hsp40 (Pesce et al., 2008; Botha et al., 2011; Njunge et al., 2015) and Hop (Gitau et al.,
2012; Zininga et al., 2015b). PfHop allows PfHsp70-1 and its chaperone partner, PfHsp90 to form
a functional partnership. Given the proximity of the GGMP repeats to the C-terminus of PfHsp70-
1, it is possible that these repeats may regulate the direct protein-protein interaction of PfHop
to PfHsp70-1. Hence, the current study sought to elucidate the role of the GGMP motif of
PfHsp70-1 on its interaction with PfHop. Furthermore, since the GGMP motif is located in the
peptide binding domain of PfHsp70-1, it was important to investigate the role of this motif on
the chaperone function of PfHsp70-1. The study further explored how the introduction of the

PfHsp70-1 GGMP repeats into DnaK would affect the function of the latter.

PfHop plays an important role in the life cycle of P. falciparum through facilitating the Hsp70-
Hsp90 function. The Hsp70/Hsp90 Hop mediated- interaction has been proposed as a potential
drug target. Disruption of the PfHsp70-PfHop-PfHsp90 pathway may possibly result in parasite
death. This study sought to further characterize PfHop by using in vitro biophysical and
biochemical methods to explore structural and functional features of PfHop that endear its

interaction with PfHsp70-1.

1.8.2 Hypothesis
Hence, this study hypothesized that the GGMP repeat motif is important for the interaction

between PfHsp70-1 and PfHop as well as the chaperone activity of PfHsp70-1.
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1.8.3 Main Objective
To characterize the role of the GGMP motif of PfHsp70-1 on function and its effect on the

interaction of the chaperone with its co-chaperone, PfHop.

1.8.4 Specific Objectives
1.8.4.1 Design of PfHsp70-1 GGMP variants and prediction of the possible interactors of
PfHsp70-1

Approach:

Computational tools were used to predict the association of PfHsp70-1 with functional partners.
(a) Prediction of protein interactors of PfHsp70-1 using STRING (string-db.org);

(b) Comparison of the homology models of the SBDs of PfHsp70-1 and its GGMP variants

using Phyre2 (www.sbg.bio.ic.ac.uk/phyre2).

1.8.4.2 Expression and purification of recombinant PfHop, PfHsp70-1, DnaK, and the GGMP

variants

Approach:
The recombinant proteins were expressed in E. coli and purified in a three-step process: nickel
affinity chromatography, ion exchange chromatography (IEC) and gel filtration chromatography

(GF) also known as size exclusion chromatography (SEC).

1.8.4.3 Biophysical characterization of PfHsp70-1 and GGMP variant proteins

Approach:
Biophysical analyses of the recombinant proteins were conducted using circular dichroism (CD)

spectroscopy and tryptophan fluorescence related assays.

1.8.4.4 Investigation of the role of the GGMP motif of PfHsp70-1 on its chaperone function
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Approaches:

(a) The chaperone function of recombinant PfHsp70-1 and its GGMP variants was
investigated by analyzing the ability of the proteins to suppress heat-induced aggregation of
malate dehydrogenase (MDH) from porcine heart (Sigma-Aldrich, USA). The aggregation
suppression assay was conducted as previously described (Shonhai et al., 2008; Makumire et al.,

2014; Zininga et al., 2016);

(b) ATPase activity assays: The ATPase activity assay was carried out following a previously
described approach (Zininga et al., 2017b) with slight modifications to include substrate peptides
as activators. The amount of phosphate released was quantitated using a colorimetric assay thus

determining the ATPase activity and

(c) In cellula complementation: The KPf chimeric forms were assessed for their abilities to
complement the Hsp70 function using an E. coli strain with a deleted DnaK gene (Shonhai et al.,

2005).

1.8.4.5 Investigation of the structure-function features of PfHop

Approaches:
(a) Biophysical characterization was carried out to determine the secondary and tertiary

structure of PfHop;

(b) Size exclusion chromatography was carried out to ascertain the dimerization status of

PfHop;

(c) Tryptophan fluorescence assay was used to elucidate the structure-function features of
PfHop bound to ATP (Zininga et al., 2016). The binding kinetics of ATP to PfHop was determined

using SPR;

(d) Limited proteolysis was carried out on PfHop to probe conformational changes of the

protein in the presence of ATP and ADP (Yamamoto et al., 2014) and
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(e) ATPase activity assay was also performed to determine the ability of PfHop to hydrolyze

ATP (Zininga et al., 2016).

1.8.4.6 Investigation of the role of the GGMP motif of PfHsp70-1 on its interaction with PfHop

Approach:
Interaction of the PfHsp70-1 GGMP variants with full-length PfHop was analyzed using enzyme-
linked immunosorbent assay (ELISA; Mabate et al., 2018) and slot blot as previously described

(Zininga et al., 2016).
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2.1 Introduction

Protein-protein interaction networks can reveal unknown pathways or complexes a protein is
involved in. Numerous databases and online resources dedicated to protein networks are
available. These serve as reservoirs for the storage and retrieval, as well as for analysis,
visualization, and integration of crucial proteomics data. For example, the STRING database

(http://string-db.org/; Szklarczyk et al., 2017) collects and integrates information of all functional

interactions for different organisms including P. falciparum. This is done by combining known and
predicted protein-protein associations. Ideally, predictive protein networks act as filters before
further studies can be performed because these predictive methods are prone to giving false
positives. Some P. falciparum proteins predicted to potentially interact with P. falciparum Hsp70s
were identified using yeast two-hybrid analysis (LaCount et al., 2005), validating the predictions.
However, a more interactive network for PfHsp70-1 is yet to be elucidated. Predicting the
PfHsp70-1 interactions would help unravel the myriad of pathways PfHsp70-1 is involved in given
its ubiquitous distribution. Discerning novel interactors of PfHsp70-1 could facilitate drug design
(Guney et al., 2016). In this case, it is important to predict PfHsp70-1 associates whose interaction
with the chaperone may be regulated by its GGMP motif. This study sought to use bioinformatics
tools to predict structural differences caused by mutations introduced in the GGMP motif region
of PfHsp70-1. The current study also introduced the GGMP repeats of PfHsp70-1 into a non-
GGMP containing Hsp70 (E. coli DnaK). Structural differences were also predicted for DnaK and
its variant. Furthermore, the study elucidated the protein-protein interaction network of

PfHsp70-1 using computational predictive tools.

The objectives of this study were to:

i. conduct in silico designs of the GGMP variants of PfHsp70-1 and DnaK (a GGMP motif was
inserted in Dnak);

ii. generate and compare three-dimensional models of the SBD for PfHsp70-1, DnaK and their
GGMP variants; and

iii. predict and construct the protein interactome of PfHsp70-1.
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2.2 Experimental procedures

2.2.1 Construction of GGMP variants

To construct PfHsp70-1 GGMP repeat variants, conservative amino acid substitutions were
introduced. Residue substitutions (glycine/proline to alanine; methionine to leucine and
asparagine to aspartic acid) were carried out based on the similarities in the biochemical

properties of the amino acids as outlined in Betts, 2003 (Table 2.1).

Table 2. 1: Properties of residues used for conservative substitutions

Original Substitute
Glycine (Gly/G) MW: 75 Alanine (Ala/A) MW: 89
0 0
H,N HSC\‘)LOH
OH

pl: 5.9
Side chain: non-polar and neutral
Hydrophobic (score: -0.4)

NH2
pl: 6
Side chain: non-polar and neutral
Hydrophobic (score: 1.8)

Proline (Pro/P) MW: 115
0

OH
NH

pl: 6.3
Side chain: non-polar and neutral
Hydrophilic (score: -1.6)

Alanine (Ala/A) MW: 89
o]

Hscj)\OH

NH;
pl: 6
Side chain: non-polar and neutral
Hydrophobic (score: 1.8)

Methionine (Met/M) MW: 149
o

HSC”S\A,)LOH

NH,
pl: 5.74

Side chain: non-polar and neutral
Hydrophobic (Score: 1.9)

Leucine (Leu/L) MW: 131
o]

OH
CH3z NH;

H;C

pl: 5.98
Side chain: non-polar and neutral
Hydrophobic (Score: 3.8)

Aparagine (Asn/N) MW: 132
[9]

O
OH

NH; NH,
pl: 5.41

Side chain: Polar and neutral
Hydrophilic (Score: -3.5)

Aspartic acid (Asp/D) MW: 133
o

e OH
OH NH,
pl: 2.77
Side chain: Polar and negative

Hydrophilic (Score: -3.5)

The focus of the mutations was the conserved GGMP repeats (Figure 2.1). The variants were

generated by positional targeting of the GGMP repeats. Two variants were constructed
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conservatively by substituting the first two N-terminal GGMP repeats (residues 632-639; Figure
2.1A) and last two C-terminal GGMP repeats (residues 648-657; Figure 2.1B). The variants were
named PfHsp70-G632 and PfHsp70-G648, respectively. A third mutant named DnaK-G was
constructed for E. coli DnaK. Using pairwise sequence alignment, aligned residues were
substituted with the GGMP repeats of PfHsp70-1, between residues 611-615 of E. coli DnaK
(Figure 2.1C). The variants were aligned using ClustalW to show the changed residues (Figure

2.1D).

AALAAALA
A 632 639
DAAGAAGGMPGGMAGGMPGGMPGGMNFPGGMPGAGMP
64
B A/-.\}DFPAALA
648 657
DAAGAAGGMPGGMPGGMPGGMAGGMNFPGGMPAGAGMP
DnaK-
C GGMPGGMPGGMPGGMPGGMNFPGGMP
611 615
IAQQQHAQQQTAGADASANNAKDDDVY
640 650 660 670 680
T I - . | | o [ o
PfHsp70-1 622 K| YPIDANGAAGGMP G GMP Kl HcE] NI G G [ BJGIMP GAGMPGNAPAGSGP TVIRYD - - - 677
PfHsp70-G632 622 K | YPIDALYG A AlA AJEA A AL ARSI IS G s MNIdG[dMP GAGMPGNAPAGSGP TV[ERMID - - - 677
PfHsp70-G648 622 K | Y[IDANGAAGGMP G GMP [RLVIXKL AR AL D[AIA AL AlGAGMPGNAPAGSGP TV[ARID - - - 677
DnaK 601 1AQ@aHMQQQT- - - -----c---emao oo A[JADASANNAKDDDVVDAEF|HRUKDKK 638
DnaK-G 600 1 AqslaH[}aqa[G GNP G GM P [ALIXELAG GMNAZGGMP|ASIANNAKDDDVVDAE F[ARIKDK K 658

Figure 2. 1. Design of the mutant PfHsp70-1 constructs

Mutations in the GGMP motif region to generate PfHsp70-G632 (A), PfHsp70-G648 (B) and DnaK-G (C)
constructs. (D) Multiple sequence alignment of the variants showing the mutations. Identical residues are
highlighted in black, similar residues in grey. The red boxes highlight mutated residues.

2.2.2 Analysis of the disorder and hydrophobicity of the Hsp70 C-terminal region

The GGMP repeats are in the C-terminal lid region of the protein that is known to be unstructured
or disordered (Clerico et al., 2015). To ascertain the effects of the mutations on the PfHsp70-1 lid
and DnaK lid segment, order-disorder structure predictions were carried out using Predictors of
Natural Disordered Regions (PONDR; www.pondr.com; Ruskamo et al.,, 2012). PONDR uses

neural networks that consider amino acid composition, hydropathy and net charge to make
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predictions. This gives graphical and textual outputs showing disorder along the protein sequence
and a charge/hydropathy plot indicating whether a protein is disordered (Dunker et al., 2001).
Hydropathy is a measure of the hydrophobic/hydrophilic properties of amino acids. Net charge
is the sum of all the charged groups associated with a protein (Gitlin et al., 2006). The Hydropathy
profiles were conducted using Kyte and Dolittle programme (Kyte and Dolittle, 1982
[http://web.expasy.org/protscale/]). This measures the degree of hydrophobicity or hydrohilicity

of a protein based on the amino acid content (Kyte and Dolittle, 1982).

2.2.3 Homology modeling of the SBD of PfHsp70-1, DnakK, and their GGMP mutants

Protein 3D modeling and superpose were utilized to compare structural differences between the
proteins. The SBD sequences for PfHsp70-1, DnakK, and their variants were submitted to the
Phyre2 server (http://www.sbg.bio.ic.ac.uk/phyre2/; Kelley et al., 2015) and were each used to
conduct BLAST searches to identify the templates with the highest score of identity/similarity and
sequence coverage for homology modeling. These templates are of known crystal structures
already present in the protein data bank (PDB, https://www.rcsb.org/). Phyre2 then creates a
complete model of the sequence via a combination of multiple template modeling and simplified
ab initio folding simulation (Kelley et al., 2015). A total of 20 templates were initially used to
construct a model for the respective proteins. From the 20, a final two best matching templates
were used for the final PfHsp70-1 model and three best matching templates were used for the
final respective PfHsp70-1 variant models, DnaK and DnaK-G respectively (Appendix B1). To
visualize the final output model, Chimera version 1.9 (Pettersen et al., 2004) was used. The
quality of the final models was validated using Qmean (https://swissmodel.expasy.org/qgmean/).
To assess any structural differences on the PfHsp70-1 and DnaK C-terminal region due to the
GGMP mutations, the SBDs were superposed using SuperPose
(http://wishart.biology.ualberta.ca/Superpose/; Maiti et al., 2004). SuperPose is capable of
superposing two or more structures generating root mean square deviation (RMSD) statistics,

and superimposed PDB coordinates together with interactive images of the superimposed
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structures. The generated superimposed PDB coordinates were visualized and manipulated using

Chimera (http://www.cgl.ucsf.edu/chimera; Pettersen et al., 2004).

2.2.4 Construction of the interactome for PfHsp70-1

To construct the interactome for PfHsp70-1, data was downloaded from the STRING 10.5
database (http://string-db.org/, Szklarczyk et al., 2017). The STRING database collects and
integrates data from seven evidence channels that include experiments, gene neighborhood, co-
expression, databases, text mining, fusion and co-occurrence channels (Jensen et al., 2009;
Szklarczyk et al., 2017). A total of 100 interacting partners were selected based on the confidence
score of 0.7 and these were further screened based on subcellular localization. Confidence scores
are estimates of the likelihood that a certain interaction is biologically meaningful, specific and
reproducible, based on the supporting evidence (Szklarczyk et al., 2017). The STRING software
does not screen for subcellular localization of predicted proteins and hence this was conducted
manually to filter only proteins which occur in the same cell compartment as PfHsp70-1.
PfHsp70-1 localizes in the cytosol and nucleus and hence only proteins occurring in these two
localities were considered. The screened proteins were then grouped according to families or
possession of a specific functional domain. Based on data from PlasmoDB
(http://plasmodb.org/plasmo/), the interactors were further classified according to predicted or

validated biological function.
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2.3 Results

2.3.1 Disorder and hydropathy prediction for PfHsp70-1, DnakK, and their variants

Based on a charge/hydropathy plot, PfHsp70-1 is a largely ordered protein (Figure 2.2A). PONDR
predicted that PfHsp70-1sgp possesses three disordered regions (Figure 2.2A). Disordered regions
have a PONDR score greater than 0.5. One of the regions (residues 623-676), predicted as the
longest disordered region contains the stretch of GGMP repeats. The two variants (PfHsp70-
G632 and PfHsp70-G648) were observed to possess order-disorder profiles close to that of
PfHsp70-1 with minor differences observed in the region of the mutations (Figure 2.2B and C;
blue circles). This suggests that mutating the GGMP repeats marginally altered the disorder
profile for PfHsp70-1 despite the conservative substitutions. Disordered regions tend to facilitate
transient and highly specific interactions (Hsu et al., 2012; Dyson and Wright, 2015). Insertion of
the GGMP repeats into DnaK also altered its disorder profile based on similar prediction (Figure
2.2D and E). The DnaK-G variant seemed to possess more disorder than DnaK in the C-terminal
region. Due to variations in the disorder profiles between the wild type proteins and their GGMP

variants, the variants might function poorly.

The hydropathy profiles for PfHsp70-1 and its GGMP variants exhibited variation in the region of
the GGMP repeats (Figure 2.2A1, B1 and C1; red rectangle). This region is less hydrophobic in
PfHsp70-1 as compared to the variants. This suggests that the substituted residues increased the
hydrophobicity in the GGMP repeat region since these residues have higher hydrophobic scores
(Table 2.1). In the case of DnaK and DnaK-G, the hydrophobicity profiles possessed more negative
peaks, suggesting that DnaK is more hydrophobic than DnaK-G (Figure 2.2D1 and E1, red
rectangle). Hydrophobic residues tend to be buried in proteins. Increased hydrophobicity in the
GGMP region of the PfHsp70-1 variants might cause this region to be buried within the protein.
This may result in the terminal EEVD motif being hidden and will likely affect interaction with

Hop.
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Figure 2. 2. The prediction of order and hydrophobicity in PfHsp70-1 and DnaK versus their variants
PONDR predicts the presence of two major disordered segments in the C-terminal region (black bars) of
the PfHsp70-1 (A); PfHsp70-G632 (B); PfHsp70-G648 (C); DnaK (D) and DnaK-G (E). Differences in the
disorder profiles in the C-terminal region of PfHsp70-1 and its GGMP variants are highlighted by blue
circles and as green circles for DnaK and DnaK-G. The Kyte and Doolittle hydrophobicity profile analysis of
PfHsp70-1 indicates that GGMP region is highly hydrophobic in the variants (A1, B1, and C1; red rectangle).
The DnaK-G variant is more hydrophobic in this region compared to DnaK (D1 and E1).
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2.3.2 Homology models of PfHsp70-1 and its mutants show minimal structural
variations

In silico structural superposition was carried out using PfHsp70-1sgp on the two variants to
ascertain the effects of the generated mutations. A similar approach was also carried out for
DnaK. The homology models of PfHsp70-1sgp, DnaKsgp and the variants were successfully
constructed. The crystal structures of the templates are provided (Table B1; Appendix B). The
modeled structures had reasonable QMEAN4 Z-scores of -1.54, -3.20, -1.65, -0.99 and -1.20 for
PfHsp70-1, PfHsp70-G632, PfHsp70-G648, DnakK, and DnaK-G respectively (Appendix B2). These
values are well within the range (|Z-score|-4 to 0) suggesting the models were of good quality

(Benkert et al., 2011).

The Superpose server (Maiti et al., 2004) was used to assess structural differences due to the
mutations on the GGMP motif. This generated RMSD values (Figure 2.3) that were used as a
measure of similarity between PfHsp70-1ssp, DnaK and the respective GGMP variant SBDs.
Superposing of PfHsp70-1sep on PfHsp70-G632sep and PfHsp70-G648sgp generated low RMSD
values of 1.52 A and 2.15 A respectively (Figure 2.3A and B). Lower RMSD (a value close to zero)
implies that the protein structures could be generally identical. Conversely, increases in RMSD
imply structural variation (Kufareva and Abagyan, 2012). However, GGMP mutation in PfHsp70-
G648 resulted in a short helix region (Figure 2.3B; purple) in place of a coiled region in PfHsp70-
1 (Figure 2.3B, yellow rectangle). This would explain the slightly high RMSD value compared to a
lower RMSD for PfHsp70-G632. On the other hand, a low RMSD value (1.27 A) was observed for
DnaK and DnaK-G (Figure 2.3C). It was interesting to note that DnaK-G possessed secondary
structural changes (Figure 2.3C) as a result of the introduction of the GGMP repeats. These
changes are discussed in detail in section 2.3.4. Overall, the low RMSD values suggest that there
were no substantial predicted structural variations between the wild type proteins and the GGMP
variants. Hence, it remained to be experimentally validated if these structural changes would

impact on the chaperone function of the proteins.
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Figure 2. 3. Mutations in the GGMP repeats marginally affected the substrate binding domain of
PfHsp70-1 and DnakK

Ribbon images showing the superposed SBDs from PfHsp70-1 (red), PfHsp70-G632 (green, A) and
PfHsp70-G648 (cyan, B) structures. The GGMP motif region is colored blue in PfHsp70-1 and magenta in
the mutants. The EEVD motif is represented as ball and stick. (C) The superposed SBDs from DnaK (blue)
and DnaK-G (brown). Images were rendered on Chimera 1.11. Regions of secondary structural differences
between (B) PfHsp70-1 and PfHsp70-G648 are indicated by the yellow box; (C) between DnaK and DnaK-
G by the purple and red boxes.

2.3.3 Structural orientation of the SBD substrate binding cleft and EEVD residues

The GGMP motif region is closer to the SBD and EEVD motif. Given the proximity, it was
necessary to ascertain how the substrate binding cleft/arch and EEVD residues are orientated in
the variant proteins. The arch and hydrophobic pocket of PfHsp70-1 is made up of residues A419,
Y444 and V451 (Shonhai et al., 2007). These residues have physical contact with the substrate.
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The superposition revealed no significant changes in the structural orientations in the arc
residues of PfHsp70-1 as compared to the variants (Figure 2.4). Residues A419 and V451 seem to
retain the same orientation in PfHsp70-G632 as in PfHsp70-1 (Figure 2.4A). Similar observations
were made for the PfHsp70-G648 variant (Figure 2.4B). In the PfHsp70-1/PfHsp70-G632
superposition, the Y444 residue was observed to lean towards the hydrophobic pocket (Figure
2.4A). In the variant PfHsp70-G648, the Y444 residue seems to retain the same orientation as
PfHsp70-1. These predictions suggest there are minor structural orientations in the substrate
binding cleft that are due to the GGMP mutations. In DnaK and the DnaK-G variant, no structural

changes were observed as well (Figure 2.4C).

The positioning of the EEVD residues in the variants was also elucidated (Figure 2.4). The
superposed models of PfHsp70-1 and its GGMP variants show that the EEVD residues are well
oriented, in an exposed position. This was observed in PfHsp70-1 and the variants (Figure 2.4;
panels Al and B1). The only visible differences are in the fold of the loop region that contains the
GGMP repeats. This loop region is responsible for holding the EEVD motif in an exposed position.
The EEVD motif of Hsp70 is responsible for binding the TPR1 and TPR2A domains of Hop. It is
possible, as predicted here, that these residues may be hidden due to the GGMP mutations. This
might lessen the accessibility of the EEVD residues by PfHop. In all the variants, the EEVD motif
is observed to be in an exposed position. On the other hand, there were interesting structural
changes in the DnaK-G variant (Figure 2.4C1). DnaK-G possessed a shorter SBDa helix E compared
to DnaK (Figure 2.4C1; red rectangle). The loop region preceding the EEVKDKK residues is longer
due to the insertion of GGMP repeats. A short helix was also observed a few residues from the
C-terminal end (Figure 2.4C1; purple rectangle). These structural changes were due to the GGMP

repeats introduced into DnaK. These changes might impact on the function of the lid of Dnak.
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Helix E

Helix E

Figure 2. 4. Protein structure superposition

PfHsp70-1 (Red), PfHsp70-G632 (Blue), PfHsp70-G648 (Cyan), DnakK (turquoise) and DnaK-G (brown). The
substrate binding cleft of PfHsp70-1 compared to (A) PfHsp70-G632 and (C) PfHsp70-G648. The substrate
binding cleft of DnaK was superposed with that of DnaK-G (E). Arch residues represented as sticks. The C-
terminal tail of PfHsp70-1 superposed to (B) PfHsp70-G632 and (D) PfHsp70-G648. The EEVD residues are
represented as ball and stick. The GGMP motif region is represented as green in PfHsp70-1 and magenta
in the variants. The C-terminal tail of DnaK was also superposed to DnaK-G (F). The structures were
visualized using Chimera. The boxes indicate the regions in the C-terminal tail where secondary structural
differences were observed for the following proteins: PfHsp70-1 versus PfHsp70-G648 (yellow box); DnakK
versus DnaK-G (red and purple).
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2.3.4 Predicted interaction partners of PfHsp70-1

PfHsp70-1 is a ubiquitous molecule that plays key roles in parasite survival and pathogenesis. It
is important to map out the proteins that interact directly with PfHsp70-1 to understand its
function. The interactome (Appendix B3 and Appendix B; Table B.1) was centered on PfHsp70-1
(PF3D7_0818900) as identified from STRING (www.string-db.org). It is not surprising that the
predicted interactome showed that PfHsp70-1 interacts with a large pool of proteins involved in
a wide range of cellular roles (biological processes) given its ubiquitous nature (Figure 2.5). These
roles include transcription; translation; protein metabolism; locomotion; DNA metabolism;
response to drugs; response to stress; degradation among functions listed as ‘other which include
membrane organization, cell redox homeostasis, protein targeting and entry into the host cell. It

is possible that PfHsp70-1 may be involved in most of these processes.

