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Abstract

Since time immemorial malaria remains a health concern despite the extensive interventions to
eliminate the disease. Plasmodium falciparum, the agent for the most lethal form of the disease,
survives insults imposed by the human host response and the adverse effects of antimalarial drugs,
thereby building resistance against this intervention. Amongst other means, the parasite employs the
heat shock protein (HSP) machinery in response to the imposed hostilities. Compared to other malaria
parasites, P. falciparum expresses a large complement of an HSP family known as the J domain
proteins (JDPs). Hsp70 is a prominent molecular chaperone whose chaperone function is coordinated
by JDPs. While several JDPs have been characterized, the role of PFF1010c, a JDP of P. falciparum
remains unknown. This study explored the structural and functional features of PFF1010c using in
silico approaches (BLASTP, PSIPRED, CLUSTALW, MEGA11, SOPMA, CDD/SPARCLE ESPRIPT, Alphafold,
GalaxyHomomer, ProtParam, PlasmoDB, and STRING). A plasmid construct expressing recombinant
PFF1010c was expressed using E. coli XL1 Blue. The secondary structure of the protein was
investigated using circular dichroism spectroscopy. PFF1010c thermostability was assessed by ANS
probe based extrinsic fluorescence spectroscopy. The functional cooperation of PFF1010c with
PfHsp70-1 was investigated by monitoring refolding of heat-denatured luciferase in vitro. PFF1010c
appeared to assume a fold constituted by two domains: the SVN motif-containing ] domain and the C-
terminal domain. PFF1010c was found to be thermostable. Biochemical and in silico studies suggested
that the protein self-associates through the C-terminal domain. Also, PFF1010c abrogated the
refolding activity of PfHsp70-1. Although PFF1010c appeared to interact with PfHsp70-1, it
wasincapable of stimulating PfHsp70-1 chaperone function. This suggests that PFF1010c may interact
with PfHsp70-1 possibly to improve the holdase chaperone function of PfHsp70-1 as well as to

conserve the energy economy of the parasite cell.
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Chapter 1

1.  Chapter 1: Introduction

1.1. Malaria

Malaria persists as one of the most common and lethal maladies in the world, especially in Africa
(Makam & Matsa, 2021; WHO, 2023). The WHO (World Health Organisation) World Malaria Report
2023 records 249 million cases and 608 000 deaths due to malaria by 2022 (WHO, 2023). Although the
African region had mortality due to malaria decreased by 36 % from the year 2000 (839 720 deaths)
to the year 2019 (534 201 deaths), the mortality increased by 11 % from 2019 to 2020 (602 020
deaths), owing to the impediments of ongoing malaria intervention services such as the COVID-19

pandemic (Hussein et al., 2024; WHO, 2023).

In 2021, malaria cases increased by 2 million (to 247 million cases), followed by a further increase in
2022 (to 249 million cases) (WHO, 2023). However, it should be noted that malaria mortality
decreased by 11 thousand deaths (1.7 %) in 2022. These statistics reflect the success of current malaria
interventions. In South Africa, malaria is endemic and concentrated in Limpopo, Mpumalanga, and
Kwazulu-Natal provinces (Noeth et al., 2024). Besides South Africa being malaria endemic, the country

has achieved over 40 % reduction in incidence in 2020 (Shin & Lee, 2021; WHO, 2023).
1.1.1. Malaria history

It is important to stress that malaria has existed from millennia BC, and the disease was acknowledged
as early as the 1880s (Cox, 2010; Talapko et al., 2019). The name of the ailment derives from old
beliefs. “Malaria” is a Latin morpheme that translates to “bad air”. The “mal- “prefix translates to the
word “bad”, and the suffix “-aria” translates to “air”. The “bad air” originated from the belief that the
air of dead organic matter causes malaria, but others believed that malaria comes from water and
other non-living elements of nature (Cox, 2010; Hempelmann & Krafts, 2013; O’Neill et al., 2015). The
belief, dubbed the miasma theory, was primarily supported until the advent of Louis Pasteur’s germ
theory and Antoni van Leeuwenhoek’s discovery of microbes as causal agents of diseases (Cox, 2010).
The biomedical characterization of malaria began in the 1880s when Alphonse Laveran isolated the

pathogen from a patient who had died of malaria (Cox, 2010; Hempelmann & Krafts, 2013; Nye, 2002).
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1.1.2. Agents of malaria: Plasmodium species

Malaria is caused by species of the Plasmodium genus (Sato, 2021). Five Plasmodium species are
causative agents of malaria, namely, P. falciparum, P. vivax, P. malariae, P. ovale, and P. knowlesi. The
P. ovale branches into P. ovale curtisi, and P. ovale wallikeri. Although most literature points out five
malaria pathogens, the sixth species come from individually recognising the P. ovale subspecies, the
P. ovale curtisi and P. ovale wallikeri subspecies. As such, other studies count six species responsible
for causing the malaria disease (Ahmed & Cox-Singh, 2015; Calderaro et al., 2013). Figure 1.1 below
depicts the phylogenetic relationship between these Plasmodium species visualized using PhyloT
version 2 and iTOL version 5 online tools (Letunic & Bork, 2021) (Appendix B, Table B1). The deadliest
of the five Plasmodium species is P. falciparum (WHO, 2023). P. falciparum is unique from the other
Plasmodium species as reflected by the phylogenetic tree diagram (Figure 1.1) (Escalante et al., 2022).

Plasmedium Laverania
i

o] Plasmodium falciparum
'E.-f.sryv:tsh Sar o A\E:—a:ao .-!pi:,cn:sr;f #mnoiis%a Hser"cs:cd"ds =as1|o:i-55 Plasmodiu —Plasm{]dlum malarlae
Plasmodium vivax
Plasmodium knowlesi

ﬂ@ Plasmodium ovale curtisi
Plasmodium ovale wallikeri

s

ulpy Plasmodium

Figure 1.1 The phylogenetic relationship among the 5 Plasmodium species responsible for causing malaria in humans
P falciparum is unique from the three closely related P. malariae, P. vivax and P. knowlesi which form a paraphyletic group.

P ovale delineated into P. ovale wallikeri and P. ovale curtisi. Adapted from (Letunic & Bork, 2021) (Appendix B, Table B1).

1.1.3. Plasmodium species life cycle

The life cycle of the malaria parasites is separated into two phases, the sexual phase occurring in the
Anopheles mosquitoes and the asexual phase occurring in the human (Figure 1.2) (Geneva et al., 2019;
Nureye & Assefa, 2020; Shapiro et al., 2017; Walter et al., 2016). Anopheles mosquitoes are thus the
definitive hosts whereas humans are the intermediate hosts of Plasmodium species. Plasmodium
species go through five main morphological states throughout their life cycle (Cox, 2010; Milner,
2018). These morphological states represents the five stages of malaria life cycle, namely, the
sporozoite stage, hepatic exoerythrocytic schizogony stage, erythrocytic schizogony stage, mosquito

gametocyte ingestion stage, mosquito sporogony stage and sporozoite production stage (Cox, 2010).
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Figure 1.2. Malaria parasite life cycle

The sexual stage occurring at room temperature in the Anopheles mosquito is separated from the asexual stage occurring at
around 37 °C and higher temperatures associated with febrile conditions in the human body. The temperature is denoted in
blue font for normal temperatures and red for higher temperatures to reflect these conditions. (A) denotes the exo-
erythrocytic cycle, (B) the erythrocytic cycle and (C) the sporogonic cycle. This Figure was adapted from (Nureye & Assefa,

2020) (Appendix B, Table B1).
1.1.3.1. The asexual phase of the malaria parasite in humans

The first stage (denoted “1’’; Figure 1.2) is when the female Anopheles mosquitoes inject the
sporozoites into the human host (Cox, 2010). The sporozoite stage is the morphological state of the
parasite that shifts the parasite from the definitive to the intermediate hosts. Sporozoites are injected
in large numbers, an average of one hundred and fifty sporozoites (Gomes et al., 2016). This large
number increases the probability of escaping the host immunity while in the host circulatory system
(Gomes et al., 2016). The second stage (denoted “2’; Figure 1.2) is the hepatic exoerythrocytic

schizogony stage where the sporozoite has reached and infected the hepatocytes (Cox, 2010). The
3
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sporozoites asexually replicate and differentiate into erythrocytes-infecting merozoites (Frischknecht
& Matuschewski, 2017). The asexual reproduction and differentiation processes are collectively called
schizogony. The merozoites are specialized to infect erythrocytes (Goh et al., 2021). They employ the

Merozoite Surface Protein-1 (MSP1) to recognize and infect the erythrocytes.

In the third and fourth stages, merozoites are released as schizonts from the initially sporozoite-
infected hepatocytes which infect erythrocytes (Figure 1.2). This part is called the erythrocytic
schizogony or cycle. Frischknecht and Matuschewski (2017) points out that there are taxa closely
related to Plasmodium such as Hepatocystis and Nicteria that do not asexually replicate but rather
undergo gametocytogenesis only (Frischknecht & Matuschewski, 2017). However, Plasmodium
merozoites do undergo asexual reproduction followed by gametocytogenesis (Cox, 2010; Frischknecht
& Matuschewski, 2017). The asexual progeny continues to infect more erythrocytes constituting the
clinical malaria disease. The malaria parasite is adapted to survive the high temperatures assumed

during febrile conditions associated with the disease (Walter et al., 2016).
1.1.3.2. The sexual phase of the malaria parasite in Anopheles mosquito

The human phase of the malaria parasite life cycle (from “2" to “7” in Figure 1.2) terminates when
the mosquitoes ingest the infected host blood meal containing the parasite gametes (Cox, 2010). The
sexual reproduction phase (from “8” to “12” in Figure 1.2) of the Plasmodium species then ensues.
The ingested microgametes (males) and macrogametes (females) differentiate from merozoites
(Fujioka & Aikawa, 1999). The midgut environment of the Anopheles mosquitoes allows the
macrogametes to germinate out of the ingested erythrocytes and develop into mature macrogametes
with flagella (Fujioka & Aikawa, 1999). The resulting zygote undergoes sporogony, producing
sporozoites that will initiate infection when the female Anopheles mosquitoes go for a blood
meal(Cox, 2010; Fujioka & Aikawa, 1999). The sexual reproduction phase is less complex compared to
the human phase. This highlights that the mosquitoes are only required for reproduction and the most

important phase is the complexed and multistage human phase (Nureye & Assefa, 2020).
1.1.3.3. The P. falciparum gametocytogenesis

Gametocytogenesis of the P. falciparum life cycle occurs as an escape pathway from the erythrocytic
cycle (stages denoted “5“ and “6“; Figure 1.2) ensuring transmission (Dyer & Day, 2000). Figure 1.3
below depicts the gametocytogenesis stages (Carter & Miller, 1979). Gametocytogenesis initiates in

trophozoites that have committed to sexual differentiation from the merozoites stage (Talman et al.,
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2004). Sexual differentiation is activated by the transcriptional activator PfAP2-G (PF3D7_1222600)
that binds to a large number of sites (hundreds) across the P. falciparum genome (Josling et al., 2020).
Gametocytogenesis takes place in the bone marrow and spleen and the mature gametocytes enter

the bloodstream during their final stage of development (Usui & Williamson, 2021).

Gametocytes

A

Trophozoites { Stage | Stage Il Stage IlI Stage IV

y LR -

»

Figure 1.3. Gametocyte stages of P. falciparum
The parasite goes through 5 stages of gametogenesis from stage | to stage V. The first stage of gametocytogenesis initiates
in trophozoites resulting in the mature gametocytes in peripheral blood. Adapted from (Carter & Miller, 1979) (Appendix B,

Table B1).

Gametocytogenesis five stages (stage |-V) are based on the morphologies of the developing
gametocyte (Table 1.1) (Carter & Miller, 1979; Sinden, 1983; Usui & Williamson, 2021). Stage | and Il
constitute the G (first growth) phase, while the remaining stages are in the G, (second growth) phase
of the cell cycle. The G; phase is when the cell physically grows and synthesizes essential enzymes
while the G; phase is when the cell continues to grow and rearranges the cell organelles in preparation
for cell division. Sinden (1983) added that the metabolic rate is high in stage IV and low in the matured
stage V gametocytes (Sinden, 1983). The down regulation of gene expression and low metabolic rate

is for the parasite to undergo latency and ensure less resources are utilized during this period.
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Table 1.1. Gametocytogenesis stages and their description

Gametocyte
stages (cell

cycle phase)

Morphological state

Features description

Reference

Fully morphological maturity.

Centralization of chromatin.

Stage | (’3 Growth and synthesis of essential | (Carter & Miller, 1979;
(G1Phase) :}-( enzymes. Sinden, 1983)

Parasite rounded and almost clear

cytoplasm.

Pigmentation initiating.
Stage Il /;% Growth and synthesis of essential | (Carter & Miller, 1979;
(G1Phase) g enzymes. Sinden, 1983)

Assumes half-moon shape and occupies

50 % of the host erythrocyte.

Pigments spread out.
Stage Il Continued growth and rearrangement of | (Carter & Miller, 1979;
(G2 Phase) organelles. Sinden, 1983)

Parasite extended with blunted ends.

Haemoglobin lost; host erythrocyte no

longer visible.
Stage IV Continued growth and rearrangement of | (Carter & Miller, 1979;
(G2 Phase) organelles. Sinden, 1983)

Parasite cytoplasm and nucleus begin to

stain.

Cannot distinguish sex.
Stage V Continued growth and rearrangement of | (Carter & Miller, 1979;
(G2 Phase) organelles. Sinden, 1983)

Several genes including the transcriptional activator PfAP2-G are overexpressed during the parasite

trophozoite stage committed to gametocytogenesis (Prajapati et al., 2020). The PFF1010c gene was

not one of them. However, PFF1010c (PF3D7_0620700) is expressed at the gametocyte stage of the

P. falciparum based on gene profiling studies (Le Roch et al., 2003; Njunge et al., 2013). Zhang et al.

(2018) mutagenesis aided screen for essential genes found PFF1010c to be essential (Zhang et al.,

2018). In essence, PFF1010c must play a crucial role in the P. falciparum gametocytes.
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1.2. Heat shock proteins

As P. falciparum switches between its endothermal definitive and ectothermal intermediate hosts,
there is a temperature shift from 37 "C human normal temperature to 30 °C Anopheles normal
temperatures (Beck-Johnson et al., 2017; Geneva et al., 2019; Shapiro et al., 2017). To add, an infected
human assumes febrile conditions in response to the infection. Body temperatures could rise above
40 °C during malaria fever episodes (Walter et al., 2016). E. coli elicits a global response upon damage
to its DNA called the SOS response (Zdravko & Darja-Zgur, 2021).The survival and development of the
malaria parasite could depend on a system that mimics the bacterial SOS response, which could assist
it to adapt to the temperature shifts. It is proposed that P. falciparum employs heat shock proteins in

order to circumvent physiological stress (Daniyan et al., 2019).

All life forms possess the heat shock response system (Alagar-Boopathy et al., 2022; Hu et al., 2022;
Lang et al, 2021; Lindquist & Craig, 1988). HSPs are responsible for cytoprotection and cell
proteostasis (Alagar-Boopathy et al., 2022; Lang et al., 2021). The HSPs narrative dates back to 60
years ago when Ritossa (1962) published the Drossophila’s polytene chromosome “puffing” patternin
response to heat shock (Ritossa, 1962). The puffing pattern occurs when newly synthesized ribonucleic
acid strands protrude off the chromosome in large quantities. The removal of heat shock reduced the
puffing’s of transcription. The stressors were not limited to heat. Chemical inducers were also
reported (Ritossa, 1962). The stimulated transcription was of a set of proteins now called HSPs (Hu et

al., 2022).

HSPs are categorized based on their molecular weights and named accordingly (Hagymasi et al., 2022).
The superfamilies are Hsp100s, Hsp90s, Hsp70s, Hsp60s, Hsp40s and small Hsps (Dubrez et al., 2020;
Hagymasi et al., 2022; Hu et al., 2022). Table 1.2 summarizes HSPs function in most organisms. The
Hsp40s have recently been noted as J domain proteins (JDPs) due to their characteristic J] domain
(Marszalek et al., 2023; Piette et al., 2021). Hsp70s carry out the refolding of unfolded proteins and
JDPs assist them by stimulating their ATPase activity, a well characterized chaperone-co-chaperone
relationship in multiple model organisms (Chand et al., 2021; Faust et al., 2020; Liu et al., 2020).
Hsp90s are involved in protein folding of newly synthesized proteins and refolding of unfolded
proteins (Hoter et al., 2018; Hu et al., 2022). Hsp60s are implicated in protein assembly assisted by
sHsps Hsp100s are mostly disaggregases (Kedzierska-Mieszkowska & Zolkiewski, 2021). Hsp100s also

promote proteolysis of proteins marked for degradation (Lee et al., 2022).
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Table 1.2. HSP superfamily’s functions

Heat shock protein | Function References

superfamily (size in kDa)

Small Hsps (~<40) Prevent protein aggregation (Haslbeck, 2002; Sugino et al., 2009)

JDP (~40-50) Binds denatured proteins and present to | (Botha et al., 2007; Dutta, Pesce, et al., 2021;

Hsp70, stimulate ATPase activity of Hsp70 | Kampinga et al., 2019; Njunge et al., 2013)

Hsp60 (~60) Protein folding and assembly (Rodriguez, 2022; Tang et al., 2022)

Hsp70 (~70) Protein folding, refolding, trafficking, and | (Chand et al., 2021; Faust et al., 2020; Liu et
degradation al., 2020)

Hsp90 (~90) Protein folding and maturation, prevent | (Chiosis et al., 2023; Noddings et al., 2022)

protein aggregation

Hsp100 (~100) Disaggregases, proteolysis promotion and | (Kedzierska-Mieszkowska & Zolkiewski, 2021;

regulation of transcription. Lee et al., 2022)

1.2.1. Malaria heat shock proteins

HSPs of P. falciparum have gained research interest considering their role in imparting stress tolerance
to this deadly parasite (Makhoba et al., 2023; Shonhai & Blatch, 2021; Tint6-Font & Cortés, 2022). The
HSP superfamilies in P. falciparum are assigned the Pf abbreviation prefix like PfHsp40, PfHsp90 etc.
The notorious P. falciparum survives the febrile human body and drug induced stress through
activation of its stress response mechanisms, including the expression of its expanded HSP machinery
(zhang et al., 2021). P. falciparum HSP arsenal includes all the superfamilies of HSPs, namely the
PfHsp70s, PfHsp90s, PfHsp60s, PfHsp40s/PfIDPs, PfsHsps and PfHsp100s (Acharya et al., 2007;
Chakafana et al., 2021; Kampinga et al., 2019; Shonhai, 2014). The P. falciparum genome expresses 92

HSPs in total, taking up 2 % of the parasite genome (Acharya et al., 2007).
1.2.2. P. falciparum heat shock protein 70

Six members of the Hsp70 superfamily are expressed in P. falciparum (Nyakundi & Boshoff, 2021;
Winer et al., 2020). The protein products are, namely, PfHsp70-1 (PF3D7_0818900), PfHsp70-2
(PF3D7_0917900), PfHsp70-3 (PF3D7_1134000), PfHsp70-x (PF3D7_0831700), PfHsp70-y
(PF3D7_1344200), and PfHsp70-z (PF3D7_0708800) (Aurrecoechea et al., 2009). PfHsp70-x, PfHsp70-
y, and PfHsp70-z constitute a subclass of PfHsp70s named PfHsp110s, owing to their molecular weight
around 110 kDa (Aurrecoechea et al., 2009; Bracher & Verghese, 2022; Chakafana & Shonhai, 2021).
The canonical subclass of PfHsp70s, weighing around 70 kDa, are PfHsp70-1, PfHsp70-2, and PfHsp70-

8
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3. PfHsp70s have an ATPase domain at their N termini and a substrate binding domain at their C-
termini as illustrated below (Figure 1.4) (Zininga et al., 2016). The two domains are joined by a
conserved linker allowing allosteric interaction between the domains. PfHsp70s assemble and fold
newly formed proteins, refold improperly folded proteins, and disassembles protein aggregates
(Shonhai & Blatch, 2014). Some PfHsp70s participate in the signal transduction pathway, DNA
replication, and translocation of secretory and organelle proteins (Shonhai & Blatch, 2014; Shonhai et

al., 2007).

N— NBD < Linker SBDP | SBDa —C

Figure 1.4: PfHsp70 domain organization

N represents the N-terminus of the protein, NBD represents the nucleotide binding domain, SBD represents the substrate

binding domain, and C represents the C-terminus of the protein.
1.2.2.1. Localization and functions of heat shock proteins 70

Table 1.3 summarizes the subcellular localizations and functions of PfHsp70s. The individual PfHsp70s
specialize in protein folding, protein trafficking, exchanging nucleotides for other PfHsp70s, suppress
aggregation, and disaggregate aggregated proteins (Table 1.3). While PfHsp70-1 localizes in the
cytosol, it also moves into the nucleus in response to heat shock (Acharya et al., 2007; Gitau et al.,
2012). The endoplasmic reticulum resident PfHsp70-2 is involved in the export of proteins out of the
parasite cell and into the infected erythrocyte (Cortés et al., 2020). PfHsp70-3 localizes in the
mitochondria and supresses aggregation (Barth et al., 2022; Nyakundi & Boshoff, 2021). PfHsp70-x is
exported from the malaria parasite cell into the infected erythrocyte (Dutta, Singh, et al., 2021,
Ramatsui et al., 2023). The endoplasmic reticulum resident PfHsp70-y and cytosol resident PfHsp70-z
function as nucleotide exchanging factors of PfHsp70-2 and PfHsp70-1, respectively (Shonhai et al.,
2007; Zininga et al., 2016). Nucleotide exchange factors replace the ADP co-factor bound to Hsp70s
by another ATP. The localization of PfHsp70s allows the chaperone to efficiently specialize in different
organelles (Shonhai et al., 2007). However, the above mentioned PfHsp70s have not been shown to
interact with the putative PFF1010c protein (Njunge et al., 2013). PFF1010c could be interacting with

either of the PfHsp70 members, regulating their function.
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Hsp70s of P. | Molecular Localization Function References
falciparum weight in
(accession kDa
number)
PfHsp70-1 74 Cytosol, nucleus Protein folding and translocation | (Acharya et al., 2007;
(PF3D7_0818900) Anas et al., 2020;
Gitau et al., 2012;
Shonhai, 2014)
PfHsp70-2 73 Endoplasmic Protein exportation from P. | (Cortés et al., 2020;
(PF3D7_0917900) reticulum falciparum to the infected | Ramya et al., 2006)
erythrocyte; protein unfolding
inhibition
PfHsp70-3 73 Mitochondria Protein aggregation suppressor (Barth et al., 2022;
(PF3D7_1134000) Nyakundi & Boshoff,
2021; Nyakundi et al.,
2016)
PfHsp70-x 76 The parasitophorous | Protein trafficking, aggregation | (Charnaud et al,
(PF3D7_0831700) vacuole and the | suppressor 2017; Daniyan et al.,
cytoplasm of the 2016; Grover et al.,
infected erythrocyte 2013)
PfHsp70-y 108 Cytosol, nucleus, | Exchange nucleotides for | (Kudyba et al., 2019)
(PF3D7_1344200) endoplasmic PfHsp70-2
reticulum
PfHsp70-z 100 Cytosol, nucleus, | Exchange nucleotides for | (Muralidharan et al.,
(PF3D7_0708800) chloroplast, PfHsp70-1; supress aggregation; | 2012; Shonhai, 2014;
endoplasmic Stabilization of asparagine rich | Zininga et al., 2016)
reticulum proteins

1.2.2.2. Co-chaperones of P. falciparum heat shock protein 70-1

PfHsp70s are known to complex with other HSPs and form a multicomplex machinery for organization,
efficient coordination, and synergy (Basquin et al., 2016; Lubkowska et al., 2021; Shiber et al., 2018;
Wickramaratne et al., 2023). The functional cycle of PfHsp70-1 regulated by JDPs and nucleotides
exchanged by nucleotide exchange factor PfHsp70-z is illustrated below (Figure 1.5) (Njunge et al.,
2013; Njunge et al., 2015; Shonhai et al., 2007). The J domain proteins regulate the PfHsp70-1 activity
(Blatch, 2022; Zhang et al., 2018). PfHsp70-z is a nucleotide exchange factor for PfHsp70-1 as

mentioned above (Table 1.3).
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PfHsp70-z 0
PfHsp70-1

Figure 1.5. Functional cycle of Hsp70-1 as regulated by PfHsp70-z and JDP

Hsp70-1 ATPase activity is regulated by JDPs while PfHsp70-z serves as a nucleotide exchange factor.

In addition to JDPs and the nucleotide exchange factors, PfHsp70-1 complexes with PfHsp90, aided by
the P. falciparum Hsp70/Hsp90 organizing protein (PfHop, PF3D7_1434300) (Gitau et al., 2012).
PfHsp70-1 binds unfolded proteins and passes the native-like substrate to a PfHsp90 member for
further folding (Wegele et al., 2006). In essence, PfHop regulates the PfHsp70 — PfHsp90 substrate

transfer (Gitau et al., 2012).

Client

protein

Figure 1.6. PfHsp70-1 bound to ATP, a client protein and complexed with JDP, PfHop and PfHsp90

The JDP, PfHop and PfHsp90 proteins come together to form a complex structure that refolds an unfolded client protein.
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1.2.3. P. falciparum heat shock protein 100

Hsp100s are caseinolytic proteases (Clps) and chaperones (Bakkouri et al., 2013). They are capable of
the dual functions, folding and protein breakdown. The proteins dimerize to execute their function
and are ATPases (Bakkouri et al., 2010) . P. falciparum expresses four isoforms of Hsp100s, namely,
PfCIpB1 (PF3D7_0816600), PfClpB2 (PF3D7_1116800), PfClpC (PF3D7_1406600) and PfClpM
(PF3D7_API03600) (Bakkouri et al., 2013; Ngansop et al, 2013). PfClpB2 appears in the
parasitophorous vacuole and found to function in protein export from the parasitophorous vacuole to
the cytoplasm of the infected erythrocyte (Bakkouri et al., 2010). PfClpB1, PfClpM and PfClpC are
apicoplast residents (Bakkouri et al.,, 2013). The apicoplast is the well-known plastid of the
Apicomplexa phylum responsible for lipid anabolism (Gleeson, 2000). Bakkouri et al. (2010) found that
the recombinant PfClpB1 facilitated recovery of a firefly luciferase protein activity in E. coli (Bakkouri
et al., 2010). This finding suggest that PfClIpB1 facilitates the survival of P. falciparum during stressful
conditions, by reactivating deactivated proteins. The study also discovered that PfClpB1 does not have

a human homolog, making it a desirable antimalarial target.
1.2.4. P. falciparum heat shock protein 90

Hsp90s are ATPases and are capable of forming higher order species such as dimers (Lepvrier et al.,
2019; Silva et al., 2020). Hsp90s are also highly conserved and expressed in all organisms including
plants and humans (Silva et al., 2020; Stofberg et al., 2021; Zainordin et al., 2021). P. falciparum
expresses four Hsp90 isoforms and each isoform localizes to an organelle in the parasite (Stofberg et
al., 2021). Isoform PfGrp94 ((PF3D7_1222300) is found in the endoplasmic reticulum, PfHsp90_ A
(PF3D7_1443900) localizes in the apicoplast, PfHsp90 M (PF3D7_1118200) in the mitochondria, while
the PfHsp90_C (PF3D7_0708400) isoform occurs in the cytosol. A property that makes PfHsp90
members stand out from the other heat shock proteins is their dimer state ability to assemble with
other PfHsp90 dimers, forming hexamer superstructures dubbed “cosy nests” (Lepvrier et al., 2019).
PfHsp90 cosy nests exhibit a chaperone activity, although the mechanism is not fully understood.
PfHsp90 assembles without nucleotide binding but the presence of metal oxyanions or divalent
cations and heat shock (Lepvrier et al., 2019). PfHsp90 is a target for malaria treatment (Stofberg et
al., 2021).
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1.2.5. P. falciparum heat shock protein 60