This analysis revealed the interactors from all major chaperone families [(Hsp40, Hsp60
(chaperonins) and Hsp70; Table B.1)] as previously identified (LaCount et al.,2005; Pavithra et al.,
2007). Also identified were the TPR containing proteins e.g by PfHop and cyclophilin domain
containing co-chaperones. Overall, the identification of PfHsp70-z (PF3D7_0708800, Zininga et
al., 2016), PfHop (PF3D7_1434300; Zininga et al., 2015b) and Hsp40s (PF3D7_1211400, Pesce et
al., 2008; PF3D7_1437900, Botha et al., 2011; PF3D7_0213100, Njunge et al., 2015) served to
validate the predictions. This PfHsp70-1 interactome closely compares with other Hsp70
interactomes (human; Taipale et al., 2014 and DnaK; Calloni et al., 2012) that have been
predicted to interact with a wide variety of chaperones and co-chaperones as well as client

proteins.
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Figure 2. 5. Metabolic pathways for predicted interactors of PfHsp70-1
Interaction partners obtained from STRING are grouped according to their roles based on Gene Ontology categories (The Gene Ontology

= PF3D7_1451100
= PF3D7_1246200
= PF3D7_1412500

Complexes
1.Chaperonin-containing T complex

2. Phosphopyruvate hydrate complex
3. Large ribosomal subunit
4, Small ribosomal subunit
5. Eukaryotic translation initiation factor 2 complex
6. Ubiquitin ligase complex
7.U4/U6 x U5 tri-snRNP complex

8. Sec62/Sec63 complex
9, Eukaryotic translation initiation factor 1 complex

10. DNA-directed RNA polymerase Il core complex
11. Hop/Hsp70/Hsp90 heterocomplex

Consortium, 2000). It is possible PfHsp70-1 may form part of the 11 complexes identified (bottom right).
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Some of the interactors were observed to be part of 11 complexes (Figure 2.5). Of interest, were
complexes that involve proteins that associate with PfHsp70-1 via its EEVD domain. Only two
complexes were identified, and these were the Hop/Hsp70/Hsp90 heterocomplex and the
Sec62/Sec63 complex. The two complexes may involve co-chaperones PfHop and PfHsp40 (Gitau
et al., 2012; Linxweiler et al., 2017). The integrity of the two complexes is likely to be affected by
mutations in the GGMP motif region of PfHsp70-1. Abrogation of the Hsp70 interaction with the
TPR containing proteins or Hsp40s due to mutations in the GGMP motif will likely hinder
processes, such as protein folding and degradation that are important to parasite survival (Seo,
2015). However, the effect of the GGMP mutations on the interaction of PfHsp70-1 with PfHop

remained to be experimentally ascertained.
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2.4 Discussion

The role of the GGMP motif of Hsp70 proteins is not well understood despite its strong
representation particularly in proteins of parasitic origin. Mutant forms of PfHsp70-1 with GGMP
substitutions, as well as a DnaK GGMP variant, were designed (Figure 2.1). Conserved
substitutions were applied to minimize drastic effects on the overall fold of the PfHsp70-1
variants. It is interesting to note that most of the substitutions were made to alanine residues
(Figure 2.1). These mutations were predicted to cause only marginal structural differences to
PfHsp70-G632 compared to PfHsp70-1. An a-helix developed in PfHsp70-G648 in the mutated
region that is usually unordered PfHsp70-1 (Figure 2.4B1). Alanine substitutions are usually
referred to as ‘neutral’ mutations, although they can be detrimental to protein structure or
function in some cases (Betts and Russel, 2003). Residues that make up the arch (Shonhai et al.,
2008) of PfHsp70-1 were observed to retain their orientation in the GGMP variants (Figure 2.4).
The DnaK-G variant exhibited structural variation to wild type DnaK in the C-terminal lid. These
changes were due to the introduction of the GGMP repeats from PfHsp70-1. This may influence

the function of the protein.

On the other hand, this study further sought to map out interactors of PfHsp70-1. The rationale
was that some of the associations are likely to be affected by changes in the GGMP motif of
PfHsp70-1. Of the 49 interactors predicted for PfHsp70-1, some of these have been
experimentally proven (section 2.3.5). Prediction of these known interactions served as a
validating measure of the predictions in the network. Of interest to this study were the TPR
containing and the Hsp40 proteins (Appendix B, Table B1). PfHsp70-1 associates with TPR
containing proteins such as PfHop via the EEVD motif. PfHsp70-1 also interacts with P. falciparum
Hsp40s via an acidic group within the NBD and the pentapeptide (GPTIEEVD) at the C-terminal
end of PfHsp70-1 (Suzuki et al., 2010). Mutations in the GGMP motif region are likely to abrogate
the EEVD interactions due to the proximity of the GGMP motif to the EEVD motif. Abrogation of
the PfHop/PfHsp70-1 and Hsp40/Hsp70 interactions in P. falciparum is likely to impact the Hsp90

chaperone pathway and the Sec62/Sec63 complex. The Sec62/Sec63 complex is responsible for
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the transport of protein into the ER and is also involved in signal transduction (Linxweiler et al.,
2017). The Hsp70/Hsp90 chaperone system is central in protein quality control as it prevents
protein aggregation and catalyzes the folding of newly synthesized proteins, refolding of
aggregated and misfolded proteins, trafficking and promote degradation of denatured proteins
(Mayer, 2013). Although Hsp70 is required during the early stages of assisted folding of nascent
or denatured proteins, Hsp90 is mainly involved in a later stage of stabilization and activation of
many key regulatory proteins involved in signaling pathways, such as kinases and transcription
factors hence its importance in aspects such as gene regulation and signal transduction
(Makhnevych and Houry, 2012; Taipale et al., 2012). Disruption of these complexes through
mutations in the GGMP motif will have far-reaching effects on parasite survival, development,

and pathogenesis.

Based on the predictive tools used, the mutation in the C-terminal end of the GGMP motif
(residues 648-657) of PfHsp70-1 resulted in secondary structural changes. There was a
conversion from random coil to a-helix in the mutated GGMP region of PfHsp70-G648. This
suggests that the GGMP repeats at position 648-657 might be of structural importance in
PfHsp70-1. Again, the introduction of the GGMP repeats in DnaK resulted in structural changes.
Part of the random coiled region converted to a-helix in DnaK-G. It was interesting to determine
if these structural changes would impact on the function of the chaperones. However, biophysical
characterization of the Hsp70s remained to be carried out to ascertain the extent of the structural

changes between the wild type proteins and the variants.
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Chapter 3

Biophysical characterization of PfHsp70-1,
DnakK, and their GGMP variants
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3.1 Introduction

PfHsp70-1 has been the most studied Hsp70 of the six homologs that are encoded by the P.
falciparum genome (Shonhai, 2014). PfHsp70-1 is expressed at all blood stages of the parasite’s
life cycle. It performs a myriad of functions that are important for the survival of the parasite. On
the other hand, the major E. coli Hsp70 (DnaK) has also been greatly studied (Kityk et al., 2012;
2015). DnaK forms the basis of the so-called canonical Hsp70s (Bertelsen et al., 2009).

Following the in silico studies on PfHsp70-1, DnaK and their GGMP variants (Chapter 2), it was
important to study the biophysical properties of these proteins in vitro using CD spectroscopy
and tryptophan fluorescence. CD spectroscopy determines the secondary structure of a protein,
that is the alpha-helical (a), beta-sheet (B) and unordered (loops/turns) content of a protein
(Sreerama et al., 1999). On the other hand, tryptophan fluorescence determines the tertiary
structure or conformational fold of a protein (Chen and Barkley, 1998). Combined with structure
predictions from in silico methods, these biophysical characterization methods provide high-
resolution protein structural information. Therefore, using the recombinant proteins this study
sought to elucidate the role of the GGMP motif on the structure of PfHsp70-1 and DnaK using

biophysical techniques.

The objectives of this study were to:

i heterologously express and purify recombinant PfHsp70-1, DnakK, and the GGMP variants;

ii. determine the secondary and tertiary structures of PfHsp70-1, DnaK, and the GGMP

variants and to

iii. assess the effect of the GGMP motif on the heat stability of PfHsp70-1 and DnaK.
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3.2 Materials and Methods

3.2.1 Materials

Reagents used in this study are listed in Appendix C. The following antibodies were used: rabbit
raised a-PfHsp70-1 antibody as previously described (Gitau et al., 2012), a-His antibody and HRP
conjugated a-rabbit (Thermo Scientific, USA ), mouse raised a-DnaK antibody (Makhoba et al.,
2016) and HRP conjugated a-mouse secondary antibodies (Enzo Life Sciences, USA) were used to
validate the recombinant proteins. The plasmids and strains used for recombinant protein

production are listed in Table 3.1.

Table 3. 1: List of plasmids and strains used for protein expression

Strains and plasmids Description Supplier/Reference
Plasmids
pQE30/PfHsp70-1nep pQE30 encoding the NBD of Zininga et al., 2015b
PfHsp70-1, AmpR
pQE30/PfHsp70-1 pQE30 encoding PfHsp70-1, Matambo et al., 2004;
AmpR Zininga et al., 2015b
pQE30/PfHsp70-G632 pQE30 encoding PfHsp70-G632 This study
mutant, Amp~
pQE30/PfHsp70-G648 pQE30 encoding PfHsp70-G648 This study
mutant, AmpR
pQE30/DnakK pQE30 encoding E. coli Hsp70 This study
(Dnak), AmpR
pQE30/DnakK-G pQE30 encoding E. coli DnaK-G This study

variant, AmpR

Strains for protein expression

E. coli XL1 Blue recAl endAl gyrA96 thil hsdR17 Thermofischer
supE44 relAl lac (F proAB scientific, (USA)
laclgZM15 Tn10 (Tetr)

3.2.2 Construction of plasmids expressing PfHsp70-G632, PfHsp70-G648, and DnaK-G

The GGMP variants were designed (Section 2.2.1). Codon harmonized forms of the genes coding
for the variants were synthesized by GenScript (USA). The genes were first cloned into pUC57
with BamHI and Hindlll restriction sites and then finally into pQE30 making pQE30/PfHsp70-
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G632, pQE30/PfHsp70-G648, and pQE30/DnakK-G constructs. PfHsp70-G632 and DnaK-G were
custom cloned whereas for PfHsp70-G648, site-directed mutagenesis was carried out and these
were verified by DNA sequencing. The constructs were synthesized by GenScript and were

verified by restriction digests using BamHI and Hindlll.

3.2.3 Confirmation of PfHsp70-1 and DnaK DNA constructs
Restriction digests were conducted on pQE30/PfHsp70-1 and pQE30/DnakK plasmid constructs
using restriction enzymes, BamHI and Hindlll (Thermo Scientific, USA) and resolved using 0.8 %

agarose gel electrophoresis (Appendices A2 and A3).

3.2.4 Expression of recombinant proteins

E. coli XL1 Blue cells were transformed separately with pQE30/PfHsp70-1, pQE30/Dnak,
pQE30/PfHsp70-G632, pQE30/PfHsp70-G648 and pQE30/DnaK-G (Appendix A4). Protein
expression was conducted as previously described by Zininga et al. (2015b) with slight
modifications. Transformed cells were grown in terrific broth (TB, 2.6 % Yeast extract, 1.3 %
Tryptone and 0.44 % glycerol) supplemented with TB salts (0.17 M KH2POs and 0.72 M K;HPO4)
and 100 pg/ml ampicillin at 37 °C. The terrific broth is an auto-induction broth. Following
induction, expression was conducted at 30 °C for 6 hours. Protein expression samples collected
at intervals were analyzed using 12 % sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE) under reducing conditions and visualized by Coomassie blue (Appendix A6).

3.2.5 Purification of recombinant proteins

3.2.5.1 Affinity chromatography using Ni-NTA

Recombinant protein purification followed a previously described method (Zininga et al., 2015b).
However, the buffers were modified to: lysis buffer (10 mM Tris— HC1, pH 7.5, 300 mM NacCl, 10
mM Imidazole, 1X Sigmafast Protease Inhibitor, 1 mM 2-B-mercaptoethanol and 1 mg/ml
lysozyme). The wash buffer (lysis buffer plus 25 mM Imidazole) and elution buffer (lysis buffer

plus 500 mM Imidazole). Samples were collected for analysis by SDS-PAGE to assess the purity of
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the proteins. Dialysis of the purified recombinant proteins was performed extensively overnight
using SnakeSkin dialysis tubing 10 000 MWCO (ThermoScientific) in dialysis buffer (20 mM Tris-
HCI, pH 7.5, 10 mM NacCl, 5 % (v/v) glycerol, containing 1 mM 2-B-mercaptoethanol).

3.2.5.2 lon Exchange Chromatography

As a second purification step to improve the purity of the recombinant proteins, the dialyzed
protein was loaded onto a Tricorn Mono Q 4.6/100 P.E column (G.E Healthcare, USA) connected
onto an Akta Fast protein liquid chromatography (FPLC; G.E Healthcare USA). Parameters for IEX
were set at a flow rate of 2 ml/min and a pressure limit of 4 MPa. The recombinant proteins were
separated by increasing the ionic concentration of the mobile phase from buffer A (20 mM Tris-
HCl; pH 7.5, 10 mM NaCl containing 0.2 mM Tris-carboxyethyl phosphine [TCEP]) to buffer B (20
mM Tris-HCl; pH 7.5, 1 M NacCl containing 0.2 mM TCEP). Initially, a salt gradient was increased
to 0.5 M NaCl (buffer B) over 30 minutes and the NaCl was increased from 0.5 M to 1 M over 10
mins by setting the pumps containing the two buffers appropriately. Fractions were collected in
96 well plates at 1 ml per well. Samples were collected from the eluted fractions corresponding
to the main peak and were analyzed by SDS-PAGE. The remainder of the protein was further

purified using size exclusion chromatography (SEC).

3.2.5.3 Size Exclusion Chromatography

After ion exchange chromatography, fractions containing each the recombinant PfHsp70-1 and
its GGMP variants were separately pooled together and loaded onto either a Superdex™ 5200
increase 10/300 GL column connected onto an Akta FPLC system as previously described
(Ruskamo et al., 2012). The flow rate was set at 0.3 ml/min and a maximum pressure of 1.5 MPa.
Recombinant Hsp70 proteins were eluted using buffer C (10 mM Tris-HCl; pH 8, 300 mM NaCl
containing 5% Glycerol and 0.2 mM TCEP). Fractions were collected in a 96 well plate at 0.5 ml
per well and samples were resolved by SDS-PAGE to determine the purity and homogeneity of
the proteins. To confirm the identity and ascertain the purity of PfHsp70-1 and variants, SDS-

PAGE analysis was performed. Incised protein bands were sequenced using MALDI-TOF mass
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spectrometry at the Biocenter Oulu Proteomics Core Facility, Oulu University, Finland (Ruskamo
et al., 2012). The proteins were quantified using the Bradford assay and the Christoph-Leidig

webtool assay (Appendices A9 and A10).

3.2.6 Secondary structural organization of the GGMP variants

Far-UV circular dichroism (CD) was used to determine secondary structure variations between
recombinant PfHsp70-1 and its GGMP variants. This was performed following a method by
Zininga et al. (2016). The folded state of the proteins at any given temperature was determined
as follows: ((8)t=(8)M) / ((8)' = (B)") Equation 1 (Zininga et al., 2016)

Where (8)tis the molar ellipticity at any given temperature, (8)" at the highest temperature, and

(8)" at the lowest temperature, respectively.

3.2.7 Determination of the tertiary structural organization of the GGMP variants

Tryptophan fluorescence spectroscopy was used to assess the changes in the tertiary structure
of PfHsp70-1, DnaK and their GGMP variants, following the secondary structure determinations.
This was conducted following the method by Zininga et al. (2016) with minor modifications.
Recombinant PfHsp70-1, PfHsp70-G632, PfHsp70-G648, DnaK and DnaK-G protein (2 uM) were
each incubated in assay buffer F (10 mM Tris-HCl pH 7.5) for 60 minutes at 20 °C in the presence
of varying concentrations (0-6 M) of Guanidine hydrochloride (GdHCI) as a denaturant (positive
control). The nucleotide-dependent conformational changes of PfHsp70-1, DnaK, and their
GGMP variants were then investigated as previously described (Zininga et al., 2016). Tertiary
structural changes of PfHsp70-1, DnaK, and their GGMP variants were also investigated in the
presence of varying concentrations of Hsp70 substrate peptides ALLLMYRR and ANNNMYRR (O-
500 nM). The peptide, ALLLMYRR is derived from the precursor of chicken mitochondrial
aspartate aminotransferase (Han et al., 2004; Goeckeler et al., 2008). ANNNMYRR was designed
by substituting asparagine (N) for leucine (L) (Mabate et al., 2018). Proteins in P. falciparum are
asparagine rich and this would act as a suitable substrate. Fluorescence spectra were recorded

with initial excitation at 295 nm and emission spectra measured between 300 nm and 400 nm
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using a JASCO FP-6300 spectrofluorometer (JASCO, Tokyo, Japan). Data were recorded for three
repeats upon subtraction of baseline. Furthermore, to determine the level of hydrophobicity in
the proteins, extrinsic ANS fluorescence was carried out as previously described (Achilonu et al.,
2014). Briefly, 2 uM of recombinant protein (PfHsp70-1 and its GGMP variants) were mixed with
100 mM ANS. The samples were excited at 390 nm and emission was recorded between 400 and
600 nm. To analyze the data, the emission spectrum of free ANS was subtracted from the ANS:

protein spectra.
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3.3 Results

3.3.1 Confirmation of the various DNA constructs used in this study

The pQE30/PfHsp70-1 plasmid construct was verified by restriction digest (Appendix B4) and DNA
sequencing. Restriction digestion of the plasmid with either BamHI or Hindlll. Plasmid
pPQE30/PfHsp70-G632 expressed a mutant version of PfHsp70-1 with a GGMP repeat substitution
mutation at amino acid position 632-639. The integrity of the pQE30/PfHsp70-G632 plasmid was
confirmed by restriction digest using BamHl and Hindlll (Appendix B5). The plasmid
pQE30/PfHsp70-G648 encodes the expression of a mutant version PfHsp70-G648 with a
substitution mutation on GGMP repeat at amino-acid position 648-657. Using restriction analysis,
the integrity of the pQE30/PfHsp70-G648 plasmid was verified (Appendix B6).In the case of
pQE30/PfHsp70-1 and its variants, the size of the cleaved DNA corresponded to the predicted
sizes of about 2043 bp for the insert and 3416 bp corresponding to the vector size. Additionally,
another mutation was made by inserting the GGMP repeats of PfHsp70-1 into DnaK (position
611-615 after pairwise sequence alignment. The plasmid pQE30/DnaK-G encodes the expression
of a DnaK-G mutant. The integrity of both pQE30/DnaK and pQE30/DnaK-G constructs was
verified by restriction analysis using enzymes BamHI| and Hindlll. The cleaved insert sizes
corresponded to 1989 bp and 2031 bp for pQE30/DnaK and pQE30/DnaK-G (Appendix B7). Since
all the PfHsp70 constructs were between BamHI and Hindlll restriction sites and of similar sizes,

they were differentiated by sequencing (Appendix B8-B9).

3.3.2 Expression and purification of recombinant of PfHsp70-1 and its GGMP variants

Recombinant PfHsp70-1 and its GGMP variant proteins were successfully overexpressed in E. coli
XL1 Blue cells and purified using a 3-step protocol. Successful expression of the proteins was
observed on SDS-PAGE analysis as species around 70 kDa (Figure 3.1A-C; lane O/N). The full-
length Hsp70 proteins are approximately 74 kDa (Matambo et al., 2004). The presence of an N-
terminal (His)s tag facilitated for the native purification of the proteins using Ni-NTA affinity
chromatography as the first purification step (Figure 3.1A-C). The proteins were verified by

Western blot analysis using a-PfHsp70-1 and a-His antibodies. Notably, the purified proteins
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were free of DnaK contamination as confirmed using a-DnaK antibodies (Figure 3.1). DnaK

contamination affects downstream applications such as chaperone activity assays.
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Figure 3. 1: Expression and purification of PfHsp70-1 and its variants

SDS-PAGE analysis for the expression and purification of PfHsp70-1 (A); PfHsp70-G632 (B) and PfHsp70-
G648 (C) in E. coli XL1 Blue cells. Lane M: molecular weight marker (in kDa); Lane C: the total extract of
cells transformed with pQE30 plasmid, Lane O: represents the total extract of cells transformed with
pQE30/PfHsp70-1 plasmid before IPTG induction; lane 6: total extract of cells transformed with
pQE30/PfHsp70-1 and it's GGMP variants 6 hr after induction; lane Ft: flow-through, lane W: samples
collected after the washing step and lane E: proteins eluted using 500 mM imidazole. Lanes FT, W and E
samples were obtained from Ni-NTA affinity matrix. Lower panels: Western blot based on the use of a-
PfHsp70-1, a-His antibodies, and a-DnaK antibodies. The SDS-PAGE analysis was performed on 12 % SDS
gel under reducing conditions.

PfHsp70-1 and its variants were observed to elute with some contaminants (Figure 3.1A-C; lanes
E) and hence the proteins were purified further using ion exchange chromatography (IEC).

PfHsp70-1 eluted as peaks 1 and 2 as the salt concentration was increased (Figure 3.2A). The
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GGMP variants eluted as a single peak (Figure 3.2B and C). In all, the contaminants eluted

separately as witnessed by the numerous smaller peaks as the salt gradient increased.
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Figure 3. 2. Purification of PfHsp70-1 and its GGMP variants by ion exchange and size exclusion
chromatography

Proteins were eluted by increasing the NaCl gradient (brown line) monitored as conductivity (lime green
line). Elution profile after ion exchange chromatography monitored with at A280 absorbance (blue line
for (A) PfHsp70-1, (B) PfHsp70-G632 and (C) PfHsp70-G648. The SDS-PAGE analysis of fractions from the
main peak (inserts). Size exclusion chromatography of (A1) PfHsp70-1, (B1) PfHsp70-G632 and (C1)
PfHsp70-G648. PfHsp70-1 and its GGMP variants eluted as monomers (inserts; SDS-PAGE of the purified

proteins from the peaks after SEC). The lanes represent fractions collected from the respective peaks.
The SDS-PAGE analysis was performed on 12 % SDS gel under reducing conditions.

In order to confirm the purity of the proteins from IEC, SDS-PAGE analysis was conducted.

Resolution of the fractions from the 2 peaks showed the presence of the PfHsp70-1 protein
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(Figure 3.2A; insert lanes 1-2). However, from peak 2, PfHsp70-1 was observed to elute with
lower molecular weight fragments (Figure 3.2A; insert lanes 3-5). PfHsp70-1 was probably
breaking down into lower molecular weight species. In order to ascertain the oligomeric status
and the monodispersed of the protein, the PfHsp70-1 protein from IEC from peak 1 was passed
through a Superdex (S200 Increase) SEC column. Recombinant PfHsp70-1 eluted as a monomeric
protein (peak 1, Figure 3.2A1). A single band migrating at around 70 kDa was observed upon
SDS-PAGE analyses (Figure 3.2A1; insert). All the variants eluted with a single main peak (Figure
3.2B and C) and the proteins seemed pure as the contaminants were undetectable when resolved
by coomassie staining. The size exclusion chromatography profile showed that all the variant
proteins are monomeric (Figure 3.2B1 and C1). This was further confirmed by SDS-PAGE analysis
(Figure 3.2B1 and C1, insert gels). The proteins were confirmed by sequencing with MALDI-TOFF
(Appendix B10-13).

3.3.2.1 Recombinant production and purification of DnaK and DnaK-G

Recombinant DnaK and DnaK-G were successfully expressed in E. coli XL1 Blue cells. Control E.
coli cells containing the pQE30 vector plasmid did not express the recombinants proteins as there
was no increase in 70 kDa band intensity was observed (Figure 3.3A and B; lane C). Similarly, no
bands were observed in the pre-induction samples suggesting that there was no leaky expression
(Figure 3.3A and B; Lane 0). Successful expression of DnaK and DnaK-G was observed by the band
at approximately 70 kDa after 6 hr post-induction with IPTG (Figure 3.3A and B; lane 6). The
soluble fraction from the lysed cells was then loaded onto a Ni-NTA IMAC column, washed and
eluted (Figure 3.3A and B; lane E). To verify the purity of the protein, the eluted proteins were
analyzed by SDS-PAGE analysis. Single bands of DnaK and DnaK-G were observed as species
migrating at 70 kDa (Figure 3.3A and B, lane E). Both DnaK and DnaK-G were confirmed by

Western blot analysis using a-DnaK and a-His antibodies (Figure 3.3A and B, lower panels).
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Figure 3. 3. Analysis of the expression and purification of DnaK and DnaK-G in E. coli XL1 Blue
Analysis of the expression and purification of (A) DnaK and (B) DnaK-G by SDS-AGE. Lower panels:

Confirmation of the expressed recombinant proteins by Western blot using a-DnakK and a-His antibodies.
Lane M: represents molecular weight markers (in kDa); Lane 0: represents the total extract of cells
transformed with pQE30/DnaK or DnaK-G plasmid before IPTG induction; lane 6 represents the 6™ hour
sample after induction; Lane S: the soluble fraction; from Ni-NTA lane Ft: represents flow-through; lane
W: represents samples collected after the washing step and lanes E: represent the elution fraction. The
SDS-PAGE analysis was performed on 12 % SDS gel under reducing conditions.

3.3.3 Secondary structure determination for PfHsp70-1 and its GGMP variants

The secondary structures of PfHsp70-1 and its GGMP variants were determined using CD
spectroscopy by recording signals from 260 nm to 190 nm. CD spectroscopy measures the a-
helical, B-sheet, and the coiled (unordered) content of a protein upon deconvolution on
Dichroweb. The far UV spectra for PfHsp70-1 exhibited a positive peak at 194 nm and minima at
209 and 220 nm, respectively (Figure 3.4A). The GGMP variants were observed to have a
spectrum similar to that observed for PfHsp70-1. These spectra suggest that PfHsp70-1 and its

GGMP variants are predominantly a-helical proteins (Whitmore and Wallace, 2008).
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Figure 3. 4. The GGMP substitutions did not compromise the heat stability of PfHsp70-1

(A) The CD spectra of native PfHsp70-1, PfHsp70-G632 and PfHs70-G648 were presented as delta epsilon
(Ms1), (B) The temperature was raised from 19 °C to 90 °C and ellipticity measured at 222 nm. This
permanently abrogated the secondary structure of the proteins. Orange dotted line represents the
melting temperature for PfHsp70-1 and variants. Thermal unfolding was represented as a percentage with
100 % being the total unfolded protein at 90 °C. (C) The folded fraction of the proteins under varying
temperatures. Changes in CD ellipticity at 222 nm measured for PfHsp70-1, PfHsp70-G632, and PfHsp70-
G648 in an equimolar ratio. Data were fit into Equation 1: (8)t— (8)") / (8)' — (8)".