Two PfHsp60s are known to be expressed by P. falciparum. The PfHsp60 (Pf3D7_1015600) and
PfCpn60 (PfH3D7_1232100) are parasite resident proteins, with the initial localizing to the
mitochondria and the latter to the apicoplast (Liu & Houry, 2014). PfHsp60s are classified as
chaperonins, they fold a nascent protein while inside V-shaped tetradecameric superstructure formed
by PfHsp60 subunits (Liu & Houry, 2014). The chaperonins form a complex with P. falciparum small

Hsps which assist chaperonins in their refolding function (Liu & Houry, 2014).
1.2.6. P. falciparum small heat shock proteins

The P. falciparum small Hsps family (PfsHsps) represents one of the most distinct set of molecular
chaperones (Shonhai, 2010). SHsps are small heat shock proteins weighing around 15 to 30 kDa
(Buchner et al., 1998). P. falciparum sHsps isoforms are 6, namely, PfsHsp20-a (PF3D7_1304500),
PfsHsp20-b (PF3D7_0816500), PfsHsp20-c (PF3D7_1211100), PfsHsp20-d (PF3D7_0708500),
PfsHsp20-e (PF3D7_0808800), and PfsHsp20-f (PF3D7_10198100) (Timothy & Zininga, 2023). The
PfsHsp20-a, PfsHsp20-b, and PfsHsp20-c localize to the mitochondria, the PfsHsp20-d and PfsHsp20-f
to the nucleus and PfsHsp20-e to the apicoplast of the P. falciparum (Timothy & Zininga, 2023). The
PfsHsp20s are holdases; they ‘hold’ an unfolded protein and prevent aggregation (Timothy & Zininga,
2023). Generally, the absence of sHsps leads to protein aggregation, which would ultimately lead to
neurodegenerative diseases and cancer in mammals (Carra et al., 2019). However, sHsps’ ubiquitous
distribution in the parasite cell and involvement in disaggregation makes them ideal drug candidates

(Carra et al., 2019; Timothy & Zininga, 2023; Wyciszkiewicz et al., 2019).
1.2.7. P. falciparum J domain proteins

Among the malaria parasites, P. falciparum expresses the highest complement of JDPs (Njunge et al.,
2013). The JDPs were recently noted as Hsp40s until Kampinga et al. (2019) coined them J domain
proteins (JDPs) based on this protein domain present in E. coli Dnal (Botha et al., 2007; Kampinga et
al., 2019). The PfJDPs are divided into four classes based on their conservation of the Dnal domains
(Figurel.7) (Cheetham & Caplan, 1998). E. coli Dnal possesses four domains: the ] domain, the Glycine
or Phenylalanine -rich domain, the zinc finger domain, and the C-terminal domain (Dutta et al., 2021).
PfJDP type | contains all the domains of their ancestor protein Dnal, PfJDP type Il contains all the
domains but the zinc finger domain, and type Ill PfIDPs only contain the J domain with the highly
conserved HPD tripeptide within the J domain (Cheetham & Caplan, 1998; Kampinga et al., 2019).
13
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While Cheetham & Caplan (1998) demonstrated the domain conservation and the classification of
PfJDPs into type I, type II, and type Il relative to Dnal domains, Botha et al. (2007) added the fourth
subfamily, PfIDP type IV, after the realisation that the proteins conserve a J domain with a different

motif substituting the canonical HPD (Botha et al., 2007; Cheetham & Caplan, 1998).

N : d:l)'r)nDa " G/Frich Zinc finger C-terminal C Type |
J domain

N HPD G/Frich C-terminal C Type Il
J domain

N HPD C Type Ill
J domain

N XXX C Type IV

Figure 1.7. Subfamilies of PfJDPs divided by the domain architecture and conservation
The rectangles are domain sections along the polypeptides labelled from the N-terminal (N) to the C-terminal (C). The J
domain is the orange rectangle with the tripeptide motif within it. The Glycine or phenylalanine rich domain is reflected by

the blue-grey rectangle, the zinc finger by the blue rectangle and the C-terminal domain by the green rectangle. XXX

symbolizes varied residues in place of the HPD motif. The type IV J domain does not possess the canonical HPD motif.

P. falciparum expresses 2 type | JDPs, 9 type Il JDPs, 25 type Il JDPs, and 13 type IV JDPs (Table 1.4)
(Botha et al., 2007; Njunge et al., 2013). Table 1.4 summarises the 49 PfJDPs localization, essentiality
and function. Type lll subclass has the largest PfJDP complement. Out of the 49 PfJDPs, 18 are exported
from the parasite cell and into the host erythrocyte. Most of these exported proteins conserve the
export motif PEXEL and participate in the infected erythrocyte remodelling (Dutta et al., 2021;
Gabriela et al., 2022). The PEXEL motif is displayed by proteins exported through the Plasmodium
translocon of the exported (PTE) proteins channel (Gabriela et al., 2022). Proteins lacking the PEXEL
motif are exported through an alternative, poorly characterised process (Kreutzfeld et al., 2021). The
two type 1 PfIDP, the PfHsp40 (PF3D7_1437900) and Pfjl (Table 1.4), interact with the cytosolic
PfHsp70-1 (Dutta et al., 2021). Type IV PfJDPs are 13, with 11 exported and two parasite residents.
PFF1010c is a type IV JDP that is yet to be characterised (Botha et al., 2007; Njunge et al., 2013; Zhang
etal., 2018).
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Table 1.4. Localization and functional features of P. falciparum JDPs

Pfj1l PF3D7_0409400 Type | Parasite resident Not essential Housekeeping
PfHsp40 PF3D7_1437900 Type | Parasite resident Essential Housekeeping
PFA0660wW PF3D7_0113700 Type Il Host erythrocyte Not essential pathogenic
PFEOO55¢ PF3D7_0501100 Type Il Host erythrocyte Essential Pathogenic
KAHsp40 F3D7_0201800 Type Il Host erythrocyte Not essential pathogenic
PfSis1 PF3D7_0213100 Type Il Parasite resident Essential Housekeeping
PFF1415c PF3D7_0629200 Type Il Parasite resident Not essential Housekeeping
Pfi4 PF3D7_1211400 Type Il Parasite resident Essential Housekeeping
PF14_0137 PF3D7_1413900 Type Il Parasite resident Essential Uncharacterized
PfJ2 PF3D7_1108700 Type Il Parasite resident Essential Housekeeping
MAL13P1.277 PF3D7_1356700 Type Il Parasite resident Essential Uncharacterized
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MAL8P1.204 PF3D7_0831200 Type llI Parasite resident Not essential Uncharacterized
RESA PF3D7_0102200 Type IV Host erythrocyte Not essential Pathogenic
PFA0675w PF3D7_0114000 Type IV Host erythrocyte Not essential Uncharacterized
PFB0085c PF3D7_0201700 Type IV Host erythrocyte Essential Uncharacterized
PFB0925w PF3D7_0220400 Type IV Host erythrocyte Not essential Uncharacterized
MESA/PfEMP2 PF3D7_0500800 Type IV Host erythrocyte Not essential Pathogenic
PFF1010c PF3D7_0620700 Type IV Parasite resident Possibly Uncharacterized
essential
PfGECO PF3D7_1253000 Type IV Host erythrocyte Not essential Pathogenic
PF10_0381 PF3D7_1039100 Type IV Host erythrocyte Not essential Pathogenic
PF11_0034 PF3D7_1102200 Type IV Host erythrocyte Not essential Uncharacterized
PF11_0443 PF3D7_1143200 Type IV Parasite resident Not essential Uncharacterized
RESA3 PF3D7_1149200 Type IV Host erythrocyte Not essential Pathogenic
RESA2 PF3D7_1149500 Type IV Host erythrocyte Not essential Pathogenic
PF14_0013 PF3D7_1401100 Type IV Host erythrocyte Essential Uncharacterized
References (Botha et al., 2007; Dutta, Pesce, et al., 2021; Njunge et al., 2013; Zhang et al., 2018)

PFF1010c (Table 1.4, highlighted in red) is an essential type IV PfJDP lacking human homologues,
rendering it an ideal drug targets (Pesce et al., 2010). The HPD motif varied in type IV PfIDP has been
shown to directly interact with the Hsp70 ATP-binding domain to regulate the Hsp70 ATPase activity
(Dutta et al., 2021; Kityk et al., 2018; Tsai & Douglas, 1996). Actually, HPD mutants of Mycobacterium
tuberculosis Dnall and Dnal2 inhibited the M. tuberculosis DnaK ATPase activity (Lupoli et al., 2016).
However, the binding activity of M. tuberculosis DnalJl and Dnal2 HPD mutants to M. tuberculosis
DnaK was retained. PFF1010c could be binding to and inhibiting P. falciparum Hsp70 homologues

ATPase activity.

1.3. Interventions against malaria

1.3.1. Diagnosis

There are three main ways to diagnose malaria (Mace et al., 2018; WHO, 2023). The first is blood film
microscopy, the second is the Polymerase Chain Reaction (PCR), and the third is the Rapid Diagnostic
Test (RDT). Blood film microscopy visualizes the patients’ erythrocytes and the appearance of parasite
particles in the erythrocytes. Malaria parasites affect the infected erythrocytes' shape and form ring-
like structures within the infected erythrocyte (Depond et al., 2020). The PCR method detects the
presence of malaria parasites' signature nucleic acids (Sazed et al., 2021). The RDT test detects
antigens of the parasite. Danwang et al. (2021) review hailed the sensitivity of malaria RDT (Danwang

et al., 2021). These are the diagnosis that have led to the determination of the recent prevalence.
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1.3.2. Artemisinin combination therapy

A protective efficacy of 86 % against P. falciparum using artemisinin derivatives and amodiaquine
combination therapy was deduced after a controlled randomized trial (Thera et al., 2018). Artemisinin-
based combination therapy remains the gold standard for malaria treatment and prevention (Cohee
et al.,, 2020; Haldar et al., 2018). Artemisinin and its derivatives target the ring stage of the
trophozoites and the early gametocyte stage, alkylating the parasite proteome and ultimately
subjecting the parasite to cell death (Suresh & Haldar, 2018). The Artemisinin molecule contains an
endoperoxide functional group that breaks down and produces reactive oxygen radicals (Ismail et al.,
2016). The oxygen radicals are involved in the alkylation of the parasite proteome. However, P.
falciparum has developed resistance against artemisinin (Suresh & Haldar, 2018). The gene
responsible for artemisinin resistance is called k13 or pfkelch13. The k13 product is implicated in the
upregulation of pathways regulating parasite oxidative stress and proteostasis (Suresh & Haldar,

2018).
1.3.3. The Mosquirix vaccine

By 2020, at least 17 vaccine candidates were in preclinical and clinical trials (Duffy & Gorres, 2020).
Most of the vaccine candidates were subunit vaccines, with a few being attenuated whole sporozoite
or attenuated whole blood stage. While all the vaccine candidates were at preclinical, phase 1 or phase
2 of clinical trials, RTS,S/AS01 (also known as Mosquirix) was already in phase 4, standing out as the
most promising vaccine candidate. The malaria subunit vaccine RTS,S/AS01, aimed to protect children
under five years in malaria endemic regions by aiding their underdeveloped immune system (Laurens,
2020). RTS,S/AS01 phase 4 clinical trials did not produce concerning signals (Hammershaimb & Berry,
2024). WHO recommended RTS,S/AS01 for use in children over 5 months old and residing in moderate

to high malaria transmission regions (WHO, 2023).
1.4.  Study rationale

Despite the current interventions, malaria continues to be a deadly disease. P. falciparum, the
deadliest malaria parasite, overcomes various forms of stress, including the host's immune response.
One way P. falciparum survives adverse conditions is by activating the heat shock response. The HSP
arsenal provides cytoprotection and maintains proteostasis. JDPs are one of the prominent families of
HSP in P. falciparum. Notably, P. falciparum expresses the most diverse and the largest contingent

family of HSPs compared to other Plasmodium species. Most JDPs are essential. Canonical JDPs are
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known to harness the Hsp70’s refolding activity by partnering and regulating Hsp70 ATPase activity.

However, P. falciparum JDPs are poorly characterized, with most archived as hypothetical proteins.

PFF1010c is a JDP, one of the essential and poorly characterized JDP proteins. The annotated genome

data of P. falciparum suggest that PFF1010c is expressed during the gametocyte stage of P. falciparum

and is essential for the parasite’s survival. For these reasons, PFF1010c is proposed to perform a

significant proteostatic function during the gametocyte stage. As such, this study characterized the

recombinant form of PFF1010c using in silico, biochemical and biophysical approaches towards

elucidating the structure—function features of this medically important protein.

1.5.

Hypothesis

PFF1010c is a co-chaperone whose structural and functional features make it amenable to its essential

role in the development of the malaria parasite.

1.6.

Aim

To characterize PFF1010c structural and functional features.

1.7.
1.7.1.

1.7.2.

1.7.3.

Objectives

In silico analyses to establish the structural features of PFF1010c

Approaches: Structural, functional, localization and interactors prediction tools (BLASTP,
PSIPRED, CLUSTALW, MEGA11, SOPMA, CDD/SPARCLE ESPRIPT, Alphafold, GalaxyHomomer,
ProtParam, PlasmoDB, and STRING).

Expression and purification of recombinant PFF1010c

Approaches: (a) Confirmation of the integrity of the plasmid construct expressing PFF1010c
through restriction endonuclease digest and agarose gel electrophoresis; (b) recombinant
expression of PFF1010c using E. coli XL1 Blue; (c) purification using 8 M urea and immobilized
metal (Nickel) affinity chromatography (IMAC) and (d) protein confirmation using sodium
dodecyl sulphate — polyacrylamide gel electrophoresis (SDS-PAGE), Western blotting and
liquid chromatography-mass spectrometry (LC-MS).