Deconvolution of the spectra for PfHsp70-1 and its variants confirmed that all the proteins are
predominantly a-helical (Table 3.2). This agreed with observations made by Misra and
Ramachandran, (2009) for PfHsp70-1. However, PfHsp70-G648 had a slightly higher (69 %) a-
helical content compared to 62 % and 60 % for PfHsp70-1 and PfHsp70-G632, respectively. This
is due to the extra helix observed in the mutated GGMP region during in silico studies (section
2.3.3). There were marginal variations in the B-sheet and turn content of PfHsp70-1 and PfHsp70-
G648 versus variant PfHsp70-G632 which possessed a higher B-sheet and turn content (Table 3.2;
p<0.001). B-sheets confer protein secondary structure stability due to the high amount of
hydrogen bonding. PfHsp70-1 and PfHsp70-G632 possessed higher percentage content of
disorder/unordered (18 % and 17 %) versus PfHsp70-G648 with a lower 12 %.
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The thermal stability of the proteins was then analyzed by observing changes in CD molar
ellipticity at 222 nm while increasing temperature from 20-90 °C (Figure 3.4B; Table 3.2). Wild
type PfHsp70-1 followed a gradual unfolding pattern (gradual loss of molar ellipticity at 222 nm
(0222) from 20 °C onwards (Figure 3.4B). The GGMP variants exhibited a similar pattern as
PfHsp70-1(wild type) (Figure 3.4B). Although there were minimal variations in the unfolding
patterns, all proteins were thermostable to temperatures above 70 °C. The data showed that 50
% of the PfHsp70-1, PfHsp70-G632 and PfHsp70-G648 remained folded at 76.9 °C, 74.5 °C and
78.9 °Crespectively (Figure 3.4C). This suggested that the variants were as heat-stable as the wild
type PfHsp70-1.

Table 3. 2: Comparative secondary structure composition of PfHsp70-1 and its GGMP variants

Helix Sheet Turn Unordered NMRSD
PfHsp70-1 62 11 6 18 0.007
PfHsp70-G632 60 17 6 17 0.002
PfHsp70-G648 69 11 8 12 0.005

Data are represented as absolute values from the Dichroweb server with CDSSTR reference set 4.
Statistical analysis was done using two-way ANOVA (p<0.001).

3.3.4 Tertiary structural organization of PfHsp70-1, DnaK and their GGMP variants

Having determined that GGMP mutations did not affect the a-helical and heat stability of
PfHsp70-1, the tertiary structure of PfHsp70-1 relative to its GGMP variants was determined.
PfHsp70-1 possesses three tryptophan residues (W32, W101, and W593), two located in the N-
terminal ATPase domain and one in the far C-terminus. Despite the differences in fluorescence
intensity, PfHsp70-1 and GGMP variants exhibited emission maxima around 340 nm (Appendix
B15). The 340 nm maxima observed for PfHs70-1 and the variants suggest that the proteins were
properly folded as the tryptophan residues were buried away from the solvent. The emission
maxima at 340 nm for PfHsp70-1 agreed with previous reports (Misra and Ramachandran, 2009).
In contrast, studies by Zininga and colleagues (2017a, c) showed emission maxima of PfHsp70-1

at 328 nm. However, buried tryptophan residues are known to give emission maxima in the range

65

© University of Venda



()

o
- A
University of Venda

Chapter 3

Biophysical characterization of PfHsp70-1, DnaK and their GGMP variants

of 330-340 nm (Misra and Ramachandran, 2009). Hence, the 328 nm emission maxima observed
by Zininga and colleagues might still fall within the lower emission maxima range. In addition, it
is also known that experimental conditions such as buffers used (solvent polarity) influence

emission maxima observed (Siddiqi et al., 2017).

The proteins were analyzed using tryptophan fluorescence in the presence of varying
concentrations of GdHCI. Upon incubating all the proteins with GdHCI for 60 min, the
fluorescence intensity was observed to decrease consistently with an increase in the
concentration of GdHCI (Appendix B16). A red shift in emission maxima was observed with
increase in GdHCI concentration (Figure 3.5A). Fluorescence emission maxima at 349, 352 and
349 nm were observed for PfHsp70-1, PfHsp70-G632, and PfHsp70-G648, respectively. Wild type
PfHsp70-1 spectrum showed a gradual shift reaching a 349 nm maximum at 6 M GdHCI (Figure
3.5A). In contrast, Misra and Ramachandran (2009) observed a 352 nm maximum at 4.5 M GdHCI.
This is probably due to the longer 4 hr incubation they employed compared to the 1 hour used
in this study. Overall, the proteins are sensitive to GdHCI induced denaturation which exposes
the buried tryptophan residues shifting maxima towards 352 nm. Hence, this validated that the

proteins are in a folded (native) state as they were sensitive to GdHCI.
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Figure 3. 5. Analysis of the tertiary structure of PfHsp70-1 and it GGMP variants by tryptophan
fluorescence

(A) GdHCI induced changes in protein structure in the various recombinant proteins. Changes in
fluorescence intensity for PfHsp70-1, PfHsp70-G632, and PfHsp70-G648 incubated with 0-6M GdHCI. Red
shift in the tryptophan fluorescence emission wavelength of PfHsp70-1 and variants on incubation with
increasing concentration of guanidine hydrochloride. Excitation was at 295 nm with the emission
measured from 300-400 nm. (B) Blue shift in the tryptophan fluorescence emission wavelength of
PfHsp70-1 and variants in the presence of 5mM ATP. Fluorescence emission was monitored over time (60
min). Peptide ALLLMYRR (C) and ANNNMYRR (D) at varying concentrations (0-1000 nM) were incubated
with recombinant proteins and the effect on the intrinsic protein tryptophan fluorescence was measured.
(E) Comparison of the emission spectra of PfHsp70-1, PfHsp70-G632, and PfHsp70-G648. ANS at 100 mM
was mixed with proteins (2 uM). Excitation was at 390 nm, and emission was recorded between 400 and
600 nm.
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Having determined that the recombinant chaperones were properly folded and responsive to
GdHCI treatment, it was important to ascertain the effect of model Hsp70 peptide substrates
(Mabate et al., 2018) on the structure of PfHsp70-1 and its GGMP variants. In the absence of
peptide substrate, PfHsp70-1 exhibits emission maximum at 342 nm (Figure 3.5B). There was a 1
nm decrease in emission maxima of PfHsp70-1 upon addition of 62.5 nM of both peptides
ALLLMYRR and ANNNMYRR (Figure 3.5C and D). The emission maxima of PfHsp70-1 were
observed to level off at 341 nm with increase in the concentration of peptide ALLLMYRR. The
emission maximum for PfHsp70-1 increased by 1 nm in the presence of 125 nM ANNNMYR and
then levels off with increased concentration of the peptide. The spectra for the variants follow a
similar wild-type-like pattern with minimal shifts (range 0 to £3 nm) in the emission maxima in
the presence of increasing concentrations of both peptides (Figure 3.5C and D). This might
suggest that binding occurs with marginal effects on the micro-environment surrounding the
tryptophan residues (Li et al., 2017). However, the fluorescence intensities of PfHsp70-1 and its
GGMP variants show a regular decrease with increasing peptide concentration (Appendix B17).
Decreases in the fluorescence intensity are suggestive of quenching. Quenching is described as
any process that reduces the fluorescent intensity of a sample and it occurs due to numerous
molecular interactions (Siddiqi et al., 2017). PfHsp70-G632 was quenched to a higher degree
compared to PfHsp70-1 and PfHsp70-G648 (Appendix B17). This suggests that PfHsp70-G632

interacted strongly with the two peptide substrates.

Hsp70s bind nucleotides to assume unique conformation. Additionally, to explore
conformational changes in PfHsp70-1 and the mutants in the presence of nucleotides, intrinsic
tryptophan fluorescence was measured. The nucleotide-free and ADP-bound forms of PfHsp70-
1 assumed closely similar conformational states (Appendix B18). This is in line with a well-
established view that the nucleotide-free and ADP bound forms of Hsp70 assume a similarly
relaxed conformation (Buchberger et al., 1995; Zininga et al., 2016). Conversely, the ATP-bound
PfHsp70-1 assumed a distinct conformation as evidenced by a blue shift in the spectrum with an

emission maximum of 328 nm (Figure 3.5B). This shift in the emission maximum for PfHsp70-1
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was observed upon incubation with ATP for 60 minutes. The variants (PfHsp70-G632 and
PfHsp70-G648) also assumed similar conformations in nucleotide-free and ADP-bound states.
Upon incubation with ATP, they followed a PfHsp70-1 like spectra with the emission maxima
observed to drop to around 328 nm (Figure 3.5B). It is plausible that ATP binding and subsequent
hydrolysis resulted in the conformational changes of these proteins. Over the 60-min period, the
maxima are steadily maintained at 328 nm for all proteins. Interestingly, the proteins bound to
ATP were slow to revert to original spectra after 1 hour. This is probably due to the excess ATP (5
mM) used and the fact that ATP hydrolysis is very slow when there is no substrate or a J-domain

protein bound to the Hsp70 (Kityk et al., 2015).

To probe the presence of hydrophobic patches on PfHsp70-1 and its GGMP variants, ANS binding
assay was performed (Figure 3.5E). ANS binds to hydrophobic patches on proteins. ANS emission
increases distinctly, coupled with a resultant blue shift in emission maximum when bound to
hydrophobic patches upon excitation at 390 nm (Achilonu et al., 2014). This can be used as a
measure of the level of hydrophobicity in a protein. All the proteins exhibited an increase in the
guantum yield upon excitation at 390 nm. PfHsp70-G632 exhibited the highest intensity,
followed by PfHsp70-G648 and PfHsp70-1. Additionally, a blue shift in emission maxima was
observed, from 510 to 502 nm for PfHsp70-1 and PfHsp70-G648, and 510 to 497 nm for PfHsp70-
G632. This implied that PfHsp70-G632 was more hydrophobic than PfHsp70-G648 and PfHsp70-
1. This agreed with predictions from hydropathy plots (section 2.1). Hence, PfHsp70-G632

assumed a more unfolded conformation thus exposing hydrophobic patches.

In a separate assay, the tertiary structure of DnaK and its GGMP variant was also determined in
the presence of nucleotides and peptide substrates. DnaK possesses one tryptophan residue in
the NBD (W102). Initially, GdHCI was used to demonstrate the sensitivity of the proteins to
denaturation (Figure 3.6A). Both proteins responded to the denaturation as shown by the red
shift in emission maxima from around 335 nm at 0 M to 349 nm at 6 M GdHCI. However, DnaK-

G seemed to be more sensitive to GAHCl compared to DnaK. Upon incubating DnaK with
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nucleotides, the ADP form exhibited a comparable spectrum as in the absence of nucleotides
with no shift in emission maxima (336.5 nm; Figure 3.6B). However, the ATP bound forms
exhibited a blue shift spectrum with an emission maximum at 331 nm suggesting changes in the
environment around the tryptophan residue. Surprisingly, there was no shift in the emission
maxima (330 nm) for the DnaK-G variant in the presence of either ATP or ADP as well as in the
absence of nucleotides (Figure 3.6C). This could suggest that the DnaK-G variant was
unresponsive to ATP. The peaks in DnaK-G were broad than in DnaK. Also, DnaK exhibited shifted
maxima whereas DnaK-G did not. This suggests that the introduced GGMP mutation altered the

conformation of the protein.

In the presence of lower concentrations (62.5 and 125 nM) of peptide substrate, ALLLMYRR, the
emission maxima of DnaK and its GGMP variant were observed to blue shift by about 2 nm (Figure
3.6D). The emission maxima for DnaK was observed to level off with increases in ALLLMYRR
concentrations (250-1000 mM) whereas for DnaK-G there was a slight spike at 250 nM. Although
there were decreases in the emission maximum for DnaK in the presence of 125 nM peptide
ANNNMYRR, increased concentrations of ANNNMYRR resulted in no change in the maxima
(Figure 3.6E). The DnaK-G variant exhibited an almost constant emission maximum around 337
nm. The leveling off emission maxima with increased concentrations of the peptide could imply
that the proteins were saturated with substrate. Overall, the GGMP variants of DnaK and

PfHsp70-1 behaved in a similar fashion.
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Figure 3. 61. Analysis of the tertiary structure of DnaK and DnaK-G by tryptophan fluorescence

(A) GdHCI induced changes in protein structure in the various recombinant proteins. Changes in
fluorescence intensity of DnaK and DnaK-G incubated with 0-6 M GdHCIl. Red shift in the tryptophan
fluorescence emission wavelength of DnaK and DnaK-G on incubation with increasing concentration of
guanidine hydrochloride. Excitation was at 295 nm with the emission measured from 300-400 nm. (B and
C) Tryptophan fluorescence signals obtained upon incubating DnaK and DnaK-G in the additional presence
of 5 mM of either ATP or ADP. Peptide ALLLMYRR (D) and ANNNMYRR (E) at varying concentrations (O-
1000 nM) were incubated with recombinant proteins and the effect on the intrinsic protein tryptophan
fluorescence was measured.
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3.4 Discussion

This study employed CD spectroscopy and intrinsic tryptophan fluorescence to gain insights into
the secondary and tertiary structures of recombinant PfHsp70-1 in comparison to its GGMP
variants. This was extended to DnaK and its GGMP variant. It was also important to ascertain the
effects of the GGMP motif introduced into DnakK, on the secondary and tertiary structure of the
protein. Initially, all the proteins were overexpressed and purified to homogeneity using a
combination of affinity, ion exchange, and size exclusion chromatographic techniques. PfHsp70-
1 and its GGMP variants purified from the soluble E. coli fraction as monomers based on SEC data

(Figure 3.2).

The secondary structure content of PfHsp70-1 and its GGMP variants calculated using Dichroweb
(Whitmore and Wallace, 2008) confirmed that the proteins were mainly a-helical comprising of
more than 50 % a-helices (Table 3.2). This was in line with previous findings for PfHsp70-1 (Misra
and Ramachandran, 2009). Despite the conservative substitutions, secondary structural
differences were observed for PfHsp70-1 and its GGMP variants (Table 3.2). PfHsp70-1 and
PfHsp70-G632 possessed a significant percentage of unordered regions (Table 3.2). Conversion
of a portion of the C-terminal unordered region to a-helix in PfHsp70-G648 resulted in 12 % of
the protein’s secondary structure being unordered. Unordered regions are responsible for
protein-protein interactions (Hsu et al., 2012; Dyson and Wright, 2015). The GGMP repeats are
in the most unordered region in the extreme C-terminal lid segment of the protein. It is possible

GGMP repeats serve as sites for interaction with other proteins.

Findings from this study demonstrated that about 50 % of recombinant PfHsp70-1 and its GGMP
variants is thermostable up to 80 °C (Figure 3.3B). PfHsp70-1 has been previously shown to be
thermostable (Shonhai et al., 2008; Misra and Ramachandran, 2009; Zininga et al., 2016).
Mutation of the GGMP repeats did not alter the heat stability of variant proteins despite the
varying secondary structural composition of the chaperones. Hsp70 is known as a thermosensor

due to its ability to regulate the heat shock response (Doberentz et al., 2017). This is why
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PfHsp70-1 is important for parasite survival during febrile fever episodes. The high heat stability
for PfHsp70-1 confirms its role in conferring cytoprotection to the parasite during cellular stress.
The heat stability of PfHsp70-1 has been mainly attributed to the role of the C-terminal
subdomain of the protein (Misra and Ramachandran, 2009). However, mutation of the GGMP

motif is of no consequence to the thermostability of PfHsp70-1 (Figure 3.4B and C).

Hydrolysis of ATP drives the chaperone cycle of Hsp70s. Findings from this study indicated that
PfHsp70-1, DnaK and the PfHsp70-1 GGMP variants bind ATP with a characteristic blue shift in
emission maxima. Blue shifts are a result of increased hydrophobicity in the micro-environment
around W-residues. It is known that upon ATP binding on Hsp70s, substantial conformational
changes occur within the NBD and the SBD (Qi et al., 2013; Kityk et al., 2015). These structural
changes could possibly explain the increase in hydrophobicity around the W-residues given that
there are two W-residues in the NBD of PfHsp70-1 (W-32 and W-101) and one in the NBD of DnaK
(W-102). The emission spectrum of W-102 in DnaK (conserved W-101 in PfHsp70-1) is known to
be sensitive to either ATP or ADP binding. Interestingly, the W-32 residue of PfHsp70-1 occurs
within one of the motifs (Phosphate 1; Bork et al., 1992) that associate with nucleotide. It is
possible that the fluorescent properties of the W-32 and W-101 residues are sensitive to ATP
binding on the Phosphate 1 motif. This could explain why the emission maxima had a
characteristic blue shift. The recent findings agree with previous reports which observed a blue
shift in emission maximum upon incubating the E. coli Hsp70 (DnaK) with ATP (Qi et al., 2013;
Kityk et al., 2015). This supports both the DnaK and PfHsp70-1 data obtained in this study.
Surprisingly, the DnaK-G variant in the presence of ATP behaved in a similar manner as the
nucleotide-free and ADP bound forms. It is possible that the protein assumes a similar

conformation to ADP and NN forms due to the GGMP insertion.

It was also important to ascertain how the mutations would impact on substrate binding. Peptide
substrates ALLLMYRR and ANNNMYRR were observed to bind PfHsp70-1, DnaK and the GGMP

variants resulting in quenching of fluorescence (Appendix B18). Peptide ANNNMYRR was
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expected to bind to PfHsp70-1 with greater spectral shifts due to the abundance of asparagine
(N) residues. However, binding of both peptides resulted in marginal shifts (3 nm) in the
emission maxima for the recombinant proteins. Previous studies have also demonstrated
qguenching and no shift in emission maxima upon titration of PfHsp70-1 with peptides (Misra and
Ramachandran, 2010). There is only 1 W-residue in the SBD of PfHsp70-1 and none in the SBD of
DnaK. It is possible that binding of the peptide in the SBD might have caused some structural
changes that maintained the hydrophobicity around the W-residues. Interestingly, the binding of
ATP in the NDB resulted in major shifts in emission maxima but the binding of substrate to the
SBD resulted in minor shifts. This might suggest that structural changes in the NBD contribute

more to the fluorescence emission compared to substrate binding in the SBD.

Overall, the positional mutations demonstrated that the GGMP motif is important for the
secondary and tertiary structure of PfHsp70-1. The N-terminal GGMP mutation resulted in an
increase in the B-sheet content (23 %) in PfHsp70-G648 whereas the C-terminal mutation caused
a lower (12 %) unordered secondary structure content in PfHsp70-G632. However, these
secondary structural changes did not alter the heat stability of PfHsp70-1 and its GGMP variants.
Subsequent to this, the study sought to elucidate the effect of the GGMP mutations on the

chaperone activity of PfHsp70-1 and Dnak.
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4.1 Introduction

The Hsp70 family of proteins are known to be ubiquitous and conserved molecular chaperones
that play important roles in proteostasis under physiological and stressful conditions (Hartl and
Hayer-Hartl 2002; Bukau et al., 2006). The Hsp70 chaperone activity involves transient
interactions between C-terminal SBDB and hydrophobic patches within substrate polypeptides.
The SBDa acts as a lid closing in the substrate (Kityk et al., 2015). The chaperone activity of Hsp70
is regulated by nucleotide (ATP and ADP) binding to the NBD. Nucleotide-free and ADP-bound
Hsp70s bind substrate with high affinity. This is because, in these two states, the SBDB and SBDa
are closely packed to each other resulting in low ‘on” and ‘off’ rates for substrates (Mayer et al.,
2000; Clerico et al., 2015). The binding of ATP to the NBD causes the SBDB and SBDa to detach
from each other. The SBD and SBDa subdomains then dock on either side of the NBD resulting
in an increase in the substrate ‘on’ and ‘off’ rates by two or three orders of magnitude hence
decreased affinity for the substrate by Hsp70 (Kityk et al., 2015). Hydrolysis of ATP is essential for
the Hsp70 chaperone function. Important for the chaperone function of Hsp70 are co-
chaperones, such as Hsp40s and NEFs (section 1.6.5). The binding of Hsp40 to the NBD of Hsp70
stimulates ATP hydrolysis. Exchange of ATP for ADP by NEFs reverts Hsp70 to a high-affinity state
(Clerico et al., 2015).

The P. falciparum genome encodes six Hsp70s. The two cytosolic homologs (PfHsp70-1;
PF3D7_0818900 and PfHsp70-z; PF3D7_0708800) and the exported PfHsp70-x (PF3D7_0831700)
have been shown to possess chaperone activities (ATPase, protein aggregation suppression;
Shonhai et al., 2008; Cockburn et al., 2011; Zininga et al., 2016, 2017; Mabate et al., 2018).
Although not yet demonstrated to be essential, PfHsp70-1 exhibits distinct functional features
and plays key cytoprotective functions. Accordingly, PfHsp70-1 in co-operation with other Hsps
and co-chaperones ensures that the parasite survives the physiologically challenging
environment in the human host. All these functions of Hsp70s are dependent on key residues
located in the different domains or subdomains as well as in motifs. Modulation or alteration of

these residues may lead to abrogation of protein function. For example, using mutational analysis
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and in vitro assays, Shonhai et al. (2008) demonstrated that amino acid substitutions (A419Y and
Y444A) in the arc of PfHsp70-1 compromised its chaperone function. On the other hand, lidless
forms of DnaK have been shown to retain their chaperone activity. A GGMP motif has long been
identified in the lid segment of PfHsp70-1 (Matambo et al., 2004) but its function is yet to be
elucidated. The current study sought to further ascertain how the GGMP motif influences the

PfHsp70-1 and DnaK chaperone function.

The objectives of this study were to:

i. determine the ATPase activities of PfHsp70-1, Dnak, and their respective GGMP variants;

ii. investigate the chaperone function of PfHsp70-1 and DnaK relative to their GGMP

variants.
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4.2 Materials and Methods

4.2.1 Materials

Reagents and materials used in this study are contained in Appendix C1. Peptides (ALLLMYRR,

ANNNMYRR, GFTVVLMYRF, and GFTNNNMYRF; Mabate et al., 2018) were synthesized by

GenScript, USA. The plasmids and strains used for complementation assay are listed in Table 4.1.

Table 4. 1: List of plasmids and strains used for complementation assay

Strains and Description Supplier/Reference
plasmids
Plasmids
pQE60 pQE6O vector, AmpR Burkholder et al., 1994
pQE60/DnakK pQE6O encoding E. coli Hsp70 (DnaK), Burkholder et al., 1994
AmpR
pQE60/KPf pQE60 encoding DnaK/PfHsp70-1 Shonhai et al., 2005;
chimera (KPf), AmpR Makhoba et al., 2016
pQE60/KPf-G633 pQE60 encoding KPf-G633 protein, AmpR  This study
pQE60/KPf-G617 pQE6O encoding KPf_G617 protein, This study
AmpR
pQE30/DnakK pQE30 encoding E. coli Hsp70 (DnaK), This study
AmpR
pQE30/DnaK-G pQE30 encoding Dnak GGMP mutant This study

(DnaK-G), AmpR

Strains

E. coli dnaK756

BB2362 (dnak756 recA: TcR pDMI, 1)

Gift form Drs. B. Bukau and
M. Mayer (University of
Heidelberg)

4.2.2 Investigation of the ATPase activity of PfHsp70-1, DnakK, and their GGMP variants

The ATPase assay was carried out following a previously described approach (Zininga et al.,

2017a) with slight modifications. The assay quantifies the amount of inorganic phosphate

released from ATP hydrolysis thus determining the ATPase activity. To determine kinetics for the
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ATPase activities of PfHsp70-1, DnaK and their variants, Michaelis—Menten plots were generated

using GraphPad Prism 6.05.

To further verify the functionality of the PfHsp70-1 and its variants, the assay was repeated in
the presence of typical Hsp70 substrates (ALLLMYRR, ANNNMYRR, GFTVVLMYRF, and
GFTNNNMYRF; Mabate et al., 2018). These peptides contain stretches of hydrophobic (G, A, V, L,
M, and F) and basic (L and R) amino acids which make them suitable Hsp70 substrates (Fourie et
al., 1994). The two peptides ANNNMYRR and GFTNNNMYRF, each has three asparagine (N)
residues representing the asparagine-rich proteome in P. falciparum. This also makes them
suitable candidates for the assay involving PfHsp70-1. The substrates were titrated at varying
concentrations (0-2000 nM). The data were plotted as relative ATPase activity, with the

respective basal ATPase activity of each protein being presented as 100 %.

4.2.3 Investigation of the chaperone function of PfHsp70-1, DnaK and their GGMP
derivatives using MDH aggregation assay

The chaperone function of recombinant PfHsp70-1, DnaK, and their GGMP variants was
investigated by analyzing the ability of the proteins to suppress aggregation of heat-denatured
MDH (Sigma-Aldrich, USA). The assay was conducted as previously described (Shonhai et al.,
2008; Luthuli et al., 2013; Makumire et al., 2014; Zininga et al., 2016). Protein aggregation was
monitored at 51 °C for 60 minutes by measuring turbidity at 340 nm at 5 min intervals using the
SpectraMax M3 spectrometer (Molecular Devices, USA). Optical densities were converted to
aggregation percentages relative to MDH aggregation (set as 100 %) and plotted. To further
determine the effect of nucleotides on the chaperone function of the PfHsp70-1 and its GGMP
derivatives, the reaction was repeated in the presence of 5 mM ATP/ADP. Additionally, following
the ATPase activity assay in the presence of peptides, the aggregation assay was also repeated in
the presence of varying concentrations (0-500 nM) of peptide ALLLMYRR for PfHsp70-1 and its

GGMP variants. Aggregation was monitored as described above.
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4.2.4 Confirmation of KPf-G617 and KPf-G633 DNA constructs

The KPf GGMP variants were generated by conservative substitution as previously described
(section 2.2.1). Similar substitutions made in PfHsp70-1 were also made at positions 617 and 633
in KPf, in such a way that PfHsp70-G632 is the GGMP equivalent of KPf-G617 and PfHsp70-G648
of KPf-G633. To confirm the integrity of the pQE60/KPf plasmid constructs (Burkholder et al.,
1994), the DNA was digested using diagnostic restriction enzymes (Appendix B19). The KPf GGMP
variants were synthesized by GenScript, USA. To confirm the integrity of KPf-G617 restriction
digest enzymes Hindlll and BamHI; KPf-G633 restriction digest enzymes Hindlll and Xbal were
used. To estimate the size of the fragments, the products were then analyzed by 0.8 % agarose
gel electrophoresis (Appendix A.3). The status of the pQE60/DnaK plasmid was confirmed by
using the restriction digest enzyme Ncol, while for pQE60/KPf the restriction digest enzyme Kpnl

was used.

4.2.5 Complementation assay

To investigate the in cellula functional capabilities of the GGMP variants, a complementation
assay was carried out as per procedure by Shonhai et al. (2005). This was conducted using an E.
coli dnaK756, BB2362 (dnaK756 recA: TcR pDMI, 1) strain whose DnaK function is compromised.
The E. coli dnak756 strain is resistant to bacteriophage lambda (Georgopoulos, 1977), and is
unable to grow above 40 °C (Georgopoulos et al., 1979; Tilly et al., 1983). This strain expresses a
DnaK with three amino acid substitutions, one of which reduces its affinity for GrpE, whilst the

two other substitutions elevate the basal ATPase activity of DnaK (Buchberger et al., 1999).

E. coli dnak756 cells were transformed using plasmids pQE60, pQE60/KPf, pQE60/KPf-G617,
pQE60/KPf-G633, pBB46 (pQE60/DnakK), pQE30/DnaK and pQE30/DnaK-G prior to being
subjected to heat stress (Shonhai et al., 2005). Freshly transformed cells were grown overnight
with shaking at 37 °C in 2xYT supplemented with 10 pg/ml tetracycline and 100 pg/ml ampicillin.
Following overnight incubation, the inoculum was transferred into fresh broth and incubated

under the same growth conditions. At mid-log phase (ODsp0=0.6) of growth, cells were induced
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with 1 mM IPTG. The cells were grown to ODgpo=2.0. The cultures were standardized to the same
cell density and serial dilutions were made prior to spotting onto agar plates containing the
necessary antibiotics and 50 uM IPTG. Plates were incubated overnight at 37 °C and 43.5 °C

respectively.

4.2.5.1 Protein production studies

In addition to the thermosensitivity studies, it was necessary to confirm the production of the
various proteins. Pre-induction and post-induction samples (0.Ds00=2) were collected for analysis
by SDS-PAGE. The production of the various proteins was confirmed by Western blotting analysis
(Appendix A7) using primary a-PfHsp70-1 antibodies (Shonhai et al., 2008) and monoclonal a-
DnaK antibodies (Makhoba et al., 2016).
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4.3 Results

4.3.1 PfHsp70-1 variants exhibit low intrinsic ATPase activity but are capable of
suppressing MDH aggregation in vitro

Hsp70s bind nucleotides resulting in changes in their structural conformation. The findings from
tryptophan fluorescence demonstrated that the conformation of the PfHsp70-1 GGMP variants
was also regulated by ATP (section 3.3.7). This was in a similar manner to the wild type proteins
PfHsp70-1 and DnaK (section 3.3.7). It was important to assess the ATPase activity of the variants.
Their basal ATPase activity was determined by measuring the amount of inorganic phosphate (Pi)
released as ATP is hydrolyzed. The Michaelis-Menten curves determined show that PfHsp70-1
exhibits a Vmax of 29.93 (nmol/min/mg) and a K, of 364 uM (Figure 4.1; Table 4.2). This implies
high ATP turnover rates and is comparable to what was previously determined by Zininga and
colleagues (2017). The variants exhibited higher K, values; 1,346 mM for PfHsp70-G632 and 929
UM for PfHsp70-G648 compared to PfHsp70-1 (Table 4.1). This suggests that both variants had
low turnover rates compared to PfHsp70-1 (Figure 4.1B). The differences in the relative ATPase
activity (as Km) were statistically significant between PfHsp70-1 and variants as well as between

PfHsp70-G648 and PfHsp70-G632 based on two-way ANOVA (p<0.001) (Figure 4.1 and Table 4.1).

PfHsp70-1 possesses higher intrinsic basal ATPase activity (Matambo et al., 2004). It was
interesting to assess how the ATPase activity of DnaK would be influenced by introducing the
GGMP motif of PfHsp70-1 into DnaK. Using a DnaK variant in which the GGMP motif of PfHsp70-
1 was added, this study observed that the variant had higher ATPase activity as compared to
DnaK. The kinetics (Table 4.1) determined from Michaelis-Menten plots (Figure 4.3A) suggest
that the DnaK-G variant exhibited higher intrinsic ATP turnover rates. The differences in the
relative ATPase activity were significant based on Two-way ANOVA (Figure 4.3B; p<0.001). This
activity was also higher than that for the PfHsp70-1 GGMP variants but still lower than that of
PfHsp70-1 (Figure 4.1B). This suggests that the introduction of the GGMP enhanced the ATPase

activity of DnaKk.
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Figure 4. 1. PfHsp70-1 GGMP variants exhibit low intrinsic ATPase activity

Evaluation of the basal ATPase activities of PfHsp70-1, DnaK, and the GGMP variants. The amount of Pi
released was monitored by measuring absorbance at 595 nm using a direct colorimetric assay. (A)
Michaelis-Menten plot of the ATPase activity. (B) ATPase activity of the GGMP variants relative to
PfHsp70-1. (C) The heat-induced aggregation of malate dehydrogenase was assessed in vitro at 51 °C.
Statistical analysis was carried out using two-way ANOVA (p<0.001). There were no statistically significant
differences in the suppression of MDH aggregation by PfHsp70-1, DnaK and the GGMP variants.

Table 4. 2: Kinetics of the ATPase activities of PfHsp70-1 and GGMP variants

PfHsp70-1 PfHsp70-G632 PfHsp70-G648 DnaK DnaK-G

Vmax (nmol/min/mg) 29.93 [¥1.6] 35.72[%2.9] 31.72 [¥2.1] 8.39 [1.2] 5.997 [+0.4]
[sD]

Km (1LM) [SD] 364 [£3.5] 1346 [+4.6] 929 [+4.3] 1123.9 [+5.9] 666.0 [£1.8]

Table legends: Vmax — the maximum rate of the catalysis reaction; Kn, - is the substrate concentration at
which the reaction rate is at half-maximum. At least three independent assays were carried out and
results are shown as mean and standard deviations.

The Hsp70 ATPase activity has been previously shown to be enhanced by the binding of Hsp40 as

well as the binding of peptide substrates (Kityk et al., 2012, 2015). In a separate assay, this study
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further sought to investigate whether the ATPase activities of PfHsp70-1 and its GGMP variants
was regulated by typical Hsp70 peptide substrates (Mabate et al., 2018). Under saturating ATP,
there was very low or no stimulation of the ATPase activity of PfHsp70-1 by the peptides at
various concentrations (Appendix B20B). Low stimulation of ATPase activity by peptide
substrates has been reported for other Hsp70s (Kityk et al., 2012, 2015) and this validates these
observations made for PfHsp70-1. The PfHsp70-G648 variant responded to stimulation by
peptides to a slightly higher extent as compared to PfHsp70-1 (Appendix B20B). The PfHsp70-
G632 variant, which initially exhibited the lowest ATPase activity, was highly stimulated by the
peptides. Typically, the allosteric function of Hsp70 facilitates stimulation of its ATPase activity
by peptides substrates (Vogel et al., 2006; Clerico et al., 2015; Chiappori et al., 2016). It was
observed that even though the GGMP variants had low ATP turnover rates, there was minimal
stimulation of the ATPase activity by the four peptides used. The minor variations in the
stimulation of the ATPase activity of PfHsp70-1 and PfHsp70-G648 by the four peptides were
statistically insignificant. Significant differences were observed for PfHsp70-G632 compared to

PfHsp70-1 (p<0.001).

In order to further ascertain the chaperone activity of the GGMP variants, MDH aggregation
suppression assays were conducted. MDH is an aggregation-prone protein when exposed to heat
stress (Shonhai et al., 2008). However, PfHsp70-1 is known to suppress aggregation of MDH at
48 °C (Luthuli et al., 2013, Makumire et al., 2014, Zininga et al., 2016). This study sought to
elucidate how mutations in the GGMP motif would affect the capability of PfHsp70-1 to suppress
MDH aggregation. Following the 1:1 chaperone/substrate ratio for PfHsp70-1 determined by
Zininga et al., 2016, the assay was conducted for the GGMP variants in comparison to PfHsp70-1
and DnaK. As an initial step, the heat stability of the various proteins was established. The
recombinant chaperone proteins did not aggregate when exposed to 51 °C for 60 minutes
(Appendix B21A). The chaperones are stable to temperatures above 80 °C as shown previously
(Figure 3.4). As expected, in the absence of chaperones, MDH aggregated when exposed to heat

stress (Appendix B21A). Wild type PfHsp70-1 and DnaK were able to suppress the aggregation of
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MDH in the absence of nucleotides (Figure 4.1C). Interestingly, the variants PfHsp70-G648,
PfHsp70-G632, and DnaK-G suppressed heat-induced aggregation of MDH (Figure 4.1C). Overall,
the chaperones exhibited protein aggregation suppression capabilities in the range of 20-40 %
(Figure 4.1C). There were no significant differences in the aggregation suppression capabilities
of PfHsp70-1, DnaK and their GGMP variants (Figure 4.1C, p<0.05). This could suggest that the
GGMP mutations did not compromise the chaperone function of PfHsp70-1 with respect to its
role in suppressing MDH aggregation. As expected, there was reduced suppression of
aggregation in the presence of ATP for all the recombinant proteins. In the presence of ADP, the
level of suppression was similar to NN (Figure 4.1C). These findings are in line with previous
reports on PfHsp70-1 showing that PfHsp70-1 equally suppresses MDH aggregation in NN and in
the presence of ADP (Shonhai et al., 2008; Zininga et al., 2016). Furthermore, the introduction of
the GGMP motif in DnaK resulted in both DnaK and DnaK-G exhibiting significantly similar abilities
to suppress MDH aggregation at equimolar concentrations of MDH to chaperone (Figure 4.1C;
p<0.0. However, upon titrating DnaK and DnaK-G, the DnaK-G variant was more effective in
suppressing MDH aggregation. This was observed at lower concentrations (0.2 M and 0.4 uM)
of the chaperones to 0.8 UM of MDH (Appendix B21B; p<0.001). This suggests that the addition
of the GGMP repeats to the C-terminal end of DnaK improved its chaperone activity. This seemed
to mirror findings from the ATPase activity showing that DnaK-G has higher ATPase activity
compared to DnaK. Overall, the data showed that the DnaK-G variant possessed better

chaperone activity than DnaK.

Earlier findings showed that the recombinant proteins bind to the model peptide substrate
resulting in quenching of intrinsic tryptophan fluorescence (Appendix B18). In line with these
findings, the MDH aggregation assay was repeated in the presence of peptide (ALLLMYRR).
Peptide ALLLMYR was chosen following preliminary data showing that the peptide binds Hsp70s
with high affinity as obtained using SPR (Mabate et al., 2018). The MDH aggregation suppression
function of PfHsp70-1 and its GGMP variants was reduced as the concentration of the peptide

ALLLMYRR increased (Appendix B21C). However, PfHsp70-1 managed to suppress MDH
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aggregation (below 40 %) at the highest concentration (500 nM) of peptide used. The variant
PfHsp70-G648 was observed to follow a similar aggregation suppression pattern as PfHsp70-1.
The aggregation suppression capability of PfHsp70-G632 was greatly reduced as the peptide
concentration increased, reaching about 80 % aggregation (Appendix B21C). These findings
suggest that the Hsps bind the peptide substrates releasing MDH to aggregate. Variant PfHsp70-
G632 seemed to be highly inhibited by peptide ALLLMYRR as its suppression ability was greatly
reduced. This seems to agree with the data from the ATPase activities, where PfHsp70-G632

activity was enhanced in the presence of peptide.

4.3.2 Substitutions in the GGMP motif do not abrogate the KPf chaperone function in
cellula

To further ascertain the chaperone activity of PfHsp70-1, DnaK and their GGMP variants, an in
cellula system was employed as described previously (Shonhai et al., 2005; Makhoba et al., 2016).
A chimeric Hsp70 comprised of the NBD from DnaK and the SBD from PfHsp70-1 (KPf; Shonhai et
al., 2005) has previously been shown to reverse thermosensitivity of the E. coli dnaK756 strain
better that PfHsp70-1 (Shonhai et al., 2005). KPf is thought to interact with E. coli co-chaperones
DnalJ and GrpE in the nucleotide exchange function. This chimeric protein of PfHsp70-1
complements for the compromised DnaK in E. coli dnaK756 cells effectively (Shonhai et al., 2005;
Makhoba et al., 2016). Hence, KPf with GGMP mutations mirroring the PfHsp70-1 GGMP variants
was used in the complementation assay. The E. coli dnaK756 cells transformed with the various
plasmids grew at a permissible temperature of 37 °C (Figure 4.2A). These observations suggest
that E. coli dnaK756 growth was not compromised. On the other hand, at an elevated
temperature of 43.5 °C, cells transformed with the vector plasmids pQE60 and pQE30 (negative
controls) were unable to survive. The cells transformed with pQE60/DnaK and KPf as positive
controls grew at 43.5 °C. It is worth noting that KPf conferred cytoprotection better than DnaK.
It is known that DnaK is toxic if expressed in excess (Blum et al., 1992). Cells transformed with
KPf-G617 and KPf-G633 were also able to grow at 43.5 °C. These data suggest that there was no

deficiency in the function of the PfHsp70-1 GGMP variants. However, the cells transformed with
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the DnaK-G variant failed to grow at 43.5 °C (Figure 4.2A) although the recombinant protein was
produced at high levels (Figure 4.2B). This suggests that insertion of GGMP repeat into DnaK led

to poor chaperone activity in cellula.

A
DnaK
PQE6O
KPf-G633
KPf-G617
KPf
Dnak-G
pQE30
37°C 43.5°C
B Dnak KPf  KPfG617 KPfG633 Dnak-G

cﬁ"‘“

kD
130
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70
55
45
35
25

o 'll'-.= lll'-c.— L ‘..' — w

Figure 4. 2. Mutation of part of the GGMP motif did not abrogate the in cellula function of KPf

(A) E. coli dnak756 cells transformed with plasmid constructs expressing KPf and its GGMP repeat mutants
were incubated at 37 °C and 43.5 °C. The negative control consisted of cells transformed with pQE60
plasmid vector whilst the positive control was represented by cells transformed with the pQE60/DnaK
plasmid. (B) SDS-PAGE analysis for the exogenous expression of chimera KPf and its GMMP variants in E.
coli dnak756 cells. The labels on the top of the gel panels represent the different proteins that were
expressed as well as the vector control (pQE60). Lanes U and I represent the sample that was taken before
induction and 5 hours after induction with IPTG, respectively. Molecular weight markers (lane M) in kDa
are shown in the extreme left-hand side lane. Western analysis (W) of the various proteins was conducted
using a-DnaK antibodies. The SDS-PAGE analysis was performed on 12 % SDS gel under reducing
conditions.
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4.4 Discussion

The GGMP repeats are strongly represented in Hsp70s of parasitic origin in comparison to
humans (Table 1.3). To decipher the function of this motif, ATPase activity, MDH aggregation
suppression, and complementation assays were conducted. PfHsp70-1 exhibited higher ATPase
activity than DnaK and the GGMP variants (Figure 4.1; Table 4.1) in agreement with previous
reports showing that PfHsp70-1 possesses higher intrinsic ATPase activity (Matambo et al., 2004;
Zininga et al., 2016). The GGMP variants exhibited significantly lower ATPase activity. The ATPase
activity of PfHsp70-G632 was significantly suppressed compared to PfHsp70-G648. The docking
of the SBD subdomains on the NBD, upon ATP binding, has an inhibitory effect on the ATPase
activity (Kityk et al., 2015). It is possible that the introduced mutations in the GGMP motif
enhanced SBD docking on NBD thereby furthering the inhibition of the ATPase activity of the
PfHsp70-1 variants.

Additionally, the ATPase activity of the GGMP variants of PfHsp70-1 was determined in the
presence of a peptide substrate. Peptide substrates are known to regulate the ATPase activity of
Hsp70s through allosteric regulation. Peptide substrates were also previously demonstrated to
bind the Hsp70s resulting in quenching of fluorescent intensity (Appendix B17). Hence, the study
sought to assess the ATPase activity of PfHsp70-1 and its GGMP variants in the presence of
peptide substrates. Findings showed that GGMP mutations at both position 632 and 648 lowered
the ATPase activity of PfHsp70-1, although PfHsp70-G632 was significantly affected. The ATP
hydrolysis rates were observed to be stimulated variably by the different peptide substrates.
PfHsp70-1 and PfHsp70-G648 seemed to be marginally stimulated whereas PfHsp70-G632
exhibited a higher degree of stimulation by the peptide substrates. However, the stimulation for
PfHsp70-G632 was very low, in the range (0-1.2-fold). This is consistent with reports that the
binding of peptide substrate to the SBD stimulates the ATP hydrolysis rates to a less degree (Kityk
et al, 2012, Kityk et al., 2015) than in the presence of both substrate and Hsp40 (Misselwitz et al.,
1998; Laufen et al., 1999; Silberg et al., 2004). This study further established that the GGMP

insertion enhanced the ATPase activity of DnaK, an Hsp70 that does not natively possess the

88

© University of Venda



()

o
- A
University of Venda

Chapter 4

Analysis of the effect of the GGMP mutations on the chaperone activity of Hsp70

GGMP motif. PfHsp70-1 is known to possess significantly high basal ATPase activity compared to
other Hsp70s (Shonhai et al, 2008; Zininga et al., 2016), hence the higher ATPase activity of DnaK-
G could be attributed to the presence of GGMP motif of PfHsp70-1. ATP hydrolysis, substrate

recognition, and binding are all important functional aspects of Hsp70.

In the current study, PfHsp70-1, DnaK, and their GGMP variants all managed to suppress heat-
induced MDH aggregation (Figure 4.1). There were no significant differences in the activity of
PfHsp70-1, DnaK and their GGMP variants at equimolar concentrations (0.8 UM) of chaperone to
MDH (p<0.05). It is interesting to note that the GGMP insertion enhanced the MDH aggregation
suppression capability of DnaK-G at lower concentrations of the chaperone (0.2 UM and 0.4 uM).
Based on the current findings from the DnaK-G variant, it is possible that the GGMP serves to
bind substrate or influences substrate binding. Recent studies have reported that a GGAP motif
in yeast Hsp70 is responsible for binding substrates (Gong et al., 2018). A similar function could
be proposed for the GGMP motif. Additionally, Smock et al. (2011) identified a 15-residue motif
(DDVVDAEFEEVKDKK; position 623-638) that acted as an auxiliary substrate binding site in the
lid segment of DnaK. This motif enhanced the chaperone function of DnaK. Such a motif might

mirror the GGMP motif in PfHsp70-1 although there is no conservation between the two motifs.

Hsp70s bind to hydrophobic patches of the substrate thus preventing the aggregation of proteins.
Suitable Hsp70 peptides substrates possess stretches of hydrophobic and basic amino acids. The
current study used synthetic peptides to ascertain the ability of the peptide substrate to influence
the chaperone activity of the Hsp70s in the presence of another substrate, MDH. The addition of
peptide substrate ALLLMYRR resulted in a general increase in MDH aggregation (Appendix B21).
The peptide is mainly comprised of hydrophobic residues hence the Hsp70s might have preferred
binding to the peptide ALLLMYRR. Therefore, the peptide inhibited suppression of MDH
aggregation. Peptide-induced inhibition of MDH aggregation was most associated with the
variant PfHsp70-G632 compared to PfHsp70-1 and PfHsp70-G648. The GGMP mutation at

position 632 is closer to the substrate binding cleft than the N-terminal G648 variant. It is possible
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the C-terminal GGMP repeats are of importance in substrate binding. Overall, findings from the
MDH aggregation suppression assay suggest that the GGMP repeats may contribute towards
substrate binding. Substrate binding might be dependent on the specific positioning of a

particular repeat in the GGMP motif of PfHsp70-1.

This study further involved analysis of the in cellula chaperone function of the GGMP variants
using a chimeric Hsp70 (KPf) as a model. KPf is a robust chaperone capable of reversing
thermosensitivity of the E. coli dnak756 strain (Shonhai et al., 2005; Makhoba et al., 2016). KPf
contains an SBD from PfHsp70-1 hence should recognize E. coli proteins and salvage them under
cell stress conditions (Makhoba et al., 2016). KPf is also able to communicate with E. coli co-
chaperones that binds in the NDB of DnaK. These co-chaperones regulate the KPf chaperone
function. Further complementation studies revealed that GGMP mutant forms of KPf were
functional in cellula (Figure 4.2). However, KPf-G617 seemed to confer cytoprotection to a slightly
higher extent than both KPf and KPf-G633 (Figure 4.2). On the other hand, DnaK-G failed to
suppress thermosensitivity. It is also possible that the insertion of the GGMP motif in DnaK
caused the protein not to recognize and bind E. coli proteins despite the ability of DnaK-G to
suppress MDH aggregation in vitro. The GGMP motif was inserted eight residues away from the
auxiliary binding site for substrates in DnaK. The change in secondary structure, from unordered
to a short helix in this region (section 2.3.4), could account for the failure by DnaK-G to bind E.

coli substrates.

Overall, this study demonstrated that the PfHsp70-1 GGMP variants exhibit low ATPase activity
but retain the Hsp70 chaperone function in vitro. Using a protein that does not natively possess
the GGMP motif, this study also showed that the motif enhanced the chaperone function of Dnak
in vitro. Chimeric KPf GGMP forms were shown to be functional in cellula. Each GGMP repeat in
the motif might play a particular function relative to its positioning in the GGMP motif of PfHsp70-
1. Findings from this study demonstrated that the C-terminal GGMP repeats are possibly

important for substrate binding.
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5.1 Introduction

Molecular chaperones are proteins involved in protein quality control and are responsible for
maintaining proteostasis. Co-chaperones form a set of proteins that modulate the activities of
molecular chaperones. The co-chaperone STI1, also known as Hsp70/Hsp90-organizing protein
(Hop), cooperates with Hsp70 and Hsp90 in protein folding and maturation of client proteins. The
general structure of Hop comprises three TPR domains and two DP domains (TPR1-DP1-TPR2A-
TPR2B-DP2; Odunuga et al., 2004). The TPR domains are made up of helix-turn-helix structures
while the DP1 and DP2 domains consist of six and five helices, respectively (Blatch and Lassle,
1999; Schmid et al., 2012). TPR motifs are protein-protein binding modules (Zeytuni and Zarivach,
2012). Interaction of Hop with Hsp70 is sequential, first through the TPR1 domain and then the
TPR2B domain. Sequential binding is important for substrate transfer to Hsp90. Interaction with
Hsp90 occurs via the TPR2A domain (Kajander et al., 2009, Schmidt et al., 2012, Zininga et al.,
2015b). Binding of the TPR domains of Hop to Hsp70 and Hsp90 facilitates client protein transfer
from Hsp70 to Hsp90 (Rohl et al., 2015). The chaperone function of both Hsp70 and Hsp90 is
regulated by ATP. ATP has an inhibitory effect on the association between Hop with either Hsp70
or Hsp90. When bound to Hsp90, Hop inhibits hydrolysis of ATP by Hsp90 (reviewed in Jackson,
2012). There has been a long-held view that Hop does not bind and hydrolyze ATP, but a recent
study suggested that human Hop possesses an ATPase domain (residues 1-359; Yamamoto et al.,
2014). However, it is not yet clear whether this ATPase domain of Hop shares similarities with

other known ATPases.