Biophysical and biochemical characterization

Approaches: (a) PFF1010c secondary structure analysis through circular dichroism (CD)

spectroscopy, and (b) exploring the interaction of PFF1010c with PfHsp70-1 and investigating
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the role of PFF1010c on the refolding activity of PfHsp70-1 using luciferase as a model

substrate.
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Chapter 2

2.  Chapter 2: Materials and Methods

This chapter outlines the materials used in this study and the methods used to achieve the objectives
presented in chapter 1. Chapter 2 begins by reporting the ethical adherence of this study, continues

by cataloguing the materials used and finalises with methods followed to achieve the objectives.
2.1. Ethics concern

It is important in scientific research to fulfil ethical requirements (Freedman, 1987). Ethical clearance
was obtained from the Faculty Research Ethics Committee of the Faculty of Science, Engineering and
Agriculture, University of Venda, Thohoyandou, South Africa. Ethical clearance no:
FSEA/22/MBY/36/1707. The approval period is from June 2023 to June 2025. The risk of the study is

categorized under Category 1 - minimal risk to humans, animals, or the environment.
2.2.  Materials

2.2.1. Equipment

The equipment used to conduct this study is housed at the University of Venda Biochemistry and
Microbiology department laboratories unless stated otherwise. Table Al in appendix A summarises
the equipment with their model names and manufacturers. Table A2 in appendix A shows the

expendable items that aided in carrying out this project.
2.2.2. General reagents and chemicals

The reagents were purchased from Merck (Darmstadt, Germany), Whitehead Scientific (Cape Town,
South Africa), B&M Scientific (Cape Town, South Africa), Thermo Fisher Scientific (Massachusetts,
USA) and VWR Life Science (Pennsylvania, USA). Table A3 in appendix A lists the reagents and their

trading companies.
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2.2.3. Stock solutions, buffers, and growth media

Solutions and buffers that could not with-stand autoclaving were filter-sterilized using 0,2 um filters.
1 M HCL and 1 M NaOH were used to bring the solutions to the desired pH. The rest of the reagents
including growth media were sterilized by autoclaving at 121°C and 103 KPa for 20 minutes. Table A4

in Appendix A summarises the solutions and growth media, their usage, and how they were prepared.
2.2.4. Kits

Two kits were used in this project for DNA extraction and Western blot visualisation. GenelET Plasmid
Miniprep Kit purchased from Thermo Fischer Scientific (Massachusetts, USA) was used to extract
pQE30/PFF1010c from E. coli IM109 used for pQE30/PFF1010c plasmid enrichment. Pierce™ Fast
Western Blot Kit, also purchased from Thermo Fischer Scientific (Massachusetts, USA), was used to

resolve Western blots to validate protein expression and purification.
2.2.5. Proteins, enzymes, and standards

The primary antibodies used in the current study were rabbit-raised. These included anti-PFF1010c
(Mutavhatsindi, 2016), anti-PfHsp70-1 previously described by Gitau et al. (2012), and anti-Histidine
(Thermo Fischer Scientific, USA). Secondary antibodies were mouse-raised, and Horseradish
peroxidase (HRP) was conjugated for visualization (Thermo Fischer Scientific, USA). Luciferase enzyme
used for protein aggregation and refolding studies was purchased from EMD Millipore
(Massachusetts, USA). Bovine serum albumin and lysozyme were purchased from Thermo Fischer
Scientific (Massachusetts, USA). The molecular weight markers used were the GeneRuler 1 kb DNA
ladder and the Prestained Protein Molecular Weight Marker (20 — 120 kDa) from Thermo Fischer

Scientific (Massachusetts, USA).
2.2.6. Plasmid constructs and bacterial strains

The plasmids and E. coli cells used for the expression and purification of recombinant proteins are

listed in Table 2.1.
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Table 2.1. Plasmids and bacterial strains

Plasmid construct Description Supplier

pQE30/PFF010c PQE30 expression vector with PFF1010c codon harmonized | Mutavhatsindi, 2016

insert and an ampicillin selection marker, ampR

pQE30/PfHsp70-1 pPQE30 expression vector with PfHsp70-1 codon harmonized | Chakafana et al, 2021

insert and an ampicillin selection marker

pQE30/PfHsp40 pQE30 expression vector with PfHsp40 codon harmonized | Lebepe, 2018

insert and an ampicillin selection marker

pQE30 Bacterial vector for expressing 6xHis-tagged proteins, ampR | Qiagen (Hilden, Germany)

selection marker

Bacterial Strains Description Supplier
E. coliJM109 K strain, recA- and endA~ minimize recombination, improve the | Thermo Fischer Scientific
quality of plasmid DNA, allows blue/white screening (Massachusetts, USA)
E. coli XL1 Blue K strain, recA~ and endA- minimize recombination, improve the | Thermo Fischer Scientific
quality of plasmid DNA, allows blue/white screening, (Massachusetts, USA)

2.3. Bioinformatic analyses

A blueprint for characterising the biophysics and the biochemistry of a hypothetical or putative protein
is in silico analysis (Bastiaan-Net et al., 2020; Gasteiger et al., 2005; Gaudermann et al., 2006). Protein
primary structures used in this study were retrieved from the public domain databases, PlasmoDB 63

(PlasmoDB) and NCBI (National Center for Biotechnology Information (nih.gov)) in FASTA format

(Aurrecoechea et al., 2008; Schoch et al., 2020).

2.3.1. PFF1010c homologue search

Homology can be defined as similarities due to common ancestry (Lewis et al., 2012; Pearson, 2013).
A homology search was conducted to interrogate the phylogeny of PFF1010c (PF3D7_0620700).

PFF1010c putative homologs were searched using BLASTP (accessed at Protein BLAST: search protein

databases using a protein query (nih.gov) ) (Pearson, 2013). Protein BLAST is arguably a leading

sequence search tool (Fatlawi et al., 2023). Uncharacterised and hypothetical protein hits were
excluded due to insufficient information about their actuality. The issue of the conventional BLASTP’s
limit to detect remote homologues can be addressed by using a follow-up homologue search tool
suitable for detecting distant homologues (Gabler et al., 2020). HHPRED (accessed at Bioinformatics

Toolkit (mpg.de)) (Séding et al., 2005), a tool reported to be more sensitive for distant homologue

identification was used as a follow up homologue search tool (Gabler et al., 2020). Most studies use

BLASTP only (Bitacura & Santos, 2022; Dishnica et al., 2023; Lopez et al., 2021; Mooi et al., 2023; Xiao
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et al., 2021). One study coupled normal BLASTP to PSI-BLAST (Ang’ang’o et al., 2023). HHPRED is
similar to PSI-BLAST but more sensitive (Hildebrand et al., 2009). As such, HHPRED was used in this
study instead of PSI-BLAST. Protein hits are considered homologous when the E-value is greater than

0.001, percent identity greater than 30 % and a bit score greater than 50 (Pearson, 2013).

2.3.2. Multiple sequence alignment

Multiple sequence alignment reveals conserved regions in the query protein and its aligned
homologues. The data can be used to infer homology and predict the structure and function of the
protein in the study (Edgar & Batzoglou, 2006). The selected homologues from the homology searches
were aligned using a multiple sequence alignment tool called ClustalW (Sievers & Higgins, 2021) on
the Bioedit Sequence Alignment Editor software (Hall et al., 2011; Hall, 1999) as an accessory

application. The alighments were transferred to ESPript (accessed at ESPript 3 (ibcp.fr)) (Gouet et al.,

1999) for alignment annotation with the inclusion of the query protein secondary structure. ESPript

was used to highlight conserved motifs and residues.

2.3.3. Homologues phylogenetic tree

Homology assessment is incomplete without assessing the phylogenetic relationship between the
query protein and the similar homologue proteins (Ochoterena et al., 2019). MEGA11 is commonly
used for phylogenetic tree construction and analysis (Ma et al., 2022; Rosales et al., 2023). Tree
diagrams were constructed using MEGA11 software for the selected BLASTP and HHPRED protein hits
(Tamura et al., 2021). Evolutionary history was inferred using the neighbour-joining method with 500

(default) bootstrap replications.

2.3.4. Domain identification on PFF1010c

Protein domains are structural subunits of proteins that fold independently and confer a function to
the protein (Schultz, 2006; Wang et al., 2021). Since protein domains are classified into families based
on the fold and function, a domain search on PFF1010c can provide protein families PFF1010c clusters
to and eventually the protein family function (Morris et al., 2022). PFF1010c domains were recognised

using the CDD/SPARCLE (accessed at NCBI Conserved Domain Search (nih.gov)). This online database

contains a classification of proteins through protein subfamily architectures (Marchler-Bauer et al.,

2016).
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2.3.5. Prediction of PFF1010c secondary and tertiary structures

A protein fold determines its function (Kesheri et al., 2015). Secondary structure prediction was
rendered using PSI-BLAST based secondary structure prediction (PSIPRED, accessed at UCL-CS

Bioinformatics Introduction) (Buchan & Jones, 2019; Jones, 1999). PSIPRED is an online tool for

multiple bioinformatic predictions including secondary structure of a protein. PSIPRED sustains over
76 % secondary structure prediction accuracy (Torrisi et al., 2020). However, none of the tools was
capable of correctly predicting the whole secondary structure of a protein on its own (Angamuthu &
Piramanayagam, 2017). Self-optimized prediction method with alignment (SOPMA) was also used to
predict the secondary structure of PFF1010c. SOPMA correctly predicts 69.5 % of the protein sequence
(Geourjon & Deleage, 1995). SOPMA aligns homologues from SWISSPROT using ClustalW and predicts
the secondary structure based on the homologues multiple sequence alignment. Angamuthu and
Piramanayagam (2017) reported that SOPMA predicts sheets more accurately than helices
(Angamuthu & Piramanayagam, 2017). PFF1010c tertiary structure was searched for on AlphaFold

(accessed at AlphaFold Protein Structure Database ), a database of predicted tertiary structures of

proteins (David et al., 2022). Alphafold predicted structures have been shown to be competitively
reliable against experimental structures (Jumper et al., 2021). This makes Alphafold an ideal tool for

tertiary structure prediction.

2.3.6. Prediction of PFF1010c homo-oligomerization

GalaxyWEB is a server providing programs for modelling protein structures and interactions (Shin et
al., 2014). Oligomerization of PFF1010c was predicted using the GalaxyWEB server’s GalaxyHomomer
tool (Baek et al., 2017). This tool uses the GalaxyGemini program that outperformed all the other
programs in the CASP (critical assessment of techniques for protein structure prediction) competition
(Shin et al., 2014). PFF1010c amino acid sequence was submitted on the server’s GalaxyHomomer tool
to predict homo-oligomerization. PfHsp40 (PF3D7_1437900) was used as a positive control since the
protein is a canonical Dnal protein of the P. falciparum 3D7 strain and forms dimers (Anas et al., 2020;
Botha et al., 2011). PfHop (PF3D7_1434300) was used as a negative control since PfHop is reported to

occur as a monomer (Makumire et al., 2020).

2.3.7. Prediction of PFF1010c localisation

Finding the localisation of a putative protein aids in finding possible interactors and, eventually, the

possible function. The online server, PSORT Il (accessed at WolLF PSORT: Protein Subcellular
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Localization Prediction (hgc.jp)), was used to predict the subcellular localisation of PFF1010c based on

various sequence features in the protein linked to protein sorting signals (Horton et al., 2007). Other
servers used for protein localisation included SCLpred-EMS (Subcellular prediction — endomembrane

system, accessed at SCLpred-EMS (ucd.ie)) and BUSCA (Bologna Unified Subcellular Component

Annotator, accessed at BUSCA - Bologna Biocomputing Group (unibo.it)).

2.3.8. Prediction of PFF1010c cellular protein associates

The possible role of a protein can be deduced from its functional associates (Farooq et al., 2021). The
STRING protein-protein interaction database archives predicted protein interactions based on
experiments, co-expression, cooccurrence and other in silico studies suggesting interaction between
proteins (Szklarczyk et al., 2023). PFF1010c was searched on the STRING website using the keyword

‘PFF1010c’. The hit was limited to 10 possible interactors.

2.3.9. Prediction of PFF1010c post-translational modification sites

Some proteins are modified post translation to channel them to a certain organelle or to perform a
certain function in eukaryotes (Ramazi & Zahiri, 2021). Possible posttranslational modifications of
PFF1010c were predicted using MusiteDeep (accessed at MusiteDeep), a web server for predicting

protein post-translational modification sites (Wang et al., 2020).

2.3.10. Prediction of physicochemical properties of PFF1010c

Lack of background knowledge about the behaviour of putative proteins poses a challenge during
protein expression. An attempt to circumvent this is to theoretically determine the protein physical

and chemical properties. The Expasy server’s ProtParam tool accessed at (Expasy - ProtParam tool)

computes a protein's physicochemical properties from its amino acid composition (Gasteiger et al.,
2019). PFF1010c (PlasmoDB accession number, PF3D7_0620700) amino acid sequence obtained from
the PlasmoDB website was submitted on the ProtParam tool query section for computation. ProtParam
calculated the molecular weight, theoretical pl (Bjellqvist et al., 1993), atomic composition, extinction
coefficient (Gill & Hippel, 1989), half-life (Bachmair et al., 1986), instability index (Guruprasad et al.,
1990), aliphaticindex (lkai, 1980) and grand average of hydropathicity (GRAVY) (Kyte & Doolittle, 1982).
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2.4. Experimental analysis

Bioinformatic analysis and wet lab analysis can corroborate and result in a deeper understanding of
PFF1010c (Laub et al., 2023; Xu et al., 2022). As a follow-up, biochemical and biophysical studies were

conducted to further elucidate the structure-function features of PFFF1010c.
2.4.1. Preparation of competent cells

A DNA plasmid constructed from the gene of PFF1010c inserted into the pQE30 vector was
transformed into E. coli JIM109 and E. coli XL1 Blue for DNA plasmid enrichment and protein expression,
respectively. The Hanahan method was used to make cells competent at taking up plasmid DNA from
their environment, as described below (Hanahan, 1983). The materials used are in Appendix A, Table

Alto A3.