A P. falciparum Hsp70-Hsp90 organizing protein (PfHop) which co-localizes in the parasite cytosol
and nucleus has been previously described (Gitau et al., 2012). However, there is insufficient
biophysical data on PfHop. Using size-exclusion chromatographic analysis, Gitau and colleagues
(2012), showed that PfHop exists together in a complex with PfHsp90 and PfHsp70-1 in P.
falciparum cells. The expression of PfHop is also stress-induced (Gitau et al., 2012, Zininga et al.,
2015b). This suggests that PfHop plays a significant role by modulating the functional partnership

between PfHsp70-1 and PfHsp90 particularly under stressful conditions. Conditions such as
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periodic fever episodes that characterize clinical malaria are unfavorable to proteostasis. The
clients for Hsp90 are mostly receptors and if Hop is inhibited then the cellular signal transduction
system and function of kinases is compromised. Therefore, inhibition of PfHop will likely result in
the death of the parasite. A fair degree of divergence has been shown to exist between PfHop
and Homo sapien Hop (Gitau et al., 2012; Hatherly et al., 2015). There is needed to further
investigate the structure and role of PfHop as a possible antimalarial target. This study sought to
investigate the biophysical characteristics of PfHop that make it amenable to serve as a module

that brings PfHsp70-1 and PfHsp90 into a functional complex.

The specific objectives of this study were to:

i heterologously express and purify of PfHop;

ii. determine the secondary and tertiary structure of PfHop;

iii. establish the oligomerization status of PfHop;

iv. assess the ability of PfHop to bind nucleotides and hydrolyze ATP, and to

V. probe conformational changes of PfHop in the presence of ATP and ADP.
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5.2 Experimental Procedures

5.2.1 Materials
Reagents and materials used in this study are listed in Appendix C1. The strains and plasmids used

are listed in table 5.1.

Table 5. 1: Plasmids and strains used for recombinant PfHop production

Strains and plasmids Description Supplier/Reference

Plasmids

pQE30/PfHop pQE30 encoding PfHop, Amp® Gitau et al., (2012);

Zininga et al., (2015b)

Strains

E. coli JM109 DE3 el4— (McrA-) recAl endAl gyrA96 thi-1 Thermofischer
hsdR17 (rK — mK+) supE44 relAl A(lac- Scientific, USA
proAB) (F" traD36 proAB laclq ZAM15)

Antibodies

a-PfHop Peptide specific rabbit raised antibody Gitau et al., (2012);

against PfHop Zininga et al., 2015b)

5.2.2 Confirmation of pQE30/PfHop DNA construct

The plasmid pQE30/PfHop expressing recombinant PfHop was previously described (Gitau et al.,
2012; Zininga et al., 2015b). To confirm the integrity of the plasmid construct encoding the
recombinant PfHop protein, restriction digest analysis was performed using enzymes Xhol and
Pstl and this was analyzed by agarose gel electrophoresis (Appendix A.2 and A.3). This was further

confirmed through DNA sequencing (Appendix A.5).

5.2.3 Expression and purification of recombinant PfHop protein

The plasmid construct pQE30/PfHop was transformed into E. coli JM109 (DE3) cells (Appendix
A.4). Expression of recombinant PfHop followed a method previously described (Section 3.2.4).
Protein expression samples collected at hourly intervals were analyzed using 12 % SDS-PAGE and
visualized using Coomassie (Appendix A.6). Expression of PfHop was confirmed by Western
blotting analysis using peptide-specific a-PfHop (Gitau et al., 2012) and a-His antibodies
(Appendix A.7). Bands were visualized with ECL using a ChemiDoc (BioRad, USA) (Appendix A.8).
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Purification of recombinant PfHop was conducted using nickel affinity chromatography as
previously described (Gitau et al., 2012, Zininga et al., 2015b) with slight modifications (Section
3.2.5.1). Samples were collected for analysis by SDS-PAGE to assess the purity of the proteins and
confirmation by Western blot using a-PfHop and a-His antibodies. To exclude DnaK
contamination in purified PfHop, Western blotting using a-DnaK antibodies (Enzo Life Sciences,
Switzerland) was conducted. Dialyses of the purified recombinant protein was carried out
extensively overnight using SnakeSkin dialysis tubing 10 000 MWCO (ThermoScientific) in dialysis
buffer (20 mM Tris-HCI, pH 7.5, 10 mM NacCl, 5 % (v/v) glycerol, containing 0.2 mM TCEP).

5.2.3.1 lon Exchange Chromatography

As a second purification step, anion exchange chromatography was carried out as previously
described (Section 3.2.5.2). PfHop protein was eluted by applying buffer B (20 mM Tris-HCl; pH
7.5, 1 M NaCl containing 0.2 mM TCEP) to the column in a linear NaCl gradient, initially from 0 to
0.5 M over 30 min and then 0.5 M to 1 M for 10 min. The protein was eluted (1 ml per well) in a
96 well plate and samples from the eluted fractions corresponding to the main peak were

analyzed by SDS-PAGE.

5.2.3.2 Size Exclusion Chromatography

Following IEC, protein samples from the collected fractions were resolved by SDS-PAGE. The
remaining proteins were pooled together and loaded onto a HiLoad 16/600 Superdex™ 200 pg
column connected onto an Akta FPLC system (section 3.2.5.3). The flow rate was set at 0.3 ml/min
and a maximum pressure of 0.5 MPa following the manufacturer’s instructions (GE Healthcare,
USA). The protein was eluted, as 0.5 ml fractions per well in a 96 well plate. Samples were
resolved by SDS-PAGE to determine the purity and homogeneity of the PfHop protein. To confirm

the identity of PfHop, MALDI-TOF mass spectrometry was applied.
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5.2.4 Molecular weight determination of PfHop by multi-angle static light scattering

To determine the molecular weight of recombinant PfHop, analytical SEC was performed on a
Superdex S200 increase 10/300 GL column (GE Healthcare, USA) on an Akta FPLC (Amersham
Biosciences, UK). The Akta system was coupled to a mini-DAWN TREOS multi-angle static light
scattering (MALS) detector (Wyatt, USA) and a RefraMAx520 differential refractometer (Wyatt)
for absolute molecular weight determination. This was conducted following a previously
described method (Ruskamo et al., 2012 and Ignatev et al., 2012). Briefly, 100 ug of protein
suspended in running buffer C was injected into the column at maximum pressure 4 MPa and the
flow rate was 0.5 ml/min. BSA and Ovalbumin were run as molecular weight controls. The
molecular weight of PfHop was resolved based on the measured light scattering and refractive

index and/or UV absorbance using the ASTRA software (Wyatt, USA).

5.2.5 Secondary structural organization of PfHop

In order to investigate the secondary structure of PfHop, the protein was dialyzed in buffer P (10
mM KH;POs pH 7.5) with 150 mM NaF. Synchroton radiation circular dichroism (SRCD)
spectroscopy measurements were carried out using a UV-CD12 beamline with a temperature-
controlled cell holder. Recombinant PfHop (0.5 mg/mL) was suspended in buffer P and analysis
was done using a 98.56 um path length Suprasil round cell cuvette at a constant temperature (10
°C). A total of three spectral scans were recorded and averaged from 280 to 175 nm. The SRCD
data was processed and secondary structure deconvolution was performed on the Dichroweb
server (Lobley et al., 2002), using the CDSSTR algorithm (Compton and Johnson, 1986) and the

SP175 reference database.

To investigate the effect of heat on PfHop CD spectral scans were conducted at 192, 193, 210 and
220 nm as the temperature was increased monotonically from 10 to 90 °Cin 1 °C per min. This
was also repeated using conventional CD spectroscopy on a Jasco J-1500 (JASCO Ltd, UK), in a 2-
mm quartz cuvette to validate findings from SRCD. Furthermore, the effects of urea as a
denaturant on the stability of PfHop was monitored on a J1500 CD spectrometer (JASCO Ltd, UK).

Molar residue ellipticity at 222 nm was assessed in the presence of an increasing concentration
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of urea (0-8 M). To calculate the folded fraction of the protein at a given temperature or urea

concentration, equation 1 (section 3.2.) was used.

5.2.6 PfHop tertiary structure determination using fluorescence spectroscopy

Using tryptophan fluorescence-based analysis, the effect of nucleotides on the tertiary structure
of PfHop was monitored as previously described (Section 3.2.7; Zininga et al., 2016). Initially, as
controls, tertiary structure perturbation was performed in the presence of varying
concentrations of known denaturants, urea (0-8 M) and GdHCI (0-6 M). This was also repeated in

the additional presence of nucleotides (5 mM ATP or ADP).

5.2.7 Investigation of nucleotide-dependent conformational changes of PfHop using
limited proteolysis

To further ascertain nucleotide-dependent conformational changes on PfHop, partial tryptic
digestion of recombinant PfHop was carried out. This was conducted in the buffer (50 mM Tris-
HCI, pH 8.0; 5 mM MgCl,) supplemented with 5 mM ATP or ADP as per protocol (Zininga et al.,
2016). Briefly, recombinant PfHop at 4 uM was digested at 30 °C using 0.25 ng/ml trypsin (Sigma
Aldrich, USA) and samples were collected at 0-, 10-, 30- and 60-min intervals and prepared for
SDS-PAGE analysis (Appendix A.6). Western blot analysis was used to detect PfHop fragments
using a-His (Sigma-Aldrich, U.S.A) and a-PfHop antibodies (Gitau et al., 2012) (Appendix A.7).

5.2.8 Assessment of the oligomerization status of PfHop

Previous studies speculated that PfHop may exist in higher-order oligomers (Gitau et al., 2012).
Additionally, during the early stages of optimizing the purification of PfHop, higher-order species
of PfHop were observed (Figure 5.2B) leading to speculation that PfHop may oligomerize as has
been previously reported (Zininga et al., 2015b). It was necessary to perform follow up studies.
To explore the ability of PfHop to self-associate, protein-protein interaction assays were
conducted on a Proteon XPR36 surface plasmon resonance (SPR) machine using a GLC sensor

chip (BioRad, USA) as described (Zininga et al., 2015b).
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5.2.9 Investigation of the nucleotide binding affinity of PfHop using SPR

Hop acts as an adaptor molecule bringing together Hsp70 and Hsp90 into a functional complex.
Hsp70 and Hsp90 are ATPases whose chaperone function is regulated by nucleotides. It has been
proposed that Hop may independently bind to ATP (Yamamoto et al., 2014). The current study
sought to investigate the ability of PfHop to bind nucleotides. This was analyzed using SPR

following the described protocol (Zininga et al., 2016).

5.2.10 Investigation of basal ATPase activity of PfHop

Studies by Yamamoto et al. (2014) revealed that Hop binds and slowly hydrolyzes ATP. The
current study elucidated if PfHop exhibited a similar function. The basal ATPase activity assay was
carried out following a previously described approach (Zininga et al., 2015b; 2017). Recombinant
PfHop (0.4 uM) was incubated for 5 min in HKMD buffer. As a positive control, recombinant
PfHsp70-1 was used as it possesses known ATPase activity and the reaction mix with boiled
protein was used as a non-enzymatic control. To determine the kinetics for the ATPase activity

of PfHop, Michaelis-Menten plots were generated using GraphPad Prism 6.05.
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5.3 Results

5.3.1 Confirmation of pQE30/PfHop DNA construct

The identity of the pQE30/PfHop plasmid construct was confirmed by sequencing and restriction
digest analyses using Xhol and Pstl restriction endonucleases (Appendix B22). The size of the
cleaved DNA corresponded to the predicted sizes of 1855 bp and 3416 bp representing the insert

and vector respectively.

5.3.2 Expression and purification of recombinant PfHop protein
Recombinant PfHop protein was successfully expressed as an N-terminal His fusion protein in E.

coli IM109 cells (Figure 5.1A).
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Figure 5.1. Analysis of the expression and purification of PfHop in E. coli JM109

(A) Analysis of the expression of PfHop JM109 cells using SDS-AGE. Lane M: represents molecular weight
markers (in kDa); Lane O: represents the total extract of cells transformed with pQE30/PfHop plasmid
before IPTG induction; lanes 1-5 represent hourly samples collected and lane O/N: total extract of cells
transformed with pQE30/PfHop after induction overnight. (B) Ni-NTA Purification of PfHop expressed in
JM109 cells. Lane S: the soluble fraction; lane Ft represents the protein that does not bind to the Ni-NTA
(flow-through); lane W: represents samples collected after the washing step and lanes E1, E2 represent
PfHop elution fractions. Lower panels: Confirmation of the purified PfHop protein by Western blot using
a-PfHop. DnaK contamination was also confirmed using a-DnaK. The SDS-PAGE analysis was performed
on 12 % SDS gel under reducing conditions.
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Previous expressions in E. coli XL1 Blue cells showed that PfHop expressed together with a
truncated version of PfHop that migrated at 55 kDa (Gitau et al., 2012). This truncated 55 kDa
version of PfHop was lowly observed in protein expressed in E. coli IM109 cells (Figure 5.1A). The
protein migrated as a 66 kDa species on SDS-PAGE and was confirmed by Western blot analysis
(Figure 5.1, lower panels; Gitau et al., 2012; Zininga et al., 2015b). The His-tag facilitated the
purification of PfHop by Ni-NTA affinity chromatography (Figure 5.1B). A considerable amount of
the protein passed through the matrix as flow-through (Figure 5.1B, lane Ft). Most of the protein
together with other impurities remained bound during washes (Figure 5.1B, lane W). Some of
the impurities (other proteins) co-eluted with PfHop (Figure 5.1B, lanes E1 and E2). In elution
three (E2), bands above and below the 66 kDa molecular weight of PfHop were observed during
SDS-Page and Western blotting. These were speculated to be either higher-order forms of PfHop
that were probably resistant to SDS and heat treatment or fragments of PfHop. It is also possible
that these could be other protein contaminants. Western blot analysis using a-DnaK antibodies
confirmed the absence of DnaK contamination in the eluted protein (Figure 5.1B, lower panel).
This eliminates the effect of DnaK in downstream applications. The PfHop protein eluted with
more impurities (proteins of lower and higher molecular weight) compared to observations by

Gitau et al. (2012).

Subsequent to the Ni-NTA purification of PfHop, ion exchange chromatography (IEC) was
performed to further purify PfHop from impurities. (Figure 5.2A). The buffers used for this
purification were pH 7.5. PfHop has an isoelectric point of 6.63 and was negatively charged under
the assay conditions. This facilitated binding to the positively charged MonoQ column. PfHop was
eluted from the column at a low salt concentration (Figure 5.2A; peak 1). Anion exchange
chromatography removed most of the protein impurities leaving only PfHop as observed on SDS-
PAGE (Figure 5.2A; insert). After IEC, the larger molecular weight bands initially speculated to be
SDS or heat resistant PfHop dimers were absent. This could suggest that the large molecular

weight species were contaminants that were eliminated by IEC.
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Fractions collected from the IEX were pooled for analysis using size exclusion chromatography.
The observed elution profile indicates that native PfHop is monomeric in solution (Figure 5.2B).
However, a minor peak was also observed just before the main PfHop elution peak. This small
peak may be due to PfHop forming higher-order oligomers. However, fractions from the main
peak were associated with the presence of a single band with a molecular mass of 66 kDa (Figure

5.2B; insert). The protein was confirmed to be PfHop by sequencing with MALDI-TOFF (Appendix
B13).
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Figure 5.2. lon exchange chromatography and size exclusion chromatographic analyses of PfHop

(A) Protein elution was monitored with an A 280 absorbance trace (blue line). The protein that bound to
the column was then eluted by an increasing NaCl gradient (brown line) monitored as conductivity (lime
green line). The SDS-PAGE analysis of the protein fractions from peak 1 (insert; lanes 1-5). (B) Freshly
purified PfHop was analyzed by analytical size exclusion chromatography in 10 mM Tris-HCI, 150 mM NaCl,
pH 7.5 using a Superdex Hiload S200 column. Analyses of the purified protein from the main peak after
SEC was conducted using 12 % SDS-PAGE under reducing conditions (insert; lanes 1-10). (C) SEC-MALS

analysis of purified PfHop with BSA and Ovalbumin as controls. The molecular weights are represented as
horizontal lines.
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SEC coupled with static light scattering (SLS) was conducted to determine the molecular weight
and oligomeric status of PfHop in solution (Figure 5.2C). BSA and ovalbumin are standard
proteins used for column calibration (Ruskamo et al., 2012). Consistent with SEC data, the SLS
data also clearly shows PfHop eluting with a single peak, demonstrating that PfHop is indeed
monomeric (Figure 5.2C). However, despite having almost similar molar masses, BSA and PfHop
elute differently with PfHop eluting first. This implies that PfHop has a relaxed/elongated
structure compared to the more compact BSA. SEC-MALS estimates the molecular weight for
PfHop as 73 £ 2.96 kDa, which is slightly different from the 66 kDa for the PfHop monomer
reported by Gitau et al. 2012 or as calculated from the amino acid sequence using the Protparam
tool (https://web.expasy.org/protparam/). This could be attributed to the fact that the molar mass
distribution of PfHop is uneven (Figure 5.2C) as there is an increase in MW across its elution peak.
This observed increase in MW is inconsistent with SEC-MALS theory and was also reported by
Zhao et al. (2012). Ideally, the MW of a protein is supposed to decrease as the elution time
increases. Upward increases in MW distribution have been attributed to changes in the refractive
index, the concentration of the protein sample and the solvent (Zhao et al., 2012). This would
make the molecular weight average of PfHop estimated to be higher than 66 kDa. A more
plausible explanation could be the conformational changes in the protein in the two analyses.
The protein behaves differently when denatured and run on an SDS-PAGE gel compared to the

passage of the soluble protein through a gel filtration matrix (Hagel, 2001).

5.3.3 PfHop exhibits a strongly helical disposition

Synchrotron radiation circular dichroism (SRCD) spectra were recorded for full-length protein to
evaluate the folding state and secondary structure composition of recombinant PfHop. The
PfHop spectrum exhibited two negative minima at 222 nm and 208 nm and a positive peak at
194 nm (Figure 5.3A) characteristic of mostly helical proteins (Whitmore and Wallace, 2008). The
Dichroweb server was used for deconvolution and PfHop was observed to be mainly a-helical
comprising of 50 % a-helices, 16 % B-sheets, 10 % B-turns, and 23 % unordered. The stability of
PfHop secondary structure was monitored at 192, 193, 210 and 220 nm, as the temperature was

increased to 90 °C (Figure 5.3C). PfHop lost almost 50 % of its folded fraction around 45 °C (Figure
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5.3D). Similar results were also observed when using conventional CD spectroscopy (Appendix
B23). As a control, urea was used to validate that PfHop undergoes structural perturbation when
denatured (Appendix B23D-E). PfHop remained stable in 4 M urea and unfolded beyond this
(Appendix B23D). About 50 % of the protein is unfolded at 5 M urea (Appendix B23E). As
expected, the unfolding of PfHop was dependent on the urea concentration (Appendix B23E)

proving that the protein was sensitive to chemical denaturation.
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Figure 5.3. Analysis of the secondary structure of PfHop

(A) High-resolution SRCD spectrum of full-length PfHop. (B) SRCD spectral scans were conducted with an
increase in temperature from 10 °C to 90 °C, causing PfHop to unfold. (C) Thermal melting of PfHop
permanently abrogated the secondary structure. (D) The folded fraction of PfHop under varying
temperatures as calculated using equation 1 (section 3.2.6.1).

5.3.4 PfHop undergoes conformational changes in the presence of nucleotides

Tryptophan fluorescence was used to investigate the tertiary structural organization of PfHop.
PfHop possesses one tryptophan residue at position 74 (W74). Initially, GdHCI and urea were
used as chemical denaturants to assess the unfolding of PfHop. The emission maxima red shifted
with an increase in GdHCI and urea concentrations (Figure 5.4A). The tryptophan fluorescence
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changes revealed red shift emission maxima with peaks at 347 nm and 340.1 nm corresponding
to 6 M GdHCI and 8 M urea respectively (Figure 5.4). This shows that PfHop is more sensitive to
GdHCI (stronger denaturant than urea), a phenomenon that was previously reported for Hsps of
P. falciparum origin (Misra and Ramachandran, 2009). The assay was then performed in the
presence of either ATP or ADP (Figure 5.4B). Nucleotides were incubated with recombinant
PfHop to assess conformational changes in response to their binding. PfHop assumed different
conformational states in the absence of nucleotides compared to the presence of ADP or ATP. In
the nucleotide-free buffer, the emission maximum for PfHop was 337 nm. This confirmed that
PfHop was properly folded. There was a blue shift in emission maxima upon incubation with ATP
(330 nm) and ADP (333 nm) (Figure 5.4B). These changes in the tryptophan fluorescence emission
maxima confirmed that PfHop assumed unique conformations in all cases (nucleotide-free), the

presence of ATP and the presence of ADP (Figure 5.4B).
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Figure 5.4. Analysis of the tertiary structure of PfHop by tryptophan fluorescence

The fluorescence emission spectra monitored at 300-450 nm after an initial excitation at 295 nm. The
recombinant PfHop protein tryptophan fluorescence emission spectra were recorded under (A) various
concentrations of GdHCI and urea. The red shift in PfHop emission spectra was plotted. (B) Tryptophan
fluorescence-based spectra for PfHop in the presence of 5 mM ATP and ADP. Dotted lines show variable
emission maxima, with respect to color, for PfHop in the presence and absence of ATP and ADP.

The effect of the nucleotides on the conformation of PfHop was further investigated by
subjecting the protein to partial trypsin proteolysis in the additional presence of 5 mM ATP or

ADP. The profiles of the generated PfHop fragments were analyzed using SDS-PAGE and Western
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blot (Figure 5.5). Prior to trypsin digestion, PfHop was stable generating no apparent breakdown

products (Figure 5.5, Lane U).

A 10 min 30 min 60 min D
kDa M U NN ATP ADP NN ATP ADP NN ATP ADP
170 1.0
130 E3 NN
100 %0.8 g ATP
——1 < ADP
75(; - . e .. e - — 42 0.6
F
40 . - — — £ 0.4
s & 0.2
» A sl o
0.0 i 0
15 D B
B 100 Time (min)
70
55 < a-PfHop
40
35
25
C
100
70 . = - <a-His

55

40

35
25

Figure 5.5. Limited proteolysis confirming nucleotide-induced conformational changes in PfHop

(A) Coomassie-stained SDS-PAGE gel (12 % gel under reducing conditions) representing the partial tryptic
digestion of recombinant PfHop in a nucleotide-free buffer and in the presence of 5 mM ADP or ATP.
Western blot representing PfHop fragments that were detected using (B) a-PfHop and (C) a-His
antibodies. PfHop was digested at 30 °C using 0.25 ng/ml trypsin for 60 min. (D) Densitometry analysis
based on the full PfHop band (labeled 1) in the SDS-Page gel.

At 10 min post addition of trypsin, various species ranging in size from 66 kDa to 15 kDa were
generated in all three reaction mixes (NN, ATP, and ADP). Although the fragment profiles were
apparently similar in size, most of the protein remained undigested in the presence of
nucleotides. Protein stability to digestion was highest in ADP followed by ATP and lowest in NN
(Figure 5.5). This suggests that the protein assumed unique conformations in the absence of

nucleotides and in the presence of ATP or ADP as also demonstrated by tryptophan fluorescence
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data (Figure 5.4B). After 30 min of incubation PfHop (NN) seemed to be digested to a greater
degree when compared to the scenario in which ATP or ADP was present leading to the
generation of unique fragments. This suggests that the nucleotide bound PfHop assumed
different conformations from the nucleotide-free form and hence digestion occurred differently.
These observations were further confirmed at 60 min, as only a few small fragments in the range
10-45 kDa were observed for PfHop (NN). In the absence of nucleotides, PfHop is almost
completely digested (Figure 5.5A). Higher-order fragment species were observed mostly in the
presence of ADP and ATP at 60 min (Figure 5.5). A fraction of the PfHop protein remained
undigested in the presence of ADP after 60 min. Western blot analysis using a-PfHop and a-His
confirmed mostly the higher-order fragments (Figure 5.5B and C). Densitometry analysis of the
full length PfHop band (marked as 1) showed that PfHop was preserved in the following order:
presence of ADP> presence of ATP> absence of nucleotide (Figure 5.5D). Taken together, PfHop
undergoes nucleotide-induced conformational changes that slowed the rate of digestion.
Conformational changes were also reported for a human Hop homolog although in the previous
study ATP was more protective from digestion than ADP (Yamamoto et al., 2014). It is possible
that the different buffers used in each assay contributed to the observed differences. On the

other hand, Yamamoto et al. (2014) should have used a densitometry analysis to verify their data.

5.3.5 PfHop forms higher-order oligomers

PfHop was purified and shown to exist as a monomer based on SEC and SLS analyses (Figure 5.2).
However, the protein was observed to form species that are higher-order on SDS-PAGE and
Western blot analysis at the preliminary purification steps (Figure 5.1B). It was interesting to
investigate whether the protein could form higher-order oligomers since Hop homologs are
reported to form dimers (Bose et al., 1996; Prodromou et al., 1999; Hildenbrand et al., 2011).
Based on SPR generated data, PfHop self-associated in a concentration dependent manner. The
self-association of PfHop was also ascertained in the presence of nucleotides. The association
was observed to be stable (Kp=1.57 nM) in the absence of nucleotide (NN). Higher affinity is
observed in NN in comparison to the presence of either 5 mM ATP or ADP (Table 5.2). This

suggests that nucleotides reduced PfHop self-association under the experimental conditions
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used. The changes in PfHop conformation in the presence of either ATP or ADP observed during
tryptophan fluorescence-based analysis (Figure 5.4B) and limited proteolysis (Figure 5.5) may
have accounted for the lower affinities observed during the self-association studies using SPR

(Table 5.2).