E. coli JIM109 and E. coli XL1 Blue cells (Thermo Fischer Scientific, USA) were streaked overnight on
double strength (2x) Yeast-Tryptone (YT) agar plates while the control plate was streaked with dH,0
and incubated overnight (16 hours). The overnight single colonies from the respective plates were
separately inoculated into 5 mL of fresh 2x YT liquid broth and incubated overnight, shaking in a 37 °C
incubator. The control plate did not have colonies. The 5 mL overnight cell suspension was diluted 10
times by transferring into a fresh 45 mL 2x YT broth. The resulting cell suspensions (both E. coli IM109
and E. coli XL1 Blue) were allowed to cultivate by placing the cell culture into the incubator for 1 - 3
hours. The cells were allowed to reach optical density (OD) between 0.4 and 0.6 (mid-exponential
growth) (Collins et al., 2013). OD readings were measured at 600 nm for cell density, hence denoted
as ODgoo (Myers et al., 2013). The cells were pelleted into a 50 mL falcon tube by centrifuging the 50
mL cell cultures at 5000 x g for 10 minutes at 4 °C to separate them from the spent medium. The
pelleted cells were resuspended in 10 mL of 0.1 M ice cold MgCl, and left on ice for 30 minutes. This
allowed Magnesium (ll) cations to attach to the cell’s surface. The MgCl, cell suspensions were
centrifuged for 10 minutes at 4000 xg at 4 °C to separate the cells from the MgCl, solution. The Mg?*
cells pelleted were gently resuspended in 10 ml ice cold 0.1 M CaCl,, followed by incubation on ice for
4 hours to attach Ca®* on the cells surface. Then, centrifugation was carried out at 4000 xg at 4 °C for
10 minutes to separate the cells from the CaCl, solution. The Ca?* cells pelleted were aliquoted with 5
ml of sterile 15 % glycerol and 5 mL of 0.1 M CaCl,. The E. coli JIM109 and E. coli XL1 Blue competent
cells were left to sit for 10 minutes on ice, thereafter 200 ul were aliquoted into correctly labelled

microcentrifuge tubes and stored at -80 °C.
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2.4.2. Transforming E. coli competent cells

Transformation in genetic engineering is the taking up of naked DNA by a bacterium from its
environment (Hasegawa et al.,, 2018). While some bacteria take up DNA naturally (natural
transformation), there are artificial ways to improve transformation. Heat shock transformation is the
most common artificial transformation, whereby heat is used to open up cells in order to take up
plasmid DNA (Ren et al., 2019). DNA plasmid constructs were transformed into the prepared
competent cells through heat shock transformation for plasmid DNA enrichment and protein

expression.

Plasmid DNA of 1 ul (~10 ng) was mixed with 50 pl aliquot of competent cells. The DNA and cells mix
was incubated on ice for 30 minutes and heat shocked at 42°C for 45 seconds afterwards. The heat
shocked cells were moved to ice for 10 minutes. The 2xYT broth of 900 ul was added and the resulting
mix was incubated at 37°C for 1 hour. The 1 hour spent media was removed by centrifugation, leaving
100 pl for culturing the transformed cells. The 100 pl of transformed cells were streaked onto the 2xYT
plate containing the ampicillin (100 pg/ml) to select for transformants. The streaked plates were

incubated at 37 °C overnight.
2.4.3. Plasmid DNA extraction

E. coli JM109 was transformed with pQE30/PFF1010c, pQE30/PfHsp70-1 and pQE30/PfHsp40 DNA
plasmids for plasmid enrichment. Agar plates with transformants were inoculated in 5 ml of 2xYT broth
and cultured overnight. The enriched plasmids were extracted using the GenelET Plasmid Miniprep
Kit from Thermo Fischer Scientific (Massachusetts, USA), following the manufacturer’s instructions.
The extracted DNA was quantified using NanoPhotometer® (Implen, Inc., USA), along with purity

assessment.
2.4.4. Restriction digest of plasmid DNA

The extracted plasmids needed to be confirmed to know that the correct DNA was extracted. Plasmid
constructs can be confirmed by digesting them with restriction endonucleases. Restriction
endonucleases are enzymes that recognize and cut DNA at a specific site (Green & Sambrook, 2021).
DNA plasmids pQE30/PFF1010c, pQE30/PfHsp70-1, and pQE30/PfHsp40 were constructed by
inserting the genes in pQE30 vector at the BamHI and Hindlll cut sites (Chakafana et al., 2021,

Mutavhatsindi, 2016). FastDigest restriction endonucleases BamHI and Hindlll (Thermo Fischer
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Scientific, USA) were used to cut the plasmid DNA constructs once and twice to get the linear fragment
and cut out the gene from the vector. Table 2.2. summarised the reagents and their volumes used to
conduct the experiment. Four reactions were conducted with the first reaction serving as the control
tube. No enzyme was added for the control tube. The following two reactions were single digest by
either BamHI and Hindlll restriction endonucleases, and the last reaction was double digestion using
both enzymes BamHI and Hindlll. The reaction samples were incubated at 37°C for 1 hour, permitting

the digestion of the nucleic acids by the BamHI and Hindlll restriction endonucleases.

Table 2.2. Restriction endonuclease reaction reagents and their volumes

Reagents Reaction tube 1 Reaction tube 2 Reaction tube 3 Reaction tube 4
Nuclease free water 16 ul 15 ul 14 ul 13 ul
Green buffer 2 ul 2 ul 2 ul 2 ul
BamHl - 1ul - 1ul
Hindlll - - 2 ul 2ul
DNA 2l ("2 pg) 2ul(~ 2 ug) 2l (™2 pg) 2 ul ("2 pg)
Total 20 ul 20 ul 20 ul 20 ul

2.4.5. Agarose Gel Electrophoresis

The digested DNA plasmids need to be separated by an analytical technique to resolve it by size.
Agarose gel electrophoresis is a biochemical technique used to separate DNA based on length (Martin,
2020). 0.8 % agarose gel used to resolve DNA of sizes lengths between 12 to 0.8 kilobase pairs (Kbps)
(Ogden & Adams, 1987), was prepared by dissolving 1.2 g of agarose with 1X Tris Acetate EDTA (TAE)
buffer in 150 mL Erlenmeyer flask. Because agarose has low solubility constant, the flask with its
content was microwaved until the agarose was fully dissolved. After the solution has cooled, ethidium
bromide (EtBr) was added to the final concentration of 5 ug/mL. The solution was poured into the
casting tray. The comb was placed in the gel to create wells, and the tray was left to sit for 30 minutes
at room temperature to solidify. The gel electrophoresis unit (Merck, Darmstadt, Germany) was filled
with 1X TAE buffer until the gel placed inside was completely covered. The molecular weight marker
was loaded into the first lane. The digested DNA samples including the control were loaded into the
gel wells. The gel unit was plugged to the power source to run at 100 Volts for 1 hour. The gel was

visualized using ChemiDoc Imaging Systems from Bio-Rad Laboratories, Inc. (California, USA).
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2.4.6. Expression of recombinant protein forms of PFF1010c, PfHsp40, and PfHsp70-1

E. coli XL1 blue strain is routinely used in the protein laboratory for heterologous protein expression
(Wong & Tee, 2020). However, the ampicillin resistant gene on the DNA vector sequence was used as
a selective marker instead of the blue-white screening. The extracted plasmid DNAs (section 3.2.1 and

appendix C1) were transformed into E. coli XL1 blue competent cells.

Single colonies of transformants were inoculated into 5 mL 2xYT broth and grown overnight to make
starter cultures. The starter cultures were transferred to fresh 45 mL 2xYT broth flasks and grown for
10 to 30 minutes in the 37 °C incubator until the culture reaches the ODegyo between 0.4 and 0.6.
Protein expression was induced using Isopropyl B-d-1-thiogalactopyranoside (IPTG), an allolactose
mimic since the genes of interest were under the control of the lac operator (Faust et al., 2015). Before
returning the flask back into incubation, the 0™ hour sample was taken for analysis. The culture ODsoo
reading was taken and sampled every hour until the 6. Samples were 1 ml aliquots after taking ODsoo
reading. The spent media in the hourly samples was removed by centrifugation at 5000 x g for 5
minutes and discarding the supernatant. The cell pellets were resuspended in phosphate buffered
saline (PBS, composition: 137 mM NacCl, 2.7 mM KCL, 10 mM Na;HPO,4, 2 mM KH,PQO,, pH 7.5), in a

volume equivalent to ODggo x 200 ul and kept at -20 °C for analysis.
2.4.7. Protein solubility assessment

Protein solubility affects the choice of purification method to employ (Terol et al., 2021; Wong & Tee,
2020). Proteins were overexpressed using E. coli XL1 Blue for 6 hours and the 50 ml culture was
pelleted at 6000 g for 20 minutes at 4 °C. The pellet was resuspended in 5 ml lysis buffer (Tris buffered
saline (TBS), composition: 10 mM Tris, pH 8.0, 300 mM NaCl and 10 mM imidazole). 1 mM of protease
inhibitor phenylmethylsulfonyl fluoride (PMSF) and 1 mg/ml of cell wall enzyme Lysozyme were
added. PMSF protects proteins from proteases after cell lysis. The suspension was incubated for 30
minutes at room temperature to allow lysozyme action. Lysozyme produced a spheroplast, easing the
further lysis process. Afterwards, the cells were sonicated at an amplitude of 30 % for 12 cycles with
15 seconds pulse and 30 seconds pause between pulses. Cell lysates were sampled before centrifuging
at 6000 x g for 10 minutes at 4 °C to separate the soluble fraction (supernatant) from the insoluble
fraction (pellet). The supernatant was sampled and decanted into a sterile falcon tube. The pellet was

resuspended in 5 ml PBS (pH 8.0) sampled as the insoluble fraction.
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2.4.8. Protein purification

The overexpressed proteins needed to be purified for further analysis. The pQE30 vector was designed
to introduce an N-terminal polyhistidine (at least 6 histidine residues) tag (Loughran et al., 2006).
Polyhistidine tag has affinity for Nickel (Il) metal cation. The recombinant proteins were purified using
immobilized metal affinity chromatography (IMAC), a technique for purifying polyhistidine tagged

proteins (Riguero et al., 2020).

Pellets from expression cultures were resuspended with lysis buffer. For insoluble proteins, 8 M urea
was supplemented to the lysis buffer to solubilize the proteins. PMSF of 1 mM was always
supplemented to the lysis buffer to protect proteins. The cells were further lysed by sonication at an
amplitude of 30 % for 12 cycles with 15 seconds pulse and 30 seconds pause between pulses. Cell
lysates were centrifuged at 6000 x g for 20 minutes to bring up the soluble proteins and separate them
from the cell debris in the pellet. The supernatant containing soluble proteins, including the expressed
His-tagged proteins, was added to the IMAC column containing HisPur™ nickel-nitrilotriacetic acid (Ni-
NTA) Resin (Thermo Fischer Scientific, USA) and incubated for 1 hour rocking at 150 revolutions per
minute (rpm) on ice. The column outlet was opened for the solution to flow through. The flow through
was sampled. The polyhistidine tag chelates the metal on the resin, and the non-tagged proteins were
washed off the resin twice with imidazole containing TBS buffer with low imidazole concentration. The
TBS composition for wash buffers included 50 mM Tris pH 8.0, 150 mM NaCl. Wash 1 contained 5 mM
imidazole and wash 2 contained 80 mM Imidazole. The washes were sampled. The bound protein was
eluted using high imidazole concentrations in TBS used for washes. Elution 1 contained 250 mM
Imidazole and elution 2 contained 350 mM Imidazole. The elutions were collected and sampled. All
samples were temporarily stored at -20 °C. Purified proteins were quantified using the

NanoPhotometer® (Implen, Inc., USA).
2.4.9. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

Analysis of protein expression, solubility and purification required an analytical technique for the
separation and visualization of the proteins. SDS-PAGE allows the separation of proteins based on size
(Gandhi et al., 2022). Laemmli method was followed for SDS-PAGE analysis in this study (He, 2011).
Protein samples were treated with SDS-PAGE sample loading buffer (composition: 250 mM Tris-Cl, pH
6.8),8 % SDS, 0.1 % Bromophenol blue, 40 % glycerol, 100 mM Dithiothreitol, diluted in dH,0) (Kielkopf
et al., 2021). The samples were heated at 70-100 °C for 10 minutes and analysed by 12 % SDS-PAGE
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(Gallagher, 2012; Patel et al., 2016).

Table 2.3. Reagent amounts used for preparing 12 % SDS-PAGE gel

Reagent 12 % Separating gel (ul) 5 % Stacking gel ()
30 % acrylamide/Bis solution 2080 235
1.5 M Tris pH 8.8 1250 0
0.5 M Tris pH 6.8 0 438
10 % SDS 50 17
dH20 1580 1050
10 % APS 25 85
TEMED 20 20

The gel was transferred into the electrophoresis tank and SDS-PAGE running buffer (composition: 25
mM Tris pH 8.3, 250 mM Glycine and 0.1 % SDS) was added. The heated samples were loaded in
respective wells and pre-stained protein molecular weight marker was also loaded in a separate well.
The electrophoresis gel was run at 120 volts and current set at 300 mA for 1 hour and 30 minutes. The
gels were removed from the apparatus and stained with Coomasie blue stain (composition: 0,1 %
Coomasie blue R250, 40 % ethanol, 10 % acetic acid in dH,0) for at least 2 hours rocking at 150 rpm
at room temperature. The gels were destained with the destain solution (composition: 40 % ethanol,
10 % acetic acid in dH,0) for 30 minutes, 3 times rocking at 150 rpm at room temperature. The clear
gels with visible resolved proteins were imaged using ChemiDoc Imaging Systems (Bio-Rad

Laboratories Inc., USA).
2.4.10. Western blot analysis

To confirm that the correct protein was expressed and purified, Western blot technique was used
(Kurien, 2021). An SDS-PAGE gel was run. The gel was soaked in the Western transfer buffer (Towbin
buffer, composition: 25 mM Tris, 192 mM glycine, pH 8.3 and 20 % percent methanol) along with 4
filter papers and the nitrocellulose membrane for 5 minutes. The Western blot transfer stack was
prepared on a Power Blotter—-semi-dry transfer system (Thermo Fischer Scientific, USA) in the
following order: 2 filter papers, nitrocellulose membrane, SDS-PAGE gel, and 2 filter papers. The stack
was placed on the anode, rolled with a roller to remove bubbles, and covered with the cathode on
top. The transfer ran at 25 volts and 1.3 A for 7 minutes using the Power Blotter. Afterwards, the
membrane was moved into a container with 5 % non-fat milk in a TBS buffer (pH 7.5) and incubated

onice for 1 hour rocking at 100 rpm. The milk blocked part of the membrane that did not have proteins
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transferred. The membrane was then washed 3 times with TBS buffer supplemented with 0,1 % TBS-
Tween, pH 7.4 in 5-minute intervals. Washing was followed by addition of primary antibodies
(antibodies against target proteins, composition: 1:2000 dilution in 5% non-fat milk prepared in TBS)
incubated on ice and rocking at 60 rpm for 1 hour. Non-bound antibodies were removed by washing
the membrane the same way as the first wash step. Secondary antibodies (antibodies recognizing the
primary antibodies) were added and incubated under the same conditions as the primary antibodies.
The membrane was washed as the initial washes. The bands were then visualized using Pierce™ Fast
Western Blot Kit’s ECL substrate (Thermo Fischer Scientific, USA) and ChemiDoc Imaging Systems (Bio-