Table 5. 2: The rate constants for PfHop self-association

Analyte Ligand  k, (M-1s-1) ki (s) (E-05)  Kp (nM) X2 Reference
(E+03) [SD] [SD] [SD]

PfHop PfHop  228.0[+2.0] 3.6[t0.1] 1.6 [+0.7] 0.89 This study/
Zininga et al.,
(2015b)

PfHop + ATP  PfHop 63.5 [+0.9] 3.3 [£0.08] 5.2[+0.1] 1.84 This study/
Zininga et al.,
(2015b)

PfHop + ADP  PfHop 59.1 [+0.9] 4.6 [+0.02] 7.9 [+0.5] 2.49 This study/
Zininga et al.,
(2015b)

Table 5.2 legend: ka association rate constant, kd dissociation rate constant, Kp equilibrium constant, X?
correlation for SPR sensorgram fitting to the Langmuir model, ND not determined. Standard deviations
(SD) of at least three independent protein batches are shown in parenthesis.

The generated Kp indicates that PfHop self-associates with affinities in the nanomolar range,
comparable to dimerization of human Hsp70 (Marcion et al., 2015) and PfHsp70-z (Zininga et al.,
2016) (Table 5.2). PfHsp70-1 was used as a positive control as it is known to interact with PfHop
and PfHsp701nep served as a negative control. Due to a lack of the EEVD motif, the interaction of
PfHsp701nep with PfHop is thought to be abrogated (Table 5.2; Zininga et al., 2015). The
EEVN/EEVD motif is important for interaction with TPR containing co-chaperones (Mabate et al.,
2018). The lack of an EEVN motif in PfHsp70-x abrogated the interaction between PfHsp70-x and
human Hop in vitro (Mabate et al., 2018). Overall this demonstrated the capability of PfHop to
self-associate even though it was shown to be monomeric using SEC/SLS (Figure 5.2). The self-
association of PfHop could be a transient interaction. SPR is capable of measuring transient
interactions which cannot be measured by SEC. This could explain the differences observed

between the assays.
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5.3.6 PfHop directly binds ATP

Surface plasmon resonance analysis was further carried out to determine the nucleotide binding
affinity of PfHop. Equilibrium analysis was conducted on the SPR sensograms to analyze the
steady-state ATP binding affinity for recombinant PfHop using variable ATP concentrations as an
analyte. PfHsp70-1ngp Was included as a positive control since it is known to bind ATP (Zininga et
al. 2016). PfHop ATP binding affinity (Kp value) was found to be in the same order of magnitude
as that of PfHsp70-1nep and is comparable to that of known nucleotide binding chaperones such
as PfHsp70-1 and PfHsp70-z (Table 5.3). Findings from SPR show that PfHop binds to ATP with
high affinity (Kp 3.73 uM, Table 5.3). Similarly, a human Hop homolog was observed to also bind
ATP with high affinity using proton nuclear magnetic resonance (NMR, Yamamoto et al., 2014).

These results suggest that Hop possesses a nucleotide binding motif.

Table 5. 3: PfHop affinity for ATP at equilibrium binding phase

Analyte Ligand Kp (uM) [SD] Reference
PfHop 3.7 [+0.9] This study
PfHsp70-1ngD 3.6 [+0.9] This study

ATP PfHsp70-1neo 3.5 [+0.2] Zininga et al. (2016)
PfHsp70-z 253 [+ 1.1] Zininga et al. (2016)
PfHsp70-1 3.5[+0.4] Zininga et al. (2016)

The nucleotide binding domain in Hop is speculated to be in the TPR1-TPR2A (1-359) region
(Yamamoto et al., 2014). Using multiple sequence alignment, the percentage identities of the
nucleotide binding domain for the various Hop homologs ranged between 28-98 % (Table 5.4).
This suggested that the proposed nucleotide binding domain is conserved among Hop homologs.
It is interesting to note that the nucleotide binding domain as elucidated by Yamamoto et al.
(2014) is practically made up of the conserved TRP1, DP1, and TPR2A domains. This could account
for the high percentage sequence identities observed in the putative nucleotide binding domain

(Table 5.4).
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Table 5. 4: Percentage sequence identities for the nucleotide binding domains of Hop
homologs

hHop PfHop LmSTI LbHop LdHop TbHop TcSTI TgHop
hHop - 28.8 36.7 36.2 36.7 40.1 37.2 31
PfHop 28.8 - 30.9 30.6 31.2 32.3 32 40
LmSTI 36.7 30.9 - 91 98 58 57 33
LbHop 36.2 30.6 91 - 92 57 53 32
LdHop 36.7 31.2 98 92 - 59 56 32
TbHop 40.1 32.3 58 57 59 - 77 32
TcSTI 37.2 32 57 53 56 77 - 32
TgHop 31 40 33 32 32 32 32 -

Percentage sequence identities of Hop homologues from P. falciparum (PfHop, PF3D7_1434300), Homo
sapiens (Hop, NCBI accession no. NP_006810.1), Leishmania major (LmSTI, NCBI accession no.
XP_001681140.1), Leishmania braziliensis (LbHop, NCBI accession no. XP_001562145.1), (LdHop, NCBI
accession no. XP_003858661.1), Trypanosoma brucei (TbHop, NCBI accession no. CBH11274.1),
Trypanosoma cruzi (TcSTI, NCBI accession no. AAC97378.1) and Toxoplamsa gondi (TgHop, NCBI accession
no. XP_002369330.1).

5.3.7 PfHop exhibits low ATPase activity

Having observed that PfHop is capable of binding to nucleotides resulting in unique
conformational changes, it was important to elucidate whether PfHop hydrolyzed ATP. The
kinetic parameters determined using the Michaelis-Menten plots (Figure 5.6A) showed that
PfHop has very low ATPase activity as compared to the PfHsp70-1 control (Figure 5.6B). PfHop
exhibits a Ky value of 2.53 mM (Table 5.4) suggesting that the co-chaperone requires very high
levels of ATP to achieve a Vmax of 42 nmol/min/mg. This was achievable under saturating ATP
concentrations (5 mM). The obtained kinetics signify a low turnover rate for PfHop. This agreed
with reports that a human Hop homolog was able to bind and slowly hydrolyze ATP (Yamamoto

etal., 2014).
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Figure 5.6. PfHop exhibits very low intrinsic ATPase activity
Evaluation of the basal ATPase activities of PfHop. (A) Michaelis Menten plot of the amount of Pi released.

(B) Relative ATPase activity of PfHsp70-1 and PfHop based on the Ky, values for PfHsp70-1 and PfHop. The
amount of Pi released was monitored by measuring absorbance at 595 nm using a direct colorimetric
assay. The experiment was carried out in the presence of 0.4 UM protein under saturating ATP (5 mM).

Table 5. 5: Data for kinetics of the ATPase activities of PfHop

Protein Vmax (nmol/min/mg) [SD] Km (UM) [SD] Reference
PfHop 42.0 [£3.64] 2534 [+3.1] This study
PfHsp70-1 29.9 [+1.6] 364.2 [#3.5]  This study
PfHsp70-1 30.5 [+0.9] 384.3[+0.5]  Zininga et al., (2017)

Table 5.5 legend: Vmax — the maximum rate of the catalysis reaction; Km, - is the substrate concentration at
which the reaction rate is at half-maximum. At least three independent assays were carried out and
standard deviations (SD) are shown.
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5.4 Discussion

PfHop has been previously shown to bind both PfHsp70-1 and PfHsp90, thereby modulating the
activities of both chaperones (Gitau et al., 2012; Zininga et al., 2015b). The Hsp70/Hsp90 pathway
has been proposed as a drug target as it is responsible for the folding of key proteins such as
steroid hormone receptors and kinases (Rohl et al., 2015; Gu et al., 2016). This study sought to
biophysically characterize PfHop and gain more insights into its structure and function.
Recombinant PfHop protein purified as a monomer and was monodisperse as observed during
SEC and SEC/SLS (Figures 5.3). This agrees with previous studies on human Hop (Yi et al., 2010; Li
et al., 2011; Ebong et al., 2011) and Leishmania braziliensis Hop (Batista et al., 2016). However,
a smaller proportion of the PfHop protein was seen to elute as higher-order oligomers (Figure
5.2). It is possible that these could have been dimers that were partially resistant to reducing
agent (Grigorian et al., 2004), the action of SDS and heat treatment (Gentile et al., 2002;
Kolodziejski et al., 2003; Renwrantz et al., 2008). On the other hand, human Hop dimeric forms
have been reported (Bose et al., 1996; Prodromou et al., 1998 and Hilderbrand et al., 2011),
hence it is possible that PfHop formed weak dimers as reported for human Hop (Southworth and

Agard, 2011).

Studies with SPR revealed that PfHop self-associated with high affinities comparable to human
Hsp70 (Marcion et al., 2014) and PfHsp70-z (Table 5.2, Zininga et al., 2015a). Interactions with Kp
values in the nanomolar range are considered strong transient to permanent interactions
(Ozbabacan et al., 2011). Interestingly, if PfHop self-associated with such high affinity, this might
naturally impact on its interactions with partner proteins. Hop dimerization influences its
interaction with Hsp70 or Hsp90 (Onuoha et al., 2008; Alvira et al., 2014). The Hop interaction
with Hsp70 follows a 1:1 stoichiometry (Scheufler et al., 2000; Ebong et al., 2011; Réhl et al.,
2015). However, Hernandez and co-workers (2002) suggest that a Hop dimer binds two
molecules of Hsp70 in the absence of Hsp90. Hsp70 dimerization has been reported (Marcion et
al., 2015), hence it is possible that a Hop dimer binds an Hsp70 dimer. The Hop: Hsp90

stoichiometry of binding has been reported to be either 1:2 or 2:2 (Ebong et al., 2011;
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Southworth and Agard, 2011; Alvira et al., 2014). A 2:2 stoichiometry was reported to occur in
excess of Hop (Ebong et al., 2011; Southworth and Agard, 2011; Alvira et al., 2014). It is also
possible that an Hsp90 dimer binds a single Hop molecule in the presence of another TPR
containing co-chaperone, FKBP52 (Hildebrand et al., 2011; Ebong et al., 2011). Hence, PfHop
dimerization might be important for these interactions. Hop alternating between monomer and

dimer might be the perfect state for these interactions.

Although PfHop was initially characterized by Gitau and colleagues (2012), its secondary and
tertiary structure had not yet been established. This study established that PfHop comprised of
approximately 50 % a-helices, 16 % B-sheets, 10 % B-turns and a significant 23 % unordered. This
suggests that PfHop was a predominantly a-helical protein. Findings from this study suggest that
PfHop was thermally labile as 50 % of the protein unfolded at approximately 45-50 °C (Figure
5.4). PfHop has been previously shown to be heat-labile at 43 °C (Zininga et al., 2015b). This is

similar to findings from this study.

Using tryptophan fluorescence analysis and tryptic proteolysis it was further confirmed that
PfHop undergoes unique conformational changes in the presence of either ATP or ADP. The W-
residue of PfHop is more sensitive to the binding of ATP as compared to ADP, hence the greater
blue shift in emission maxima. PfHop was shown to be relaxed (elongated) which would explain
why the NN form was prone to cleavage by trypsin (Figure 5.6). In the presence of ADP, PfHop
possibly assumed a more compact structure than it did in the presence of ATP, hence it showed
better resilience to proteolysis than the ATP bound form. Conformational changes in the
presence of nucleotides have been reported for other proteins. PfHop conformational changes
in the presence of either ATP or ADP followed observations made for Nitrogen fixation specific
regulator (NIFA; Money et al., 2001) although both proteins are not related. However, for
PfHsp70-z and human Hop, the ATP bound forms had the most resilience to proteolysis than the
ADP-bound forms (Yamamoto et al., 2014; Zininga et al., 2016). This suggests that various

proteins bind nucleotides to assume unique conformations. Based on the observed
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conformational changes in PfHop, it was important to elucidate the capability of PfHop to

hydrolyze ATP.

The capability of PfHop to bind ATP was investigated using SPR. The equilibrium analysis showed
that PfHop binds ATP with high affinity, comparable to ATPases PfHsp70-1, PfHsp70-z, and
PfHsp70-1nsp (Table 5.3). This was in line with findings by Yamamoto and colleagues (2014) which
demonstrated that human Hop exhibits high affinity for ATP. Human Hop is reported to possess
Walker B motifs (Yamamoto et al., 2014). These motifs bind ATP. However, Yamamoto et al.
(2014) proposed that ATP binding in Hop occurs through non-walker motifs although this is yet
to be elucidated. Interestingly, PfHop exhibited very low basal ATPase activity in comparison to
PfHsp70-1 (Figure 5.7). A high K, value obtained from ATPase hydrolysis assays signified that
PfHop has low ATP turnover rates (Table 5.5). The K value is calculated based on the amount of
phosphate (Pi) released during ATP hydrolysis. It is possible PfHop had a high affinity for ATP but
hydrolyzes it slowly. Hop molecules seem to have low turnover rates, as a low basal ATPase
activity was also reported for human Hop (Yamamoto et al., 2014). It is possible that the low ATP
hydrolysis might be required for substrate transfer from Hsp70 to Hsp90. The TPR1-DP1 of Hop
displaces Hsp70 after substrate transfer for the continuation of the chaperone cycle. Hop/Hsp70
interaction is known to be abrogated in the presence of ATP. It is also possible that ATP binding

and hydrolysis in the TPR1-DP1 region of Hop is also important for this displacement of Hsp70.

Overall, PfHop is a monomeric protein exhibiting a strongly helical nature. Its high affinity self-
association implies it might exist as oligomeric forms. Affinity for the self-association of PfHop
was significantly lower in the presence of ATP and ADP. This could be attributed to the
nucleotide-induced conformational changes observed by tryptophan fluorescence and by limited
proteolysis. Conformational changes in Hop are important during its interactions with Hsp70 and

Hsp90.
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6.1 Introduction

Proteins usually do not function as single entities but as a cohort of participants in a dynamic
network (Guo and Wan, 2014). Thus, the structure-function features of proteins are regulated by
their interactors. Protein-protein interactions are known to form a significant part of many
biological processes within living cells (Zeytuni and Zarivach 2012). The current study (section
2.3.4) predicted that PfHsp70-1 interacts with proteins involved in the modulation of numerous
molecular pathways. Among the experimentally validated interactors of PfHsp70-1 were PfHsp40
(Botha et al., 2011); Pf)1 (Pesce et al., 2008); PfHop (Gitau et al., 2012) and PfHsp70-z (Zininga et
al., 2016). The interaction of PfHsp70-1 with PfHop was of interest to this study. The C-terminal
EEVD motif of PfHsp70-1 is known to interact with the TPR1 and TPR2B of PfHop (Zininga et al.,
2015b). However, recent studies suggest that other regions outside the EEVD may regulate the

binding of co-chaperones (Durech et al., 2016; Gong et al., 2018).

The GGMP motif of PfHsp70-1 is located 16 residues upstream of the terminal E-674 residue of
the EEVD motif and seven residues away from the lid. Given the proximity of the GGMP repeats
to the C-terminal end of PfHsp70-1, it is possible that the GGMP motif may regulate the
association of PfHop with PfHsp70-1. Pellegrini (2015) remarked that tandem repeats in proteins
serve as binding sites and may have structural roles by giving rigidity, and by exposing domains
that are of functional importance such as the EEVD motif. This study elucidated the role of the

GGMP motif of PfHsp70-1 on its interaction with PfHop in relation to the EEVD motif.

PfHop modulates the functional partnership between PfHsp70-1 and its chaperone partner,
PfHsp90. In contrast, bacteria lack a Hop homolog hence there is direct interaction between E.
coli Hsp90 and DnaK (Kravats et al., 2017). Using a DnaK GGMP variant, it was interesting to
elucidate if insertion of the GGMP repeats from PfHsp70-1 into DnaK would promote the possible

association between DnaK and PfHop in vitro.
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The objectives of this study were to:
i. investigate the role of the GGMP motif of PfHsp70-1 in regulating its interaction with
PfHop;
and
ii. investigate the role of the GGMP insertion in DnaK on its probable association with

PfHop in vitro.
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6.2 Experimental Procedures

6.2.1 Materials
The materials and reagents used in this study are listed in Appendix C. The plasmids and

antibodies are listed in tables 3.1 and 5.1.

6.2.2. Investigation of the effect of the GGMP mutation of PfHsp70-1 on its interaction
with PfHop using Enzyme-Linked Immunosorbent Assay

The direct association of PfHop with PfHsp70-1, DnaK, and their respective GGMP variants was
determined using an enzyme-linked immunosorbent assay (ELISA). The ELISA was conducted
following a previously described protocol (Mabate et al., 2018) with minor modifications. Briefly,
recombinant PfHsp70-G632, PfHsp70-G648, DnaK and DnaK-G proteins (5 ug/mL) were prepared
separately as ligands in buffer T (25 mM Tris-HCl pH 7.4, 140 mM NaCl, and 3.0 mM KCl). PfHsp70-
1 was prepared as a positive control since its interaction with PfHop has already been validated
(Gitau et al., 2012, Zininga et al., 2015b). BSA was included as negative control. To immobilize
the ligand proteins onto the wells of the microtiter plates, 0.5 pg of the recombinant protein
were added into each well. Microtiter plates have adsorption or hydrophilic binding properties
that allow protein binding and immobilization overnight at 4 °C. Immediately after emptying the
wells, the wells were rapidly washed once to remove any unbound protein using buffer W (25
mM Tris, 140 mM NaCl, 3.0 mM KCl and 0.1 % Tween-20). To block the wells, 150 pL of buffer S
(25 mM Tris, 140 mM NaCl, 3.0 mM KCl, 0.1 % Tween-20 and 1 % BSA) was added into each well
and incubated at 16 °C for 1 hr. Unless stated, all steps subsequent to blocking were done at 16
°C. Following the blocking, the wells were washed three times (3 min each) with Buffer W. Serial
dilutions of recombinant PfHop protein (0-0.5 ug) [analyte] were prepared in buffer (25 mM Tris,
140 mM NacCl, 3.0 mM KCl, 0.1 % Tween-20 and 0.1 % BSA). The analytes were incubated with
the ligand Hsp70 proteins for 2 hr followed by washing steps to remove unbound analyte. Rabbit
raised peptide-specific a-PfHop primary antibody (1:4000) in buffer (25 mM Tris, 140 mM NaCl,
3.0 mM KCI, 0.1 % Tween-20 and 0.1 % BSA) was added to all the wells and the plate was
incubated for 1 hr. After incubation, the wells were washed prior to addition of secondary HRP
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conjugated goat raised a-rabbit antibody (1:4000) in buffer (25 mM Tris, 140 mM NacCl, 3.0 mM
KCI, 0.1 % Tween-20 and 0.1 % BSA) and the plate was incubated for 45 mins. Excess unbound
antibody was washed off three times (3 min each wash) using buffer W prior to detection with
TMB substrate solution (Bioo Scientific, USA). For detection, 100 pL/well of 3,3'5,5'-
tetramethylbenzidine (TMB) was added and the substrate reaction was incubated for 2 min with
3-sec shaking. Colour development was monitored by measuring absorbance readings at 370 nm
using a SpectraMax M3 microplate reader (Molecular Devices, USA) at time intervals (0, 5, 10,
15, 20, 25, and 30 min). The absorbance for each well was plotted against time. From the well
showing the highest absorbance (A=2 cutoff), a 5 min time point before a deviation from linear
color development was selected for data analysis. In addition, to investigate the effect of

nucleotides on the interaction, the assay was repeated in the presence of 5 mM ATP or ADP.

6.2.2.1 Data Analysis

The resultant absorbance values at the highest concentration of PfHop were averaged as the
maximum (100%) binding for the protein after background subtraction. A titration curve was
plotted against a log scale of the various dilution concentrations using GraphPad Prism 6.05
(GraphPad Software, USA). The comparison of the relative binding affinities between PfHsp70-1
versus PfHop, PfHsp70-G632 versus PfHop and PfHsp70-G648 versus PfHop under different
conditions were normalized to the maximum absorbance value obtained at the highest

concentration of PfHop used.

6.2.3 Investigation of the direct association of the GGMP variants with PfHop using
slot blot analysis

Varying concentrations (1 ug, 2 ug, 4 ug) of recombinant PfHsp70-1, DnaK and the GGMP variants
were prepared in buffer T (25 mM Tris-HCI pH 7.4, 140 mM NaCl, and 3.0 mM KCl). BSA as a
negative control as it does not associate with PfHop (Zininga et al., 2015b). By applying gentle
vacuum, the proteins were immobilized onto the nitrocellulose membrane. Blocking was

performed using 5 % non-fat milk made in buffer T plus 0.1 % Tween-20. The membrane was
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overlaid with 4 ug of purified PfHop protein overnight on ice. The membranes were washed three
times (10 min each wash) with buffer T. As a primary antibody, a-PfHop (1:2000, Zininga et al.,
2015b) was used to detect the PfHop for 1 hr and an HRP conjugated goat raised a-rabbit IgG
was used as secondary antibody (1:4000). Detection of protein bands was performed using ECL
and visualization was done using the Chemidoc (Bio-Rad). Assays were also repeated in the

presence of 5 mM ATP or ADP.
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6.3 Results

6.3.1 Analysis of PfHop/PfHsp70-1 interaction using ELISA

Hop associates with Hsp70 via the EEVD motif of the chaperone. PfHop/PfHsp70-1 interaction
has been previously demonstrated (Zininga et al., 2015b). PfHsp70-1 possesses a GGMP motif
which is in close proximity to the EEVD motif of the protein. Hence, this study elucidated how
positional (N- and C-terminal) mutations in the GGMP motif would affect PfHsp70-1 interaction
with PfHop. Prior to performing the assay, it was also validated that the a-PfHop antibody was
specific (Appendix B24) in line with what was observed by Zininga et al. (2015b). PfHsp70-1
protein successfully immobilized on the inside of the wells. This was performed to confirm the
binding of proteins to the maxisorp plates (Appendix B24). To investigate the interaction of
PfHsp70-1 and GGMP variants with PfHop, varying concentrations (0-0.5 pig) of PfHop as analyte
were overlaid on the immobilized proteins (PfHsp70-1, DnaK, and their variants). This was
followed by probing with an a-PfHop antibody to detect PfHop bound to the immobilized
proteins (Appendix B24). Very low signal intensities were observed for the BSA control. This was

in line with previous studies by Zininga et al. (2015b).

Increase in signal intensities (absorbance) was observed for the binding of PfHop to PfHsp70-1 as
the concentration of PfHop was increased (Figure 6.1A). This suggested that PfHop interacted
with PfHsp70-1 in a concentration dependent manner. The assay was also conducted in the
presence of either ATP or ADP (Figure 6.1B and C). Similar trends of concentration dependent
interactions were observed in the presence of nucleotides. ADP had a similar effect on the
interaction as was observed in the absence of nucleotide (NN). However, in the presence of ATP,
the association of the proteins was less favored (Figure 6.1B). The observations made in this study
for the PfHop/PfHsp70-1 interaction were in line with previous observations by Zininga and
colleagues (2015b). This served as validation for this assay. Interestingly, the variants interacted
lesser with PfHop compared to PfHsp70-1 in NN, ATP, and ADP. PfHsp70-G648 exhibited the

lowest interaction. However, the differences exhibited were marginal in NN and ADP (Figure
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6.1D). Significant differences were observed in the presence of ATP (Figure 6.1D). Overall,
PfHsp70-1 interacted with PfHop exhibiting the highest affinity compared to its GGMP variants.
The GGMP variants (PfHsp70-G632 andPfHsp70-G648) interacted with PfHop exhibiting

comparable affinities.
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Figure 6. 1. The GGMP motif of PfHsp70-1 is important for PfHop interaction

The ELISA generated representative curves for the interaction of PfHop and PfHsp70-1 GGMP variants (A).
The assay was repeated in the additional presence of 5 mM ATP (B) and 5 mM ADP (C). The resultant
absorbance values at the highest concentration of PfHop were averaged as the maximum (100%) binding
for the protein. The comparison of the relative intensity of binding between PfHsp70-1 and PfHop;
PfHsp70-G632 versus PfHop and PfHsp70-G648 versus PfHop under different conditions were normalized
(D). The standard deviations obtained are represented as error bars for at least three assays conducted
using three different batches of purified recombinant protein. Asterisk (*) represent statistical significance
(p<0.001).

6.3.2 Validating PfHop’s interaction with PfHsp70-1 and its GGMP derivatives using
slot blot approach
The findings from ELISA were further validated by carrying out protein slot blots. The

recombinant proteins were immobilized onto the nitrocellulose membrane. The interaction of
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PfHop with PfHsp70-1 was conducted by immunoblotting with a-PfHop antibody (Figure 6.2 and
Appendix B25). The detection of bands suggested that PfHop was bound to PfHsp70-1 (Figure
6.2A). This was repeated in the presence of ATP and ADP (Figure 6.2B and C). In agreement with
previous ELISA data, ATP inhibited the interaction with PfHop.