Rad Laboratories Inc., USA).
2.4.11. Liquid Chromatography - Mass Spectrometry (LC-MS)

Western blot is a sensitive and reliable technique for identifying a given protein (Moritz, 2020). In this
study, purification SDS-PAGE gel, and Western blot analysis of PFF1010c returned results suggestive
of oligomerization. The possible oligomers were cut out of the SDS-PAGE gel and subjected to LC-MS.
LC-MS is another sensitive technique that couples the separation of peptides by liquid
chromatography to the identification of the peptides by mass spectrometry (Kulyyassov et al., 2021).
10 ml of purified PFF1010c was dialyzed and concentrated to 1 ml to intensify the faint bands in the
background and cut out the bands for trypsin in-gel digestion and LC-MS analysis. LC-MS analysis was

conducted in Dr Previn Naicker’s laboratory at CSIR, Pretoria, South Africa.
2.4.11.1. Trypsin in-gel digestion

In-gel digestion was conducted according to Shevchenko et al., (2006). Briefly, the proteins were
reduced in gel with 10 mM DTT in 25 mM sodium bicarbonate (NH4sHCOs) for one hour at 60 °C.
Samples were allowed to cool to room temperature, then 100 % acetonitrile was added and incubated
for ten minutes at room temperature. The supernatant was discarded and 55 mM iodoacetamide (1AA)
in 25 mM was added to the gel cuts. The reaction proceeded in the dark for twenty minutes at room
temperature. The supernatant was discarded, and gels were dehydrated with 25 mM NH4HCOs in 50
% acetonitrile, vortexed and the supernatant was removed. The gel pieces were dried to completeness
and freshly prepared trypsin was added, protein digestion was allowed to proceed overnight at 37 °C.
The digestion was quenched by adding final 0.1 % formic acid (FA) and the samples were dried under
vacuum. Dried samples were re-suspended in 2 % acetonitrile and 0.2 % FA for mass spectrometry

analysis.
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2.4.11.2. LC-MS analysis

Tryptic peptides from each gel fraction were analysed using a Dionex Ultimate 3000 RSLC system
(Thermo Fischer Scientific, USA) coupled to an AB Sciex 6600 Triple TOF mass spectrometer (SCIEX,
USA). Injected peptides were inline de-salted using an Acclaim PepMap C18 trap column ((Thermo
Fischer Scientific, USA; 75 um x 2 cm; 2 min at 5 pl/min 1 using 2 % ACN/0.2 % formic acid). Trapped
peptides were gradient eluted and separated on a Waters nanoEase CSH C18 column (Waters, USA;
75 pum x 25 cm, 1.7 um particle size) at a flow rate of 0.3 pl/min with a gradient of 6-40 % B over 15
min (A: 0.1 % FA; B: 80 % ACN/0.1 % FA). The 5600 Triple TOF mass spectrometer (SCIEX, USA) was
operated in positive ion mode. Data-dependent acquisition (DDA) was employed; precursor (MS)
scans were acquired from m/z 400-1500 (2+ - 5+ charge states) using an accumulation time of 100
milliseconds (ms) followed by 40 fragment ion (MS/MS) scans, acquired from m/z 100-1800 with 20
ms accumulation time each. Raw data files (.wiff) were searched with Protein Pilot V5.0 software
(SCIEX), using a protein database containing available E. coli sequences downloaded from UniProt (on
27 November 2023), common contaminants and sequences of recombinant proteins of interest.
Trypsin was set as the digestion enzyme, cysteine alkylation (iodoacetamide) was allowed as a fixed

modification in the search parameters.

2.4.12. Biophysical characterization

2.4.12.1. Circular dichroism (CD) spectroscopy analysis

CD spectroscopy, a technique that measures the interaction of biomolecules with plane polarized
light, is commonly used to estimate the secondary structure of a protein (Kumari & Ramakrishnan,
2023; Miles et al., 2021). The experimental estimation of PFF1010c secondary structure was carried

out according to the protocol described by (Greenfield, 2006) with few modifications.

PFF1010c was purified and dialyzed with PBS buffer. PFF1010c concentration was adjusted to 2 uM
and CD spectra were obtained on the J-1500 CD Spectrophotometer (Jasco, Japan). The CD
spectrophotometer machine was equilibrated with the PBS buffer without proteins. The CD spectra
were measured from 178 to 280 nm with 0,5 nm steps. The temperature was 25 °C and the cell path
length was 1 cm. The obtained PFF1010c CD spectra were uploaded on the B-Structural Selection

(BeStSel) webserver, accessed at https://bestsel.elte.hu/, for fitting and analysis. Fitting on BeStSel

required the protein concentration, number of amino acid residues and the cell path length used to
measure the CD spectra. A Normalized Root Mean Square Deviation (NRMSD) value was generated

upon analysis. A suitable NRMSD value should be less or equal to 0.1. BeStSel webserver is said to
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overperform other similar webservers by providing 8 secondary structure modules and matching the
submitted protein domains to CATH domain database domains with 90 % sequence homology

(Micsonai et al., 2023).
2.4.12.2. 1-Anilino-8-Naphthalene Sulfonate (ANS) extrinsic fluorescence

Initial in silico analysis of PFF1010c suggested that the protein is thermostable. In this regard, a protein
is deemed to be thermostable when it retains its native structure at temperatures above 37 °C
(Hussian & Leong, 2023). Thermostability could be inferred by evaluating the conformational changes

the protein undergoes in response to heat stress.

Conformational changes of PFF1010c were assessed using ANS (Merk, Germany) fluorescence as
previously described by Lebepe et al. (2020) with few modifications. ANS has affinity for hydrophobic
patches of proteins, hence it is used as a probe to detect protein denaturation as represented by
increasing hydrophobicity (Ota et al., 2021). ANS (200 mM) was prepared using 1 % dimethyl sulfoxide
(DMSO, Merck, Germany) and temporarily stored at 25 °C in the dark. PFF1010c was serially diluted 5
times from 2 uM by a dilution factor of 2. The varying amounts of PFF1010c were mixed with 200 uM
final concentration of ANS. ANS was allowed to bind to protein by incubating the protein-ANS mix at
room temperature. The extrinsic emission spectra were generated by exciting the protein-ANS sample
at 375 nm and emission spectra was measured from 400 to 600 nm using the JASCO FP-6300
spectrofluorometer (JASCO, Spain). The ANS sample in PBS buffer without protein was used as a blank.
PFF1010c concentration that produced a defined peak was heated at different temperatures while
mixed with ANS and the emission spectra was measured as described above. The assay was repeated

three times using independent batches of the protein.

2.4.13. Biochemical characterization

2.4.13.1. Luciferase refolding assay

The luciferase refolding assay has been extensively used to study the chaperoning activity of heat
shock proteins (Chakafana et al., 2021; Jung & Ahn, 2022; Manukhov et al., 1999; Zavilgelsky et al.,
2020). Firefly luciferase (Promega, USA) enzyme catalyses a luciferin oxidation reaction that luminesce
(Gould & Subramani, 1988). As refoldases, Hsp70s co-operate with co-chaperones such as JDPs that

regulate the ATPase function of the Hsp70 chaperones (Chakafana et al., 2021; Lebepe et al., 2020).

34

© University of Venda



)
o

&5 ) university of Venda
C

PFF1010c was predicted to interact with PfHsp70-1 and PfHsp40 (PF3D7_1437900, section 3.1.7).
PfHsp70-1 was mixed with PFF1010c, to see if PFF1010c affects PfHsp70-1 refolding activity. A
luciferase refolding assay was conducted as described by (Chakafana et al., 2021), towards evaluating
the refolding activity of PfHsp70-1 in the presence of PFF1010c. PfHsp40 (PF3D7_1437900) served as
a non refoldase control. PfHsp40 (PF3D7_1437900) also served as a positive control for co-chaperone
assisted refolding activity only when coupled with PfHsp70-1. Stock of luciferase (1 uM) was denatured
in the luciferase assay buffer (Promega, USA) at 42 °C for 20 minutes. The denatured luciferase (0,1
uM final concentration) was mixed with 3 uM PfHsp70-1, 0.5 uM PfHsp40 (PF3D7_1437900), and 0.5
uM PFF1010c separately and in combination to refold the denatured enzyme. Refolding was allowed
for 30 minutes at 25 °C. The chaperone — luciferase mix was mixed with 25 parts (volume) of the 100
ug/ml (working solution) luciferin reagent. Luminescence was measured at 526 nm using SpectraMax
M3 spectrometer (Molecular Devices, USA). Positive control was a native luciferase, and negative

control was denatured luciferase.
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Chapter 3

3.  Chapter 3: Results

The aim of this study was to characterize the structure-function features of PFF1010c. Here, findings
of the study are reported. In silico analyses were conducted prior to biochemical and biophysical

analyses.

3.1. Insilico data

3.1.1. BLASTP Homologues of PFF1010c

Table 3.1 below contains the first 5 selected and possible homologues of PFF1010c, with the first
protein in the table being PFF1010c, the query protein. The rest of the table is attached in appendix B
as Table B1. The protein hit table includes the protein description with the protein organism in the
brackets. Additional information includes the query coverage percentage, percent identity, protein
sequence length, the accession number of the protein and the statistical E-value indicating that the
hit was due to chance. A higher E-value suggests that the query and hit proteins alignment was random
while a lower E-value indicate a significant alignment and biological relationship (Dash et al., 2021).
The protein hits can be considered as PFF1010c homologues since the E-value is less than 0.001,
percent identity greater than 30 % and a bit score greater than 50. With the E-value being greater than

0.001, the protein hits were significant.
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Table 3.1. PFF1010c protein hits from BLASTP (top 5)

JDP Percent Amino
Total Query E Accession
Description subclass identity acid
score cover (%) | value number
(%) length

1. Dnal protein, putative | Type IV

[Plasmodium  falciparum 3D7] 716 100 0.0 100 362 XP_966193.1
(Query)
2. Dnal domain containing protein | Type IV 2e-

437 96 64.76 377 XP_028544409.1
[Plasmodium gonderi] 149
3. Dnal domain containing protein | Type IV 9e-

424 89 65.23 362 XP_004223295.1
[Plasmodium cynomolgi strain B] 145
4. Dnal domain containing protein | Type IV le-

403 88 61.99 358 XP_001616220.1
[Plasmodium vivax] 136
5. DnalJ domain containing protein | Type lll

119 70 4e-27 | 31.13 279 XP_004829319.1
[Theileria equi strain WA]
6. DNA RNA-binding Alba [Babesia | Type lll

121 69 7e-26 | 29.37 847 GFE54964.1

bovis]

The 15 protein hits (including the query protein) belonged to 9 genera. Protein hits most similar to
PFF1010c were of the Plasmodium, Theilera, and the Babesia genera. Protein hits of the Plasmodium
species were JDPs. However, the Babesia bovis protein was nucleic acid binding Alba protein. Alba
proteins are an ancient family of proteins that bind nucleic acids to serve many functions, with stress
adaptation amongst them (Wai et al., 2021). The protein hits with less similarity to PFF1010c were
members of the JDP subfamily C in the Octopus species. Subfamily/ class C, previously described as
type Il Hsp40s, are JDPs producing only the J domain with a HPD motif and the absence of
glycine/phenylalanine rich region (Harm H. Kampinga et al., 2019). Type IV JDPs are variations of type
[l forms with the distinction that the type IVs have a J domain lacking the highly conserved HPD motif.
As such, type Il JDPs are more likely to be part of the most similar PFF1010c (type IV) proteins than
type | and type Il JDPs. Overall, closest proteins were of the apicomplexan parasites. The other proteins

belonged to the Molluscs and Cnidarian phyla.