A lug 218 aug Al 100 . . F7 PfHsp70-1
<null z i ok %% PfHsp70-G632
PfHsp70-1 < = PfHsp70-G648
g
[
NN PfHsp70-G632 “PiHop g s0;
3
©
- &
PFHSP70-G6A48  wmes S m— BSA &
0
B 100+
B1 =] PfHsp70-1
PfHsp70-1 <PfHop Z &% PfHsp70-G632
2 . i, = PfHsp70-G648
g
. £
ADP PfHsp70-G632 b ’ *BSA e *
E * &5
Il k| 3
PfHsp70-G648 <nu 3 % =
2 4
Concentration (ng)
C 100~
C1 i PfHsp70-1
>
<PfHo 2 80 %% PfHsp70-G632
PfHsp70-1 P 2 = PfHsp70-G648
£ 60
ATP  pen70-G632 <BSA v
2 401
K %
PfHsp70-G648 <null €201 . A P
ol R % S ﬁ =
1 2 a

Concentration (ng)

Figure 6. 2. The GGMP motif is necessary for the interaction between PfHsp70-1 and PfHop

Various concentrations of PfHsp70s (1 pg, 2 pug, and 4 pg) were spotted onto nitrocellulose membrane as
the prey protein. BSA (4 pg) was used as a negative control. Each respective protein concentration was
spotted using a vacuum and overlaid with 4 pg of purified PfHop protein (A) and accompanying
densitometry analysis (Al1). The assay was also conducted in the presence of ADP and ATP (B and C) and
accompanying densitometry analysis (B1 and C1). a- PfHop antibody was used to detect the presence of
PfHop protein. The data represents at least three independent assays. Standard errors are indicated, and
statistical analysis was conducted using two-way ANOVA (p<0.001).

Densitometry analysis demonstrated that there were stronger interactions in nucleotide-free

and in the presence of ADP (Figure 6.2A1 and B1) compared to the weaker interactions in the
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presence of ATP (Figure 6.2C1). ELISA data also showed that the GGMP variants exhibited a
weaker association with PfHop compared to PfHsp70-1 in the presence of ATP. Densitometry
analysis confirmed that PfHsp70-1 and PfHsp70-G632 exhibited a stronger association with
PfHop compared to PfHsp70-G648 in the absence of nucleotide (NN). The interactions were
stronger for PfHsp70-1 followed by PfHsp70-G632 and then PfHsp70-G648 in the presence of
either ADP or ATP (Figure 6.2A1, B1 and C1). The weaker associations for the variants suggest
that the mutations in the GGMP motif abrogated interactions with a co-chaperone, PfHop. This
agrees with recent studies in which yeast Hsp70 (Ssal) GGAP mutants were reported not to
interact with yeast co-chaperone Hsp40 (Ydj1) (Gong et al., 2018). Given a few inconsistent bands
observed in slot blot, it would be more interesting to further ascertain interaction kinetics and

affinity of these associations using more definitive assays such as SPR or ITC.

6.3.3 The GGMP motif of PfHsp70-1 does not promote the association of PfHop with
DnaK

In a separate experiment, DnaK and DnaK-G were overlaid with PfHop to validate whether the
GGMP repeats would promote the interaction between PfHop and a none-EEVD containing
Hsp70. Direct interaction between DnaK/DnaK-G with PfHop was carried out using ELISA.
Recombinant DnaK and DnaK-G were immobilized onto 96 well plates. PfHsp70-1 and BSA were
immobilized as positive and negative controls respectively. Immunoblotting was conducted using
a-PfHop antibody. DnaK and DnaK-G associations with higher concentrations (0.02-0.5 ug) of
PfHop followed a concentration dependent pattern (Figure 6.3 A and B). At lower concentrations
of PfHop, interaction patterns were not concentration dependent. Similar non-concentration
dependent interaction patterns were also observed in the presence of ATP (Figure 6.3 D and E)
and ADP (Figure 6.3 G and H). Compared to PfHsp70-1, a known PfHop interactor, both Dnak,
and DnaK-G did not exhibit significant interaction with PfHop (Figure 6.3 C). This was similarly
observed in the presence of ADP and ATP (Figure 6.3 F and I).
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Figure 6. 3. The GGMP motif of PfHsp70 does not promote the association of PfHop with DnaK
ELISA generated interaction curves for the association of PfHop versus DnaK and DnaK-G. PfHsp70-1 was
used a positive control and BSA as a negative control. The dose-dependent association between PfHop
and the chaperones assay was established in the presence of varying concentrations of PfHop (A) Dnak;
(B) DnaK-G and (C) PfHsp70-1. The assay was repeated in presence of 5 mM ATP for DnaK-PfHop (D);
DnaK-G-PfHop (E) and PfHSp70-1-PfHop (F) and 5 mM ADP for DnaK-PfHop (G); DnaK-G-PfHop association
(H), and PfHsp70-1-PfHop (l). The relative binding affinities under different conditions were normalized to
the maximum absorbance value obtained for PfHsp70-1 at the highest concentration of PfHop used (J).
The standard deviations obtained for at least 3 assays conducted independently are represented as error
bars. Statistical analysis was conducted using Two-way ANOVA (p<0.001).
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Furthermore, there were no statistically significant differences between the BSA-PfHop
interaction compared to the DnaK-PfHop and DnaK-G-PfHop interactions (Figure 6.3J, p<0.001).
Altogether, this shows that there was no interaction between PfHop and either DnaK or DnaK-G.
This suggests that in the absence of C-terminal EEVD motif of eukaryotic Hsp70s, the presence of

the GGMP is insufficient to facilitate interaction of Hsp70 with Hop.

To further confirm the findings from ELISA, a slot blot assay was performed. Bait proteins DnaK
and DnaK-G; positive control (PfHsp70-1); negative control (BSA) and (PfHop) were immobilized
onto nitrocellulose membrane respectively. The ligand proteins were overlaid with recombinant
PfHop and immunoblotting was conducted using a-PfHop antibody (Figure 6.4A and Appendix
B26). The association of PfHsp70-1 associated with PfHop has been previously demonstrated
(section 6.3.1). Faint bands were observed for the DnaK-PfHop and DnaK-G-PfHop association.
This suggests a lack of association as observed with ELISA (section 6.3.4). Densitometry analysis
confirmed that there were no statistically significant differences in the DnaK-PfHop or DnaK-G-
PfHop association as compared to the BSA-PfHop associations (Figure 6.4A1; p <0.001). The
experiment was also repeated in the presence of 5 mM ATP and ADP (Figure 6.4B and C) as
nucleotides are known to influence Hop/Hsp70 interactions. Lack of association between DnaK
or DnaK-G and PfHop was also observed in the presence of ATP and ADP respectively (Figure 6.4
B1 and C1). The slot blot based data supported the observations from ELISA that the presence of
GGMP residues in Hsp70 lacking EEVD residues is insufficient to facilitate its interaction with Hop.
DnaK possesses EEVKDK residues in place of the EEVD residues present in cytosolic Hsp70s of
eukaryotes. It is possible that the presence of the (K) residue in-between the V and D residues

blocks interaction with Hop.
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Figure 6. 4. The GGMP motif of PfHsp70-1 is insufficient to promote the association of PfHop with
DnaK

Various concentrations of DnaK and DnaK-G (1 pg, 2 pg, and 4 pug) were spotted onto nitrocellulose
membrane as the prey protein. PfHsp70-1 and BSA were used as positive and negative controls
respectively. PfHop protein was used as an antibody control. The membrane was overlaid with 4 pg of
purified PfHop protein (A) and accompanying densitometry analysis (A1). The assay was also conducted
in the presence of ADP and ATP (B and C) and accompanying densitometry analysis (B1 and C1). a- PfHop
antibody was used to detect the presence of PfHop protein. The data represents at least three
independent assays. Standard errors are indicated, and statistical analysis was conducted using two-way
ANOVA (p<0.001).
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6.4 Discussion

The association between PfHop and PfHsp70-1 has been previously demonstrated using co-
immunoprecipitation assays (Gitau et al., 2012) and in vitro biochemical assays such as SPR
(Zininga et al., 2015b). Hop facilitates substrate transfer from Hsp70 to Hsp90 for completion of
the folding process. This study investigated the interaction between PfHop and PfHsp70-1 GGMP
variants. Using purified recombinant proteins, the association between PfHop and PfHsp70-1
GGMP variants was validated using two independent assays (ELISA and slot blot analysis). The
current study provided evidence confirming that the mutation of GGMP residues reduced the
affinity of PfHop for PfHsp70-1. As previously reported, the interaction between PfHop and
PfHsp70-1, as well as the GGMP variants, occurred strongly in a nucleotide-free medium as well
as in the presence of ADP (Figure 6.1 and 6.2). The weaker interactions observed in the presence
of ATP, versus nucleotide-free and ADP state, could be a result of the conformational changes
that occur in Hsp70 and Hop during ATP binding and hydrolysis. For Hsp70s, the SBDB and SBDa
are reported to separate and dock on either side of the NBD upon ATP binding (Kityk et al., 2015).
It is possible that these shifts might change the positioning of the EEVD and reduce accessibility
by the TPR1 domain of PfHop thereby lowering interaction. The TPR1 domain of Hop responsible
for binding Hsp70 lies in the proposed ATP binding domain of Hop (residues 1-359). The binding
of ATP probably blocks the binding of the EEVD motif to the TPR1 domain of PfHop hence the low

affinities.

In the slot blot assay PfHsp70-1 bound strongly to PfHop compared to its GGMP variants (Figure
6.2). ELISA data showed that PfHsp70-1 and PfHsp70-G632 bind PfHop stronger than PfHsp70-
G648. The closeness of the PfHsp70-G648 mutation to the EEVD motif of PfHsp70-1 possibly
abrogates the interactions of the variant with PfHop observed with both ELISA and slot blot
analysis. However, affinities of the interaction of PfHsp70-1 with PfHop need to be ascertained
by employing more sensitive assays such as SPR and isothermal titration calorimetry (ITC).
Overall, the findings show that the GGMP motif regulates the interaction of PfHsp70-1 with
PfHop. Both the GGMP variants associated weakly with PfHop, although PfHsp70-G648 exhibited
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the weakest interactions as defined by ELISA and slot blot assays (Figures 6.1 and 6.2). This
suggests that the GGMP motif can be altered thereby abrogating the functional association
between PfHsp70-1 and its partner protein PfHop. This is likely to have adverse effects on
parasite survival and development. These findings suggest that the GGMP repeats function in
Hop binding and they are not redundant or just part of the repetitive low complexity sequences
present in most Plasmodium proteins (Davies et al., 2016). Low-complexity regions are amino
acid sequences that possess repeats of single amino acids or short amino acid motifs (Haerty and
Golding, 2010; Toll-Riera et al., 2012) and are mostly assumed to have no function. The current
study demonstrates that the GGMP repeats are important for the functional association between
PfHsp70-1 and PfHop. These findings are in line with a recent study which reported that a GGAP
motif of yeast Hsp70 (Ssal) was important for interaction with Hsp40 (Ydj1) (Gong et al., 2018).
Hsp40s have other binding sites in the Hsp70 NBD besides the EEVD. Findings by Gong et al.
(2018) suggest that the closely similar motifs probably serve the same function, i.e association

with co-chaperones.

Having established that the GGMP repeats play a role in Hop interaction, this study sought to
further elucidate these findings using an Hsp70 homolog (DnaK) that lacks both the GGMP and
EEVD motifs. The GGMP repeats were introduced into DnaK creating a DnaK-G variant. The DnaK-
G variant was then used to elucidate whether this will promote interaction with PfHop. The data
generated from both ELISA and slot blot showed that the DnaK-G variant did not associate with
PfHop. This might suggest that without the EEVD the GGMP is insufficient to facilitate association
between PfHsp70-1 and PfHop. Taken together, findings from the PfHsp70-1 variants suggest
that the GGMP repeats regulate the interaction of PfHop with PfHsp70-1. Findings from the
DnaK-G variant also highlight the importance of the EEVD motif in Hop interaction. However,
there are speculations that suggest that the Hop/Hsp70 interaction occurs through other
auxiliary sites outside the EEVD (reviewed by Edkins, 2016). It could also suggest that DnaK lacks
residues important for interaction with Hop that may be positioned elsewhere outside the C-

terminus.
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7 Conclusion and Future Work

Mutations were made in the GGMP repeat region of PfHsp70-1 as well as in the C-terminal tail of
DnaK (Section 2.3.1) and the structural and functional consequence of this motif was elucidated.
All the recombinant proteins expressed and purified successfully from E. coli cells. Both predictive
studies and in vitro biophysical studies showed that there were secondary structural differences
between the wild type proteins and the GGMP variants despite the conservative substitutions.
Additionally, a DnaK-G variant in which the GGMP motif was introduced was also predicted to
possess secondary structural differences deviant from the DnaK structure (Figure 3.6). These
findings suggest that the changes the GGMP motif is of significance in the secondary structural
composition of the C-terminal end of PfHsp70-1. However, it would be interesting to employ
more robust structural characterization methods such as SRCD and SAXs in order to get definitive

evidence on any minor structural differences.

The GGMP variants studied here exhibited reduced ATPase activity (Figure 7.1A) but retained the
capability to suppress aggregation of heat-stressed MDH (Figure 7.1C). However, the PfHsp70-
G632 ATPase function was enhanced by peptide substrates. Additionally, the capability of
PfHsp70-G632 to suppress MDH aggregation was also abrogated by peptide substrates. On the
other hand, the GGMP variants of KPf (KPf-G617 and KPf-G633) conferred thermosensitivity to E.
coli dnak756 cells grown at 43.5 °C. Again, KPf-G617 (a derivative of the G632 mutation in
PfHsp70-1) conferred better cytoprotection over KPf and KPf-G633. Evidently, the GGMP
mutation at position 632 had the greatest effect on the chaperone function of the protein. This
suggests that the N-terminal positioned GGMP repeats may be important for substrate binding
in PfHsp70-1. Also based on the observed effect of peptide ALLLMYRR on PfHsp70-G632,
modulation of PfHsp70-1 through the GGMP motif could abrogate the Hsp70 function in the
parasite. PfHsp70-1 plays an important role in protein quality control and facilitates protein
degradation via the ubiquitin-proteasome. In parasite, PfHsp70-1 is thought to be involved in
drug resistance by reversing the oxidative damage exerted on parasite by antimalarial drugs

(Akide-Ndunge et al. 2009).
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Figure 7.1. Model representing the role of the GGMP motif of PfHsp70-1. The figure highlights the effect
of the GGMP motif of PfHsp70-1 on the protein’s various functions such as (A) ATP hydrolysis. The
PfHsp70-1 variants exhibited lower ATPase activity. (B) interaction with PfHop. The PfHsp70-1 variants
exhibited reduced affinity for PfHop. (C) aggregation suppression capability. PfHsp70-1 variants retained
the ability to suppress aggregation of heat stressed model substrate, MDH.

Furthermore, the effect of the structural modifications on the interaction of PfHsp70-1 with the

co-chaperone, PfHop was evaluated. The PfHop/PfHsp70-1/PfHsp90 interaction has been shown
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to be important for cytoprotection in P. falciparum (Banumathy et al., 2003; Gitau et al., 2012).
Based on current findings, positional mutations in the GGMP motif influenced the association
between PfHsp70-1 and co-chaperones (Figure 7.1B). This will likely affect the heterocomplex
mediated by PfHop. However, it is important to further evaluate the role of the GGMP motif of
PfHsp70-1 in its interaction with PfHop by using robust methods such as SPR and ITC. Taken
together, evidence provided from this study indicates that the GGMP motif of PfHsp70-1 is
important for the protein’s chaperone function and interaction with PfHop. Interestingly, the
inhibition of the variant PfHsp70-G632 by peptide substrates could be used as a model in peptide
design towards targeting PfHsp70-1. However, despite their potential as antimalarial drugs,
peptides are prone to binding to the plasma membrane and also proteolytic digestion (Vale et
al., 2014), hence they are not bioavailable. Also, the production of peptide-based drugs is
reported to be costly and hence the drugs would be expensive for low-income populations in

developing countries that are most affected by malaria.
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Al Plasmid DNA extraction

Plasmid DNA was extracted using Zyppy™ Plasmid Miniprep Kit according to the manufacturer’s

Protocol.

A2 Restriction digest analysis

Plasmid DNA was digested using the desired diagnostic restriction enzymes following the method
described below. The reagents were set up as follows: Sterile deionized water (16 ul), 10x
restriction buffer (2 ul) and DNA (100-200 ng) 2 ul. The reaction was initiated by addition of two
units (2 ul) of restriction enzymes. The restriction was allowed to proceed for 2-3 hours at 37 °C.
The reaction was stopped by addition of 4 ul of 10x DNA loading buffer (0.25 %) bromophenol
blue and 30 % glycerol). The product was then analyzed by agarose gel electrophoresis as

described in (Appendix A.3).

A3 Agarose gel electrophoresis

To prepare 0.8 % (w/v) agarose gel, the required amount of agarose was completely dissolved in
1x TAE buffer (40 mM, 20 mM acetic acid and 1 mM EDTA) by heating with frequent agitation.
The agarose was then cooled to 552C prior to addition of ethidium bromide (0.5 pg/ml). The
agarose gel was allowed to polymerize for 15-30 minutes at room temperature. The gel was
placed in the electrophoresis chamber and covered with 1x TAE buffer. A volume of 4 pl of 10x
DNA loading buffer (0.25% bromophenol blue + 30% glycerol) was added to 20 ul of the sample
followed by loading of the samples into the wells. Electrophoresis was conducted at 100 volts for
one hour. The gel was then visualized using UV light (GeneGenius Bioimaging System (Syngene),

USA).

Appendix A.4 Transformation
A volume of 2 pl (equivalent to about 10 ng) of plasmid DNA was added into an aliquot of 100 ul

of competent cells. The cells were then incubated on ice for 30 minutes followed by heat shock
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at 42 °C for 45 seconds and immediately placed on ice for 10 minutes. A volume of 900 ul of 2YT
broth was added and then incubated at 37 °C for one hour with gentle agitation. The cells were
transferred on 2YT plates containing the desired antibiotics followed by incubation at 37 °C

overnight.

A5 DNA sequencing

The PfHsp70-1 and variant plasmid DNA was sequenced using forward primers
(5'CAGCTGCTATTGCATATGGTTT-3; binds at position 718-740); (5-
CAAGAATTCCAAAAATCCAAACT-3’; binds at positions 1211-1233) and reverse primer
(5'GAGTTCTGAGGTCATTACTGG-3’; binds at position 2243 to 2223 in the reverse direction).

Reagent Volume (pl)

Big dye 3.1 1

Sequencing buffer 1

Primer (3.2 pmol) 1

Plasmid (100ng) X

Water (ultrapure) 10 —(3+x)
A6 SDS PAGE analysis

Proteins were treated by boiling in SDS sample buffer (0.25% Bromophenol blue (R250), 2% SDS,
10 % glycerol (v/v), 100 mM Tris, and 1 % B-mercaptoethanol) in a ratio of 4:1 for 5 mins at 95 °C
and resolved using 12 % acrylamide resolving gel prepared as shown below (Table A.1). The gel
is then transferred into the electrophoresis tank and electrophoresis buffer (25 mM Tris, pH 8.3
250 mM glycine and 0.1% (w/v) SDS) was added. The boiled samples were loaded in the
respective wells and pre-stained protein molecular weight markers (ThermoFisher Scientific,
USA) were also loaded. The electrophoresis was performed at 150 volts for one hour using the

Bio-Rad Mini protein electrophoresis system (Biorad, U.S.A).

Coomassie Staining
The gel was removed from the electrophoresis chamber and placed in enough 0.5% Coomassie

Blue G-250 (prepared in 50% methanol/ 10% acetic acid) to cover the gel. Staining continued for
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about 30 m. The stain was discarded and the gel rinsed briefly with MilliQ water to remove most
of the residual stain in the glassware. Destain was carried out with 40% HPLC grade methanol/
10% acetic acid, replacing the solution every 10-20 minutes until faint bands were observed.

Continue washing with MilliQ water until bands were very clean.

Table Al Preparation of SDS-PAGE

Reagent (ml) 5 % Stacking Gel 12 % Separating
Gel

30 % Bis/acrylamide 0.235 2.08

1.5 M Tris (pH 8.8) - 1.25

1.0 M Tris (pH 6.8) 0.437 -

10 % SDS 0.0175 0.05

10 % Ammonium 0.00875 0.025

persulphate

Distilled water 1.05 1.58

TEMED 0.020 0.020

A7 Western blot analysis

Proteins were resolved in 12% acrylamide gel as described above (Appendix A.7). Removal of
SDS-PAGE gel from the glass plates after completion of electrophoresis process and cutting off of
the stacking gel was done. The Whatman filter papers, gel, two scotchbrite fiber pads, and
nitrocellulose were immersed in the buffer and left to equilibrate at 8 °C for 30 minutes.
Preparation of the gel for transfer was done as follows: filter paper was placed on a scotch brite
pad; Gel was placed on the filter paper ensuring no air bubbles are trapped; nitrocellulose was
placed over the gel; another filter paper was laid on top of the nitrocellulose, followed by another
scotch brite pad. The transfer of the protein on the nitrocellulose membrane was performed by
running at 100 volts for one hour. The membrane was removed from the sandwich and rinsed
using transfer buffer as well as the removal of adhering gel on the nitrocellulose membrane using
a cotton swab. The blot was stained with Ponceau S stain to determine the success of the

transfer.
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The membrane was blocked in 10 ml of (5 % non-fat milk in TBS) for one hour on a rotary shaker
set at 1 rpm. The membrane was washed three times in TBS-Tween (0.1 % Tween-20) for 10
minutes followed by incubation of the membrane with primary antibody for one hour. Unbound
primary antibody was removed by washing of the membrane three times using TBS-Tween for
10 minutes each wash. The membrane was incubated with secondary antibody for one hour

followed by washing of the membrane three times using TBS-Tween.

Ponceau Stain procedure

Subsequent to the SDS-PAGE run, the membrane was transferred to 5ml Ponceau S Stain
solution. This was shaken for 5 min at room temperature. The membrane was rinsed with
deionized water to achieve the desired staining. To destain, the membrane was washed with TBS
for 5 min. The membrane was then washed 2-3 times with deionized water for 5 min prior to

continuing with the Western blot.

A8 Chemiluminescent detection

The Thermo Scientific Pierce ECL Western Blotting Substrate is a highly sensitive nonradioactive,
enhanced luminol-based chemiluminescent substrate for the detection of horseradish
peroxidase (HRP) on immunoblots.

1. Remove blot from the transfer apparatus and block nonspecific sites with Blocking Reagent for
60 minutes at room temperature (RT) with shaking. If desired, block overnight

at 2-8 °C without shaking.

2. Remove the Blocking Reagent and add the primary antibody working dilution. Incubate blot
for 1 hour at RT with shaking or overnight at 2-8 °C without shaking.

3. Briefly rinse membrane in Wash Buffer two times.

4. Wash membrane by suspending it in Wash Buffer and agitating for 2 5 minutes. Replace Wash
Buffer at least 4-6 times. Increasing the Wash Buffer volume, the number of washes and wash
duration may help minimize background signal.

5. Incubate blot with the HRP-conjugate working dilution for one hour at RT with shaking.
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6. Repeat Steps 3 and 4 to remove non-bound HRP-conjugate. Note: Membrane MUST be
thoroughly washed after incubation with the HRP-conjugate.

7. Prepare the substrate working solution by mixing equal parts of Detection Reagents 1 and 2.
Use 0.125 mL Working Solution per cm? of the membrane. Note: For best results prepare working
solution immediately before use. The working solution is stable for one hour at RT.

8. Incubate blot with a working solution for one minute at RT.

9. Remove blot from working solution and place it in a plastic sheet protector or clear plastic
wrap. Use an absorbent tissue to remove excess liquid and to carefully press out any bubbles

from between the blot and the membrane protector.

A9 Determination of protein concentration using Bradford assay

Protein concentration was determined by Bradford’s method (Bradford, 1976). Bovine serum
albumin (BSA) standards were prepared using concentration ranging from 0 to 1 mg/ml in 0.15
M NaCl. Bradfords reagent 200 ul (Sigma Aldrich, USA) was added to 10 pl of protein and the
reaction incubated in the dark at room temperature for five minutes. Absorbance was read at
595 nm using a SpectraMax M3 (Molecular devices, USA). The recombinant protein was similarly
treated and the protein concentration determined by extrapolation from the standard curve as

indicated in (Figure Al). The readings were prepared in triplicate and the average obtained.

0.8
L]
E 06
a
I} y=0.0246x
g 0.4 R2=0.9933
1]
£
=]
202
<
0
0 5 10 15 20 25 30

[BSA] (ng/ml)

Figure Al. Bradford protein standard curve.
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A10 Determination of protein concentration using Christoph-Leidig webtool assay
Protein  concentration was determined using the  Christoph-leidig  webtool
(http://christophleidig.de/tprot.html) using the following formula

A =cxdxeEquation 1

m = n x M Equation 2

where A: Absorbance at 280 nm

c: concentration (mol/l)

d: cuvette length (cm)

€: extinction coefficient (L/mol x cm)
m: mass (g)

n: quantity (mol)

M: molecular unit (g/mol)

Al1 determination of CD molar residue ellipticity

The analysis of the CD spectrum was conducted by conversion of ellipticity units from the CD

spectrometer to molar residue ellipticity. This was achieved using the following formula
[6] = (100 xB8) / CMR x | Equation 3

Where [8]: molar residue ellipticity (deg.cm?.dmol-1)

100: constant converting path length in meters

0: ellipticity (mdeg)

I: cuvette path length

CMR: mean residue concentration

CMR =cx N Equation 4

Where c: Protein concentration (mol)

N: number of amino acids on the protein
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A12 BioRad GLC chip activation and regeneration protocol

The GLC sensor chip was conditioned (Appendix B4), Pre-concentration of ligand (Appendix B5);

immobilization of ligand (Appendix B6) and stabilized following the manufacturer’s protocol

BioRad bulletin 6414.
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B1: Templates used to model SBDs of the Hsp70s

A |Eﬂ| E. I- “onfidence 1
' c5eBSA 100%
cdpo2A 100%

~ C5e85A
 cdpo2A

emplate onfidence 201 o " T
C5685A T
c4po2A W | e

D Template onfidence 1 X . X . X . X . X |
[ 5e85A 100%
c1uD0A 100%
C3dpgE 100%

| c3dpgE
C1u00A 100%

fidence
CoeB0A 100%
c3dpgE 100%
CLu00A 100%

Figure B1: Sequence coverage by each template.