HHPRED takes a different approach from BLASTP on predicting homologues. HHPRED server pulls
crystalized or NMR structures of remote homologues (Séding et al., 2005). Table 3.2. contains few (6)
HHPRED protein hits. HHPRED uses parameters used by the BLASTP with few additional parameters.
The probability measure highlights chances that the hit occurred by chance. The Table with raw data
is attached under appendix B as Table B2. The higher the probability, the higher the likelihood that the

hit occurred by chance. The E-value and the P-value are statistical measures also signifying how the hit
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occurred by chance and the lesser the value, the greater the likelihood that the hit occurred by chance.
The score or similarity score is the same as the bit score used by BLASTP. The bit score is high (>50)
when there is an alignment between a pair of sequences. The SS score is the secondary structure
similarity score. Cols is the number of columns matching between the alignment of the query protein
and the protein hit. Query is the query coverage measure and HMM is the Hidden Markov Model.
HMM'’s are statistical models used in machine learning, in this case HHPRED, to predict remote

homologs.
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Table 3.2. PFF1010c protein hits from HHPRED (top 5)

JDP HMM
subclass .
(amino
Description Probability | Evaue | Pvalue | Score SS Cols | Query
acid
length)
1. 6U3S_A DnalJ homolog | Typell 4.2e- 6.4e- 2-72
99,5 109.0 9.2 69 21-89
subfamily [Homo sapiens] 14 19 (190)

2. 3U03_B J-type co- | Typell

chaperone JAC 6.6e- 4-156

99.5 le-17 100.2 13 124 15-140
[Saccharomyces 13 (181)
cerevisiae]

3. 4IT5_D Co-chaperone | Type ll

1.4e- 2-153
protein Hs [Vibrio 99.5 9e-13 98.1 13.5 | 123 20-142
17 (174)
cholerae]
4. 1FPO_B Chaperone | Typelll
1.6e- 2.5e- 1-131
protein HSCB [Escherichia 99.5 98.1 13.0 | 110 | 22-131
12 17 (171)
coli]
5. 7VPX_J DnalJ homolog | Type ll 3.2e- 4.9e- 40-182
99.4 95.2 15.2 | 125 6-130
subfamily [Homo sapiens] 11 16 (253)

HHPRED pulled JDPs with a wide variety of functions from co-chaperone functions to transport,
structural and biogenesis functions. This reflects JDPs involvement in many processes besides
chaperone activities. hits were of eukaryotic organisms such as Homo sapiens and Saccharomyces
cerevisiae. It is also notable that some potential homologues originated from thermophilic organisms
such as Thermomyces lanuginosus and Tetrahymena thermophilia. This agrees with the computed
physicochemical properties reported later in this chapter (section 3.1.10) suggesting that PFF1010c is
thermostable. It is noteworthy also that both BLASTP and HHPRED did not pull orthologs. PFF1010c is

thus unique in P. falciparum because close homologues are outside this species.
3.1.2. Multiple sequence alignment

PFF1010c multiple sequence alignment with protein hits from BLASTP sequence revealed that proteins
with high sequence similarity to PFF1010c have an SVH motif instead of the typical HPD motif found
in proteins with low sequence similarity, probably distant relatives of PFF1010c (Figure 3.1) (Gouet et
al., 2005; Hall et al., 2011; Thompson et al., 2003). The conservation of varying motifs of PFF1010c and
its homologues are shown by two horizontal red lines and shading of the motifs (Figure 3.1). The SYN/H

motif is conserved within the Plasmodium species. On the other hand, the SDH motif is conserved
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among the Octopus and Sepia genera. Octopus and Sepia genera are not parasitic while Plasmodium
species are (Tedesco et al., 2020). Proteins bearing the SDH motif are more distant to the PFF1010c
sequence in comparison to proteins bearing the HPD motif. The HPD motif appears to be widely and
highly conserved as opposed to SDH and SVN/H motifs. HPD is present in many different genera. It is
intriguing that PFF1010c displays an SVN motif instead of SVH. The residues adjacent to the SVN/H
motif are highly conserved. One of them is the lysine residue flanking the conserved tripeptides. The
SVN/H conservation could be suggesting a separately evolving group of proteins from the proteins
bearing the HPD motif. Residues beyond the J domain showed a high level of sequence similarity. This
is observed beyond residue 175 of the PFF1010c sequence. This alignment and conservation are shown

in Figure 3.1. second panel below.

al a2 a3
XP_966193.1 =PFF1010c TT 000000 TT 000000000000000 Q000000000

. 79 89 20 119
XP_966193.1 SKIIKYMR[S|SYSKPKY[YETLNVINVIKSDAKT[IRKSYL EECYYLIQK
XP_028544409.1 AKIKEMN[ESYVNPRY[YDILNVSTINSDGKMIRKSYL EECYYL[IQK
XP_004223295.1 EKIKRMS|QHSVKPKY[Y|D|ILGVIS|SINADGKTIIRRSYL EECYHY|IQK
XP_001616220.1 EK[TQRMSIQOQRGKPKYYDILSISISNADGKTIIRRSYL EQVYHY|IIQK
XP_004829319.1 FLKKSEL[T...... YY[EVLEVEKDCTPEDIRHAFY,| SWVFNE[IKN
GFE54964.1 AP[TGESP|S|. . . ... L¥Y|D|Y LELEPGCAPAEVRRAYY,| EPLLCD|IQS
ROX69204.1 EKTEEVR|S|. . . ... HY|AVLGVISITIDASSEEIRRIYY| STRLCA|IQQ
PUA87364.1 EKTEEVR|S|. . . ... HY|AVLGVISITIDASSEEIRRIYY| STRLCA[IQQ
XP_029216893.1 ERAEEVR[S|...... HY[EVLGVIP[SDASQEEIRRIYY,| AGRLCAIQQ
KAF8819405.1 GMAESSKIT...... L¥D|I LiG|LINP[FVSKNDIRKSYY| HGELGK|IQ[T
GIX63637.1 LASHRKAIS[. . . ... LIY|DICLELD|S|SCATSDVRRAYY| TAYFNE[IQC
XP_031556851.1 ETKISQHISHLGATIS|V|GIPVGVTLKIKLTRATQVY YGTFIPLTA
XP_029651609.1 EKKITEYS[TLGATML|V|GVP|TGVITLRIKLSRGRQTF YGTAVPFML
XP_052832966.1 EKKITEY[S[TLGATML|V|GVP|TGVITLRIKLSRGRQTF YGTAVPFML
CAE1328129.1 EKKITEY|STLGATML|I|GVP|T|GV|TLRIKLSRGRQTF YGTAVPLML
XP_014784866.1 EKKITEYSTLGATMLV/GVP/TGVITILRIKLSRGRQTF YGTAVPEML
XP_966193.1 = PFF1010c
200 21(_) 229 23(?

XP_966193.1 EECINNCFNI[E[S[T| LlQGPYIDLTK]I KVENS|S[LL|YN
XP_028544409.1 EEYINNCLNMGA[T IQGPFLDFTI|I RIENS[S[LLFN
XP_004223295.1 EEHINNCLNMDV[I LEGPFLDLTT|I RIENS[S[FLFN
XP_001616220.1 EELINHCLTMDV[I LEGPFLDLTAI RIENS[S[FLFN
XP_004829319.1 K[e3AVEKRINLF[e]DISLVIDPNLLSS . . TE[T|T LQGPYIDVTVQ LIIQNGV|LHLN
GFE54964.1 REFAVEIKKINL YEIDMSLREPGKITS . . I[ET(T LINGPFIDVTV|Q LIEHGVILHIN
ROX69204.1 HSLLEEE. YS|GP[T LEGPFLNVTIP QVDNS[RF IFP
PUA87364.1 HSLLEEE.YS|GP[T LEGPFLNVTIP QVDNS|RF I|F P
XP_029216893.1 RALLEQD . YK|GP|T LEGPFLDVTIP QVDNSRF IFP
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GIX63637.1 R[e3AVEK KI\L Y[e]DMSLRDP TRLTA . . KE[T|T LKGPFIDVTVQ LIIEHGV[LHVN
XP_031556851.1 H[eATPAT|SIN\L Y[elNiAV SMDN . . . . ... TDH|Y SKKPCVIDVTIP QVKDSRLF|LT
XP_029651609.1 S w5 BB 8 QD|G|F .|.|. .YIDVAVP LIIKNS[S[LL|IP
XP_052832966.1 S o v vt inn st -5 OD|(G|F' . .YIDVAVP LIIKNS[S[LLIP
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Figure 3.1. Multiple sequence alignment of PFF1010c with its BLASTP possible homologues

Multiple sequence alignment snippets with greater sequence similarity. Multiple sequence alignment was produced using
clustalW omega tool on Bioedit and annotated using ESPript 3.0 online tool (Hall et al., 2011; Robert & Gouet, 2014). ESPript
3.0 includes the predicted PFF1010c (Q-query protein) secondary structure. “TT” denotes strict B-turn and alphal is the first
a-helix in the protein predicted secondary structure. Digits above the alignment denotes positions the amino acids are at
polypeptide sequence. A percent similarity is calculated using physicochemical properties and the shading is black and white.

Solid black represents high similarity while white is no similarity. Similarity percentage cut off was 70%. sequence similarity
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greater than 70% is boxed. The HPD tripeptide is yellow shaded, SVN/H tripeptide is orange shaded and SHD tripeptide is

brown shaded.

PFF1010c multiple sequence alignment with HHPRED proteins (Figure 3.2) aligned the SVN motif in
PFF1010c with the HPD motif in all the other proteins. No other sequence similarity as strong as that

of the HPD motif was observed within or outside the J domain with the HHPRED protein hits alignment.

Q6744327 _ prr1010c
n2 o4
Q 6744327 QQQQQQQQQQQ T T (o e 1 Ko TR (
4(_) 5(? 6[_) 79
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6U3S_A IKKAYRKLALKWHPDK.NP...... ENKEE . .....o.B0uuuunn. ERK[F AY|E VL
3U03_B LRKEYRQLQAQHHPDM.AQ. . ..... (o I c I S EQ[S AY|/HTL
4IT5_D LS|SQFRALQKRFHPDN.FA...T...... T SERDRLMAVQQA AYQTIL
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Figure 3.2. Multiple sequence alignment of PFF1010c with its HHPRED possible homologues
Multiple sequence alignment was produced in the same way as that of BLASTP protein hits in Figure 3.1 HPD motif is highly

conserved within the J domain of this proteins.

3.1.3. PFF1010c phylogeny

Phylogenetic trees generated for both homologue searches (BLASTP and HHPRED) are depicted (Figure
3.3) (Felsenstein, 1985; Tamura et al., 2021). PFF1010c appears to have evolved from the proteins
bearing the HPD tripeptide in their J domain and assumed the SVN tripeptide over the evolutionary
time. The SDH tripeptide evolved before the HPD and the SVN/H. This looks like reverse evolution
because SVN/H is more like SDH than HPD. As seen with multiple sequence alignment (Section 3.1.2),
the proteins with a domain containing the SVN/H tripeptide appears to be a separately evolving clade
restricted to the Plasmodium genus. PFF1010c predates all the other SVN/H tripeptide JDP members.
The immediate PFF1010c relative in this tree diagram is a JDP from Plasmodium gonderi. Besides
causing malaria in monkeys, P gonderi harbours genes involved in vertebrate host interaction and

undergoing fast evolution (Cepeda et al., 2024). This could explain the incorporation of SVN/H motif
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from HPD. This also allows the assumption that P. falciparum could be producing similar characteristics

like P gonderi, leading to PFF1010c incorporating the SVN/H motif.

A B
XP 004223295 1 DnaJ domain containing protein partial Plasmodium cynomolgi strain B 750
%
XP 001616220.1 DnaJ domain containing protein Plasmodiumn vivax . 1FPOB
XP 028544409.1 DnaJ domain containing protein Plasmodium gonderi SVN,\(H 3U03 B
XP 966193.1 DnaJ protein putative Plasmodium falciparum 3D7 JPF4E
XP 004829319.1 DNAj domain containing protein Theilena equi stran WA TX3KA
GFE54964.1 DNA RNA-binding Alba Babesia ovis ” 7230 C
GIX63637_1 DnaJ domain-containing protein Babesia caballi 216LA
KAF8819405.1 DnaJ domain-containing protein partial Cardiospondium cionae HPD Q6744327
XP 029218893.1 DnaJ domain-containing protein Besnoitia besnoiti 7VPX J
RQX69204 1 Dnal domain-containing protein partial Toxoplasma gondii CAST 7KAM D
PUAB7364 1 DnaJ domain-containing protein Toxoplasma gondi TgCATBr9 BU3S A
XP 031556851.1 dnaJ homolog subfamily C member 11-like Actinia tenebrosa 8GZU j1
7
CAE1328129.1 DNAJC11 Sepia pharaonis 7ZHS Y
SDH
XP 052832966 1 dnaJ homolog subfamily C member 11 isoform X1 Octopus bimaculoidgs ——— 7AOI BK
100
XP 0296516091 dnaJ homolog subfamily C member 11-like Octopus sinensis ——— 6YXYBK
XP 0147848661 dnaJ homolog subfamily C member 11 isoform X2 Octopus bimaculoidgs 5Y88 T

Figure 3.3. Phylogenetic trees of BLASTP(A) and HHPRED(B) protein hits.
The values on a branch represent the percentage of replicate trees in which the associated taxa clustered together in the
bootstrap test (500 replicates). Proteins bearing the SVN/H tripeptide in their ) domain labelled in red, the HPD ones in green

and SDH proteins in turquoise. In both trees, PFF1010c was underlined with an orange line. PFF1010c appeared to have

evolved from the JDPs bearing the HPD tripeptide BLASTP proteins phylogenetic tree.

The HHPRED protein hits are too remote to produce clear ancestry lineages and to infer a phylogeny
among the protein hits and PFF1010c (Figure 3.3.B). For BLASTP hits phylogenetic tree, the percentage
of replicate trees in which the associated taxa clustered together in the bootstrap test (500 replicates)
was over 72 % (Figure 3.3.A) (Felsenstein, 1985; Tamura et al., 2021). The BLASTP hits phylogenetic
tree 72 % bootstrap support value, suggest that the tree is 72 % reliable. Zhao et al. (2020) obtained
bootstrap support values lower than 72 % when characterizing insulin and glucagon genes from Pygmy

Sperm Whales (Kogia breviceps) and reported them as higher (Zhao et al., 2020). A bootstrap support
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value threshold of 70 % was used when characterizing a novel HIV-1 recombinant protein CRF91_cpx
(Topcu et al., 2022). Based on these two studies, The phylogenetic tree generated in this study is

sufficiently reliable.
3.1.4. Protein domains of PFF1010c

The Conserved Domain Database (CDD) recognised two domains, namely, the J domain and an
unknown domain. The J domain, known for modulation of the ATPase activity stimulation of Hsp70
proteins, spans 64 residues (68 to 132) on the N-terminal of PFF1010c. The J domain is currently
recognized as DUF3395, and the accession number is pfam11875 on the CDD database. The unknown
domain spans 162 residues (134 to 296) and is located on the C-terminus. The unknown C-terminal
domain found in PFF1010c has the accession number, smart00271. According to the CDD database,

this domain is not functionally characterized.