Template coverage for the modeling of (A) PfHsp70-1 (wt); (B) PfHsp70-G632; (C) PfHsp70-G648; (D) DnaK
and DnaK-G. These are color-coded by the confidence of the match to that template overall. Templates
were selected based on sequence identity and coverage on the query sequence.

168

© University of Venda



Table B1: List of templates used for Homology modeling

()

o

*. University of Venda
Creating Future Leaders
@)

Appendix B: Supplementary data

Template name

PDB

Reference

isolated SBD of Human Hsp70
chaperone binding
immunoglobulin protein (BiP)

5e85.pdb

Yang et al., 2015

Stress-inducible human Hsp70
SBD in complex with peptide
substrate

4p02A.pdb

Zhangetal., 2014

putative polyphosphate kinase
2 from Pseudomonas
aeruginosa

3czp.pdb

Nocek et al., 2008

C-terminal domain of
Peroxisomal biogenesis factor
19

SIinf.pdb

Schutz et al., 2017

Molecular Chaperone HscA
Substrate Binding Domain
Complexed with the IscU
Recognition Peptide
ELPPVKIHC

1u00.pdb

Cupp-Vickery et al., 2004

substrate binding domain of E.
coli DnaK in complex with a
long pyrrhocoricin-derived
inhibitor peptide (form B)

3dpg.pdb

Roujeinikova, 2009
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B2: Validation of the generated SBD 3D models
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Figure B2: Validation of the 3D SBD models for Hsp70s
Qmean scores were calculated for SBD models for (A) PfHsp70-1 (wt); (B) PfHsp70-G632; (C) PfHsp70-
G648; (D) DnaK and (E) DnaK-G. The red star represents the 3D model in each case.
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B3: PfHsp70-1 interacting partners
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Figure B3: Predicted PfHsp70-1 interaction partners

Potential interactors of PfHsp70-1 are represented. The various chaperones and protein partners are
represented by the lines and colors indicating the different groups. Line (edge) length or thickness is not
of importance in this case. The nodes written in red represent some of the experimentally validated
interactions. Prediction and analysis of the network was carried out using STRING (Jensen et al., 2009).
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Table B2: Predicted interactome for PfHsp70-1

Family (Domain Protein Description Localization Score
Group)
Chaperonin PF3D7_1333000 Plastidic co-chaperonin Cytoplasm, 0.997
Cpnl0 apicoplast
PF3D7_ 1215300 Mitochondrial co-chaperonin ~ Cytoplasm, 0.833
mitochondria
Dnal PF3D7_ 1437900 HSP40, subfamily A, putative Cytosol 0.754
PF3D7_0213100 Heat shock 40 kDa protein, Cytosol 0.964
putative (SIS1)
PF3D7_1211400 Heat shock protein DNAJ cytoplasm, 0.867
homolog Pfj4 nucleus
PF3D7_0823800 DNAIJ protein, putative nucleus, 0.85
cytosol
PF3D7_1318800 Dnal/SEC63 protein, putative  cytoplasm 0.73
(Sec62/Sec63
complex)
PF3D7_ 1216900 DNA-binding chaperone, Nucleus 0.824
putative
Chaperonin PF3D7_ 1357800 T-complex protein 1 subunit Cytosol 0.999
Cpn60/TCP-1 delta
PF3D7_1015600 Heat shock protein 60 Cytoplasmand 0.776
mitochondria
PF3D7_1132200 T-complex protein 1 subunit Cytosol 0.748
alpha;
PF3D7_0306800 T-complex protein beta Cytosol 0.889
subunit, putative
PF3D7_ 0320300 T-complex protein 1 epsilon Cytosol 0.797
subunit, putative
PF3D7_1232100 Chaperonin, cpn60 Cytoplasm 0.806
PF3D7_0308200 T-complex protein 1 subunit cytosol, 0.893
eta chaperonin-
containing T-
complex
PF3D7_1229500 T-complex protein 1, gamma Cytosal, 0.811
subunit, putative chaperonin-
containing T-
complex,
PF3D7_1015900 Enolase cytoplasm, 0.764
nucleus
TPR repeat- PF3D7_0213500 Conserved Plasmodium Cytoplasm 0.908
containing protein, tetratricopeptide

repeat protein, putative
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PF3D7_1434300 STI1-like protein cytosol, 0.761
nucleus
PF3D7_0707700 Ubiquitin-protein ligase E3, Cytosol 0.906
putative
Hsp70 PF3D7_0708800 Cg4 protein/heat shock Cytoplasm 0.904
protein 110
Cyclophilin-like PF3D7_0322000 Peptidyl-prolyl cis-trans Cytosol 0.794
domain isomerase
PF3D7_1202400 Cyclophilin, putative Unknown 0.875
PF3D7_1115600 Peptidyl-prolyl cis-trans cytosoland E.R  0.749
isomerase
PF3D7_0803000 SYF2 splicing factor, putative Nucleus 0.806
Ribosomal PF3D7_1365900 60S ribosomal protein cytosolic large  0.794
protein L40/UBI, putative ribosomal
subunit
PF3D7_ 1317800 40S ribosomal protein Cytosol, 0.948
$15/519, putative structural
constituent of
ribosome,
Elongation factor PF3D7_1357000 Elongation factor 1-alpha Cytoplasm 0.996
Tu Domain
PF3D7_1410600 Eukaryotic translation Cytoplasm 0.777
initiation factor 2 gamma
subunit, putative
PF3D7_1338300 Elongation factor 1-gamma, cytoplasm 0.996
putative
PF3D7_1451100 Elongation factor 2 Cytosol 0.746
Actins PF3D7_ 1246200 Actin-1 cytoplasmand 0.8
cell surface,
cytoskeleton
PF3D7 1412500 Actin-2 cytoplasm, 0.764
cytoskeleton
Helicases PF3D7_ 1359400 RNA binding protein, putative  Cytoplasm 0.797
PF3D7_0209800 DEAD-box helicase 1 cytoplasm, 0.783
nucleus
PF3D7_ 1030100 RNA helicase, putative Cytoplasm 0.763
Ubiquitin PF3D7_1211800 Polyubiquitin cytoplasm, 0.86
conserved site ubiquitin ligase
complex
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Polymerases PF3D7_1433500 DNA topoisomerase 2 Nucleus 0.764
PF3D7_0318200 DNA-directed RNA nucleus, DNA-  0.807
polymerase; directed RNA
polymerase |l
core complex
Other PF3D7_ 1462800 Glyceraldehyde-3-phosphate  Cytosol, cell 0.713
dehydrogenase surface
PF3D7_ 1012600 GMP synthetase Nucleus 0.78
PF3D7_ 1308200 Carbamoyl phosphate Cytoplasm 0.999
synthetase
PF3D7_0417200 Bifunctional dihydrofolate Cytoplasm 0.891
reductase-thymidylate
synthase
PF3D7_0920800 Inosine-5'-monophosphate Cytoplasm 0.883
dehydrogenase
PF3D7_1224300 Polyadenylate-binding protein cytoplasm, P 0.822
granule
PF3D7_ 0922500 Phosphoglycerate kinase Unknown 0.878
PF3D7_1309300 U4/U6 small nuclear Nucleus 0.989
ribonucleoprotein, putative
PF3D7_1304500 Small heat shock protein, Cytosol 0.743
putative
PF3D7_ 1453700 P23 co-chaperone, putative Cytosol 0.724
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B4: Confirmation of pQE30/PfHsp70-1 DNA construct
TS promoter  (BEGpErator gReBsrator']

7 BamHI (145)

pPQE30/PfHsp70-1
pQE30
PfHsp70-1

PQE30/PfHsp70-1

5459 bp

-y

 Hindrmx (2185)
A ' B

Figure B4. pQE30/PfHsp70-1 plasmid map and restriction agarose gel

Restriction analysis of pQE30/PfHsp70-1 DNA plasmid (A) Plasmid map of pQE30/PfHsp70-1 showing the
BamHI and Hindlll restriction sites. (B) Agarose gel electrophoresis of pQE30/PfHsp70-1: lane M: DNA
molecular weight marker in base pairs (bp); lane C: undigested pQE30/PfHsp70-1 plasmid; lane 1:
pQE30/PfHsp70-1 digested with BamHI; lane 2: pQE30/PfHsp70-1 digested with Hindlll; lane 3:
pQE30/PfHsp70-1 digested with both BamHI and Hindlll.

B5: Confirmation of pQE30/PfHsp70-G632 DNA construct

TS promoter  (BCoperaton
e c 1 2 3

BamHI (145)

e ¢ PfHsp70-G632

HindIII (2185)

Figure B5. pQE30/PfHsp70-G632 plasmid map and restriction agarose gel

Restriction analysis of pQE30/PfHsp70-G632 DNA plasmid. (A) Plasmid map of pQE30/PfHsp70-G632
showing the BamHI and Hindlll restriction sites. (B) Agarose gel electrophoresis of pQE30/PfHsp70-G632:
lane M, DNA molecular weight marker; lane 1, undigested pQE30/PfHsp70-G632 plasmid; lane 2,
pQE30/PfHsp70-G632 digested with BamHl; lane 3, pQE30/PfHsp70-G632 digested with Hindlll; lane 4,
pQE30/PfHsp70-G632 digested with BamHI and HindlIl.
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B6: Confirmation of pQE30/PfHsp70-G648 DNA construct
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Figure B6. pQE30/PfHsp70-G648 plasmid map and restriction agarose gel

Restriction analysis of pQE30/PfHsp70-G648 DNA plasmid. (A) Plasmid map of pQE30/PfHsp70-G648
showing the BamHI and Hindlll restriction sites. (B) Agarose gel electrophoresis of pQE30/PfHsp70-G648:
lane M: DNA molecular weight marker; lane C: undigested pQE30/PfHsp70-G648 plasmid; lane 1:
pQE30/PfHsp70-G648 digested with BamHI; lane 2: pQE30/PfHsp70-G648 digested with Hindlll; lane 3:
pQE30/PfHsp70-G648 digested with BamHI and Hindll.
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B7: Confirmation of pQE30/DnaK and pQE30/DnaK-G DNA constructs

TS promoter: flac operator
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pQE30
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Figure B7. Restriction analyses of pQE30/DnaK and pQE30/DnaK-G constructs

Restriction analysis of pQE30/DnaK and pQE30/DnaK-G plasmid constructs. (A) and (C) Plasmid maps of
pQE30/Dnak and pQE30/DnaK-G showing the BamHI and Hindlll restriction sites. (B and D) Agarose gel
electrophoresis of pQE30/DnaK and pQE30/DnakK-G respectively: lane M: DNA molecular weight marker;
lane 1: undigested plasmid; lane 2: plasmid digested with BamHlI; lane 3: plasmid digested with Hindlll;
lane 4: plasmid digested with BamHI and Hindlll.
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B8: Sequencing data for the pQE30/PfHsp70-G632 plasmid construct

MS4_A01_008_0571.abl )
Unknown © ¢ b
-i GCATGCCGGGTGGCATG
2,005 2,010 2,015 2,020 2,025 2,030 2,035 2,040 2,045 2,050 2,055 2,060 2,065 2,070 2,075 2,080 2,085
Ball Ball Soh Sph
Notl
. =y
PfHsp70-G632 - AUTO (100%)

MS4_A01_008_0571.abl ~ | @

2,090 2,095 2,100 2,105 2,110 2,115 2,120

2,125 2,130 2,135 2,140 2,145 2,150 2,155 2,160 2,165 2,170

Figure B8: Confirmation of pQE30/PfHsp70-G632plasmid construct using DNA sequencing
Sequencing was performed using the Big Dye method. A T5 (pQE30) reverse primer was used resulting in a reverse sequence
MS4_A01_008_0571.abl. The region highlighted in blue represents the region in which the G632 mutation was introduced. The sequencing

confirmed that the highlighted codons code for the mutated amino acids.
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B9: Sequencing data for the pQE30/PfHsp70-G648 plasmid construct
Unknown ©
_l__l__l—_

2,005 2,010 2,015 2,020 2,025 2,030 2,035 2,040 2,045 2, 050 2,055 2,065 2,070 2 075

PfHsp70-G648 - AUTO (100%)

MS5_B01_007 0571.abl ~ | @

4 >
e

2,090 2,095 2,100

2,135 2,140 2,145 2,150 2,155 2,160 2,165 2,170

2,130

2,110 2,115 2,120 2,125

PfHsg 70-G648 - AUTO (100%)

P A g P

GGTCGGCGTGACCTAAAAGGCCGACGGGACCGCCCGCGGCCATACGGCCCATTACG GGCCGACCATCGCCAGGCTGGCACCTTCTT
MS5_B01_007 0571.abl ~ | @

lambda t0 terminator « terminator ©

Figure B9: Confirmation of pQE30/PfHsp70-G648 plasmid construct using DNA sequencing

Sequencing was performed using the Big Dye method. A T5 (pQE30) reverse primer was used resulting in a reverse sequence
MS5_A01 008 0571.abl. The region highlighted in blue represents the region in which the G648 mutation was introduced.
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Intensity Coverage: 69.2 % (1040088 cnts) Sequence Coverage MS: 45.3%
Sequence Coverage MS/MS: 12.9% pl (isoelectric point): 5.8
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Figure B10: Confirmation of PfHsp70-1 by mass spectrometry
Trypsin digested fragments were sequenced using MALDI-TOFF.
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B11: Mass Spectrometry sequencing data for PfHsp70-G632

Intensity Coverage: 64.8 % (1147563 cnts) Sequence Coverage MS: 38.6%
Sequence Coverage MS/MS: 8.7% pl (isoelectric point): 5.8
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Figure B11: Confirmation of PfHsp70-G632 by mass spectrometry
Trypsin digested fragments were sequenced using MALDI-TOFF.
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B12: Mass Spectrometry sequencing data for PfHsp70-G648

Intensity Coverage: 60.6 % (917451 cnts) Sequence Coverage MS: 39.5%
Sequence Coverage MS/MS: 11.6% pl (isoelectric point): 5.8
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Figure B12: Confirmation of PfHsp70-G648 by mass spectrometry
Trypsin digested fragments were sequenced using MALDI-TOFF.
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B13: Mass Spectrometry sequencing data for PfHop

Intensity Coverage:622 80.0 % (493614 cnts) Sequence Coverage MS: 58.0%
Sequence Coverage MS/MS: 15.6% pl (isoelectric point): 7.2
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Figure B13. Confirmation of PfHop by mass spectrometry
Trypsin digested fragments were sequenced using MALDI-TOFF.
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B14: Circular dichroism data before and after heat stress
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Figure B14. Thermal unfolding of PfHsp70-1 and its GGMP variants

The CD spectrum was presented as delta epsilon (Ms). The temperature was raised from 19 °C to 90
°C and ellipticity measured at 222 nm. The data represents the CD spectrum of native (bHs) and heat-
stressed (aHS) (A) PfHsp70-1; (B) PfHsp70-G632 and (C) PfHs70-G648.

B15: Intrinsic tryptophan fluorescence spectra for PfHsp70-1 and its GGMP variants
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Figure B15. Intrinsic tryptophan fluorescence spectra for PfHsp70-1 and variants.
Recombinant proteins at 2 uM were excited at 295 and emission measured from 300-400 nm.
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B16: GdHCI induced changes in protein structure
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Figure B16. GdHCI induced changes in protein structure in the various recombinant proteins.
(A), (B) and (C) changes in fluorescence intensity for PfHsp70-1, PfHsp70-G632 and PfHsp70-G648
incubated with 0-6M GdHCI.

B17: Peptide binding to PfHs70-1 and its GGMP variants
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B17. Representative fluorescence spectra for PfHsp70-1 and GGMP mutants.
Excitation was at 295 nm with the emission measured from 300-400 nm. Peptide ALLLMYRR at varying

concentrations (0-100 nM) was incubated with recombinant proteins and the effect on the intrinsic
protein tryptophan fluorescence was measured. (A) PfHsp70-1 (B) PfHsp70-G632 and (C) PfHsp70-G648.
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B18: ADP binding to PfHs70-1 and its GGMP variants
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Figure B18: The conformation of PfHsp70-1 and variants is regulated by nucleotides
Tryptophan fluorescence signals for nucleotide-free PfHsp70s or upon incubation with 5mM ADP. (A)
PfHsp70-1, (B) PfHsp70-G632 and (C) PfHsp70-G648.
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B19: Confirmation of the variant KPf plasmid constructs
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Figure B19. Plasmid maps and restriction agarose gel for KPf plasmid constructs

Restriction analysis of DNA plasmids. (A) Plasmid map and agarose gel electrophoresis of pQE60/KPf
showing the BamHI and Hindlll restriction sites. (B) Plasmid map and agarose gel electrophoresis of
pQE60/KPf-G617 showing the BamHI and Hindlll restriction sites. (C) Plasmid map and agarose gel
electrophoresis of pQE60/DnakK showing the Ncol restriction sites. (D) Plasmid map and agarose gel
electrophoresis of pQE60/KPf-G633 showing the BamHI and Xbal restriction sites. (E) Plasmid map and
agarose gel electrophoresis of pQE60 showing the BamHIl and Hindlll restriction site. lane M, DNA
molecular weight marker; lane C, undigested plasmid; lane 1, a single digest of each respective with one
of the enzymes; lane 3, a single digest of each respective with the second enzyme; lane 4, double digest
with both enzymes for each respective plasmid.
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B20: Phosphate standard curve
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Figure B20. Phosphate standard curve for ATP hydrolysis analysis

(A) Phosphate standards of concentration ranging from 0 to 300 uM were prepared and absorbance was
read at 660 nm using (SpectraMax M3, Molecular Devices, U.S.A). The linear equation: y = 0.0048x; R? =
0.9996 was used to calculate inorganic phosphate released during ATP hydrolysis. (B) The effect of
peptides on the basal ATPase activities of PfHsp70-1 and variants. The experiment was repeated in the
presence of varying concentration (0-2000 nM) of peptides: ALLLMYRR, ANNNMYRR, GFTVVLMYRF, and
GFTNNNMYREF. Statistical analysis was carried out using two-way ANOVA (p<0.001). The stars showed that
there were statistically significant differences in the relative ATPase activity.

B21: Assessment of the thermal stability for PfHsp70-1 and variants
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Figure B21. Assessment of the thermal stability of Hsp70 chaperones and their GGMP derivatives

(A) Heat stability of the recombinant proteins was assessed by the presence of heat-induced aggregates
measured by an increase in turbidity at 340 nm for MDH using the Spectramax M3 (Molecular Devices).
Recombinant proteins PfHsp70-1, PfHsp70-G632, PfHsp70-G648 and substrate MDH, BSA and the peptide
(ALLLMYRR) as controls. Three independent assays were performed, and results are plotted as mean with
standard deviations shown. (C) The heat-induced aggregation of malate dehydrogenase was assessed in
vitro at 51 °C. The assay was initiated by adding MDH and varying concentration of recombinant DnaK and
DnaK-G. Aggregation was measured as turbidity at 340 nm. Statistical analysis was carried out using two-
way ANOVA (p<0.001).
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B22: Confirmation of pQE30/PfHop DNA construct
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Figure B22. pQE30/PfHop plasmid map and restriction agarose gel

Restriction analysis of pQE30/PfHop DNA plasmid (A) Plasmid map of pQE30/PfHop showing the Xhol and
Pstl restriction sites. (B) Agarose gel electrophoresis of pQE30/PfHop: lane M: DNA molecular weight
marker in bp; lane C: undigested pQE30/PfHop plasmid; lane 1: pQE30/PfHop digested with Xhol; lane 2:
pQE30/PfHop digested with Pstl; lane 3: pQE30/PfHop digested with both Xhol and Pstl.
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B23: Secondary structure determination using conventional circular dichroism
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Figure B23. PfHop secondary structure determination using conventional CD spectroscopy

(A) Far-UV spectra for PfHop protein before (bHS) and after (aHS) heat denaturation. (B) Changes in CD
ellipticity at 220 nm measured for PfHop. (C) The folded fraction of the proteins under varying
temperatures. Data were fit into Eq. (1). (D) Urea unfolding of PfHop secondary structure. (E) The folded
fraction of urea exposed PfHop as calculated using Equation 1.
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B24: Demonstration of antibody specificity
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Figure B24 Specificity of the anti-PfHop antibody
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(A) Immobilized PfHop, PfHsp70-1 and BSA proteins were probed by primary a-PfHop antibody and (B)
PfHsp70-1 immobilized at varying concentrations was probed with a-PfHsp70-1. To quantify the bound
protein, the secondary HRP conjugated goat raised a-Rabbit antibody was used and detection was started
by addition of TMB substrate solution and color changes recorded photometrically at 650 nm.

B25: Slot bot analysis of the PfHsp70-1/PfHop interaction

|
A A

lupg 2pg 4pg lpg
PTHSP70-1 e e e w— PfHop PfHsp70-1 o
NN PfHSP70-G632 s — — < BSA NN PfHsp70-G632 "=
PfHSP70-G648 — e < null PfHsp70-G648 Py
B B
PFHSP70-1 s —— — s <PfHoOp PfHsp70-1 —
ADP PfHsp70-G632 — — h— <BSA ADP  PfHsp70-G632
PfHsp70-G648 ; <null PfHsp70-G648
C C
PfHsp70-1 — w— < PfHOp PfHsp70-1
ATP PfHsp70-G632 < BSA ATP  pfusp70-G632
PfHsp70-G648 < null PfHsp70-G648

2ug

i 4]

dpg

————
——
——

<null
< BSA

W «PfHOp

< PfHop

“BSA

<null

= <PfHop

< BSA

<null

Figure B25. The GGMP motif is important for the interaction between PfHsp70-1 and PfHop

Various concentrations of PfHsp70s (1 pg, 2 pug, and 4 pg) were spotted onto nitrocellulose membrane as
the prey protein. BSA (4 ug) was used as a negative control, PfHop was used as antibody control and null
represents buffer without ligand. Each respective protein concentration was spotted using a vacuum and
overlaid with 4 pg of purified PfHop protein (A). The assay was also conducted in the presence of ADP and
ATP (B and C) and a- PfHop antibody was used to detect the presence of PfHop protein. The data

represents 2 of 3 independent assays (I and II).
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B26. Slot blot analysis of the interaction of PfHop versus DnaK and DnaK-G
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Figure B.26. Introduction of the GGMP motif of PfHsp70 into DnaK did not facilitate its association
with PfHop

Slot blots for the association between DnaK-PfHop and DnaK-G-PfHop. Various concentrations of DnaK
and DnaK-G (1 pg, 2 pug, and 4 ug) were spotted onto nitrocellulose membrane as the prey protein. BSA
(4 pg) was used as a negative control. PfHop was used as an antibody control. Each respective protein
concentration was spotted using a vacuum and overlaid with 4 pg of purified PfHop protein. The assay

was repeated in presence of 5 mM ADP and ATP (B and C). The data represents 2 of 3 independent assays
(l'and 11).
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REAGENT
Acetic acid

Adenosine triphosphate
Agarose

Ammonium molybdate
Ammonium persulphate
Ampicillin

Bovine serum albumin
Bromophenol blue
Calcium chloride
Chloramphenicol
Coomasie brilliant blue R250
Diethiothreitol
DreamTaq master mix
Ethidium bromide
Glacial acetic acid
Glycerol

Glycine

Imidazole

Isopropyl-1-thio-D-galacopyranoside

Lysozyme
Magnesium chloride

Methanol

Monoclonal anti-His6-HRP antibodies

Ni-NTA resin

Nitrocellulose membrane
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SUPPLIER
Merck, Germany

Sigma, U.S.A
Whitehead scientific, South Africa
Merck, Germany
Merck, Germany
Sigma, U.S.A

Sigma, U.S.A

Sigma, U.S.A

Merck, Germany
Sigma, U.S.A

Merck, Germany
Sigma, U.S.A

Thermo Scientific, U.S.A
Sigma, U.S.A

Merck, Germany
Merck,

Merck, Germany
Sigma, U.S.A

Sigma, U.S.A

Merck, Germany
Merck, Germany
Merck, Germany

Sigma, U.S.A

Thermo Scientific, U.S.A

Pierce, U.S.A
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Peptone
Phenylmethylsufonyl fluoride
Polyacrylamide

Polyethylene glycol 2000
Polyethylenimine

Ponceau S

Potassium chloride
Potassium dihydrogen phosphate
Proteinase-K

Rapid ligation buffer
Restriction enzymes
Snakeskin™ pleated dialysis tubing
Sodium chloride

Sodium dodecyl sulphate
Sodium hydroxide

TEMED

Tris

Tryptone

Tween 20

Urea

Yeast extract powder

B-mercaptoethanol
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Thermo Scientific, U.S.A
Merck, Germany
Sigma, U.S.A
Merck, Germany
Sigma, U.S.A
Sigma, U.S.A
Sigma, U.S.A
Merck, Germany
Merck, Germany
Sigma, U.S.A
Promega, Germany
Thermo Scientific, U.S.A
Pierce, U.S.A
Merck, Germany
Merck, Germany
Merck, Germany
Sigma, U.S.A
Merck, Germany
Merck, Germany
Merck, Germany
Melford, UK
Merck, Germany

Sigma, U.S.A
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