3.1.5. Predicted secondary and tertiary structures of PFF1010c
3.1.5.1. Predicted PFF1010c secondary structure

PFF1010c secondary structure predicted by PSIPRED constituted mostly of a-helices and coils (

Figure 3.4. A). The B-strands are not as prevalent as a-helices and coils and are restricted to the carboxy
terminus. From the PSIPRED prediction, PFF1010c contains 35 % a-helices, 16 % B-sheets and 49
percent random coils (Table 3.3.). SOPMA produced the percent fractions of each secondary structure
conformational states in the protein. The SOPMA predicted PFF1010c secondary structure is
constituted by 40.61 % a-helices, 19,6 % extended strands, 7.73 % B-strands and 32.6 % random coils
(Figure 3.4. C).
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A: PSIPRED
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E‘ Disordered, protein binding . Putative Domain y - i - Transmembrane Helix
. Extracellular . Re-entrant Helix Cytoplasmic Signal Peptide
B: SOPMA
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hceeeeehcchhhcccccc ~hheeccccccce tteeeeehcccttchhhhhhhhhhhheeccccccc hhhe
EILNVNVKSDAKTIRKSYLALSKLLSVNKKLSREYEECYYLIQKSYKILTNKFEKFYYDVLNNYIDENTI
eeeeccttcchhhhhhhhhhhhhhcccccccchhhhhhhhhhhhhhhhhhhhhhhheeehhttcccchhh
EEQRYMLEKEADIIYANKIEELKDIYEIKIKEEQNKNGLIIEKALYGDLSLKEECINNCFNIESISEQHL
hhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhttttteeeehhhhtcccccoc tthhcccccccechhh
QGPYIDLTKILQCKVENSSLLYNDDFSFAYFCDIPKPLIKISSKQTKKKLYSHILQDTEMYLYIKYKFLN
ceeeeechhhhhtttceeecc hhhcttcccccccccccccchhhhhhhhhhhhheeeeeeeett
VYHELIVVDRSNFSLPQSSHRVFGDRISGPFSPVNVLKMTHISSSFKDNILKFFSKNKFYITLFTTIVLC
cceeeeeccccccccccccceeetccccccccccceeeeeccchhhhhhhhhhhhttteeeeeehheeeh
AQSIKIKMNKLE
hcccheeethe
C
SOPMA : Table 3.3. PFF1010c PSIPRED predicted secondary
Alpha helix (Hh) : 147 is 40.61% structure content
310 helix (Gg) : @ is  0.00% Secondary structure Fraction (%)
Pi helix (Ii) : @ is 0.00%
Beta bridge (Bb) : ® is 0.00% a-helices 35
Extended strand (Ee) : 69 is 19.06%
Beta turn (Tt = 28 is  7.73%
Bend region (5s) : @ is  0.00% B-sheets 16
Random coil (Ec): 118 is 32.60%
Ambiguous states (?) : 8 is ©.00 random coils 49
Other states E @ is ©.00%

Figure 3.4. Predicted secondary structures of PFF1010c using PSIPRED and SOPMA
(A) PSIPRED Secondary structure prediction of PFF1010c. Values represent amino acid position in the protein. The predicted
secondary structure folds are coloured according to the key below the PSIPRED prediction cartoon. (B) SOPMA predicted

secondary structure of PFF1010c. (C) Percentages of the SOPMA predicted secondary structure conformational states.
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Secondary structure predictions generated using SOPMA and PSIPRED are closely related. This
validates the reliability of these two tools. However, minor differences between the structures are
shown through the cartoon structures (Figure 3.4.). The difference between the predicted secondary
structure conformational states were 5.61 % a-helices, 11.33 % B-sheets and 16.4 % random coils
(Table 3.4.). The mean values between the two predictors produced 37.8 % a-helices, 21.6 % B-sheets
and 40.8 % random coils. Random coils are the most accessible secondary structure modules as
opposed to the others (Lins et al., 2003). This suggests that PFF1010c folds into a loosened and less

compact structure.

Table 3.4. PFF1010c predicted secondary structure difference and mean values between the two predictors PSIPRED and

SOPMA

Secondary structure

PSIPRED and SOPMA secondary

structure content difference (%)

PSIPRED and SOPMA secondary

structure content mean values (%)

a-helices 5.61 37.8
B-sheets 11.33 21.6
Random coils 16.4 40.8

3.1.5.2. Predicted PFF1010c tertiary structure

Based on the predicted tertiary structure of PFF1010c, the J domain and the C-terminal domain formed
a cleft between the two domains which could possibly be the binding pocket of the protein (Figure
3.5) (Varadi et al., 2022). While the two PFF1010c domains are far from each other on the extended
structure of the protein, the predicted fold brings the domains together in space, forming the

suspected protein cleft.
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J domain

Uncharacterized domain

Model Confidence @

Il Very high (pLDDT > 90)

High (90 > pLDDT > 70)

Low (70 > pLDDT > 50)

M Very low (pLDDT < 50)

Figure 3.5. The tertiary structure of PFF1010c from Alphafold

The J domain and the uncharacterized domain are boxed and zoomed in to reflect their position and their fold. The PFF1010c
J domain is defined by the 4 a-helices and the uncharacterized C-terminal domain at the carboxy terminus is defined by the
B-strands. Peptide start and end are denoted with N for the amino terminus and C for the carboxyl terminus. SVN is a motif
on the protein loop behind it. AlphaFold produces a per-residue model confidence score (pLDDT) between 0 and 100 as

shown in the model confidence key.

The J domain is constituted by 64 residues from proline positioned at 68 to asparagine positioned at
132 asin section 3.1.4. The position of the SVN motif in the J domain was reflected by placing the ‘SVN’
on the protein loop. The predicted J domain of PFF1010c was similar to the crystalized E. coli Dnal,
placing the SVN motif on the loop that would have had the HPD tripeptide in the J domain of Dnal
(Barends et al., 2013). The C-terminal, uncharacterized domain spanned 162 residues, from leucine
positioned at 134 to tyrosine positioned at 296 (section 3.1.4, Figure 3.5). Alphafold structure is more
confident with the folds of inner residues than the terminal residues (Ruff & Pappu, 2021). The overall
predicted PFF1010c structure had a high confidence score (pLDDT), except for some residues at the
extremities. The SVN residues were poorly predicted, however, situated at the expected position in

the J domain relative to E. coli Dnal.
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3.1.6. Homo-oligomerization of PFF1010c

Amino acid sequence of the proteins PFF1010c (PF3D7_0620700), PfHsp40 (PF3D7_1437900) and
PfHop (PF3D7_1434300) were submitted to the GalaxyHomomer server. The server started with
sequence similarity search, structure similarity modelling, and ab initio docking until 5 models are
generated. For model 1, automatically detected less reliable loop or terminus regions (called ULR) were
re-modelled, and the overall oligomer structure relaxed using GalaxyRefineComplex (Baek et al., 2017).
The five predicted PFF1010c homo-oligomers, including the negative and positive controls are shown

below (Figure 3.6).
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PFF1010c model 2 PFF1010c model 3 PFF1010c model 4

Positive control Negative control

PFF1010c model 5 Positive control Negative control (PfHop)
(PfHsp40) model 1 model 1

Figure 3.6.Five predicted models of PFF1010c oligomers, including the positive control (PfHsp40) and the negative control
(PfHop)

The blue region represents one chain while red represents another chain of PFF1010c in the homodimer. The light green
represents the third chain in the homotrimer. Below the modelled oligomers are the name of the proteins predicted to

oligomerize by GalaxyHomomer.

PFF1010c predicted homodimer models (4 models) seemed to be all highly likely to occur since their
docking score is greater than the positive control. The greater the docking score, the higher the
chances for the homodimer to occur (Table 3.5). Model 5 produced a lower docking score, even lower
than the negative control, suggesting that a homotrimer of PFF1010c is highly unlikely to occur. The
negative control produced a low docking score, relative to the positive control. The positive control
high docking score relative to the negative control, concurred with the experimental X-ray light
scattering by Anas et al. (2020) on PfHsp40 (PF3D7_1437900) dimerization (Anas et al., 2020). As such,

the incorporation of controls validated the results and the predicting tool. GalaxyHomomer agreed
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with experimental findings that PfHsp40 (PF3D7_1437900) forms a dimer while PfHop does not (Anas
et al., 2020; Makumire et al., 2020; Shin et al., 2014).

Table 3.5. Number of subunits, interface area and docking score for each of the 5 models of predicted

oligomers of PFF1010c

Protein name Model Number of subunits Interface area Docking score
no.

PFF1010c 1 2-mer 3469.3 2172.493
2 2-mer 3772.7 1980.282
3 2-mer 3085.1 1919.280
4 2-mer 2919.5 1818.585
5 3-mer 3820.3 1153.085

Positive control | 1 2-mer 4354.2 1563.541

(PfHsp40)

Negative control | 1 2-mer 4759.0 1309.478

(PfHop)

Of note with the oligomerization prediction is that the PFF1010c structure obtained from the homo-
oligomer server is an entirely different structure from the AlphaFold (Section 3.1.5.2). The difference
could result from the torsional strain the structure experiences during oligomerization (Liu, 2015).
However, the GalaxyHomomer protein tertiary structures cannot be superimposed on the AlphaFold

predicted structure.
3.1.7. Predicted PFF1010c cellular localization

On the PlasmoDB website, PFF1010c was archived as a protein associated with the mitochondria and
predicted to be involved in cristae formation. PSORT Il server predicts that PFF1010c is likely to localize
to the cytoplasm (16,5 %), nucleoplasm (13 %), nucleus (6,5 %), extracellular (6 %), cytoskeleton (2 %)
and plasma membrane (1 %) in the chronological order of decreasing likelihood. The percentage in the
brackets is the localization score. SCLpred-EMS was 88 % confident that PFF1010c does not localize to
part of the endomembrane system or the secretory pathway. BUSCA subcellular location predictor
produced the most reliable score of 70 % that PFF1010c localizes to the cytoplasm. The alternative
localization to that of the cytoplasm with a score of 30 % was the nucleus. From this data, PFF1010c

would localize to the cytoplasm.
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3.1.8. STRING tool predicted the interactome of PFF1010c

Out of the 10 possible associators, STRING predicted 7 hypothetical proteins and 3 characterized
proteins (Figure 3.7). With regards to known proteins, PFF1010c is likely to be associated with the ER
resident PfHsp70-2 (PFI0875w) than to the cytoplasm resident PfHsp70-1 (PFO8_0054). These two
possible associates are Hsp70s and the interaction likelihood score was almost the same (Figure3.7).
PFF1010c was predicted to localize to the cytoplasm (section 3.1.7). As such, PFF1010c is likely to
interact with PfHsp70-1 than PfHsp70-2. Interestingly, the last characterized possible associate was the
PfHsp40 (PF3D7_1437900) type 1, a DnalJ homologue of PFF1010c. This suggests possible interaction
of PfHsp40 (PF3D7_1437900) with PFF1010c. PfHsp40 (PF3D7_1437900) is a known cytosolic protein
(Rug & Maier, 2011). PFF1010c predicted interaction with PfHsp40 (PF3D7_1437900) produced a lower
interaction likelihood score than PfHsp70-1, suggesting that PFF1010c interacts with PfHsp70-1.

Your Input:

@ PFF1010c Conserved hypothetical protein; DNAJ protein, putative (362 aa)

Predicted Functional Partners:

PFE1105¢c Conserved hypothetical protein; Uncharacterized protein
) PF07_0033 Hypothetical protein; Cg4 protein; Belongs to the heat shock protein 70 family
PFD0487c Conserved hypothetical protein; Actin-like protein, putative; Belongs to the actin family
@ PFD0530c Conserved hypothetical protein; Uncharacterized protein
PFI0875w  Endoplasmic reticulum chaperone bip; Chaperone DnaK; 78 kDa glucose-regulated protein homolog; Belongs to the heat sh.
@ PF14_0160 Conserved hypothetical protein; Uncharacterized protein
@ PF08_0054 Heat shock 70kda protein 1/2/6/8; Belongs to the heat shock protein 70 family
@ PF14_0359 Dnaj homolog subfamily a member 2; Uncharacterized protein; HSP40, subfamily A, putative

@ PFI1560c Conserved hypothetical protein; Uncharacterized protein

@ PF11_0243 Conserved hypothetical protein; Leucine-rich repeat protein 11

Figure 3.7. Predicted functional associates of PFF1010c using STRING

The predicted partners are given using their identifiers and a short description of the protein. The partners association with
PFF1010c is shown on the far right. A dot represents how the protein association was determined and the dot scale (greyish
to black, with black indicating greater scoring attached to that type of association). The scoring indicates level of confidence

and not the strength or specificity of the interaction.

3.1.9. Predicted posttranslational modification (PTM) sites

MusiteDeep only predicted the phosphorylation type of PTM on PFF1010c. After applying a cutoff
value 0,5 (default cut-off), four phosphorylation events were predicted along the entire PFF1010c
protein. Two phosphorylation events are predicted at the N-terminal residues threonine positioned at
3 (PTM score = 57,8 %) and serine positioned at 22 (PTM score = 60 %). The last two phosphorylation
events were predicted with high likelihood at the C-terminal serine positioned at 308 (PTM score = 85

%) and serine positioned at 312 (PTM score = 87,7 %). When taking down the PTM score cutoff value,
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more threonine and serine residues are likely to be phosphorylated. No other PTM was predicted

besides phosphorylation.

3.1.10. Physicochemical properties

The physicochemical properties of PFF1010c are summarised below (Table 3.6). With an estimated
isoelectric point of 8.66, the 362 amino acid residue protein would migrate to the basic region of the
pH gradient and around 43 kDa during 2D gel electrophoresis. Prior knowledge of the protein
isoelectric point is required when preparing buffers for the protein to migrate in the gel (Magdeldin
et al., 2014). The half-life of PFF1010c in an E. coli cell was predicted to be 10 hours. Hence, allowing
expression of PFF1010c beyond 20 hours in an E. coli expression system would possibly lead to low
yield. PFF1010c was predicted to be unstable in vitro (Instability index, 57.46). Proteins with an
instability index greater than 40 are generally regarded as unstable (Guruprasad et al., 1990).
Nonetheless, PFF1010c’s higher content of aliphatic residues (aliphatic index 94.23) renders it
thermostable (lkai, 1980). lkai (1980) related the aliphatic index to globulin thermostability and
reported that a high aliphatic index indicates globular protein thermostability. Surprisingly, PFF1010c
was estimated to be slightly hydrophilic (Gravy value -0,470), despite its apparently high aliphatic
index. However, PFF1010c might assume a conformation that renders it highly polar or non-polar,
concealing specific amino acid residues beside the individual residue’s polarity and position in the

protein’s primary structure.

Table 3.6. Expasy’s Protparam computed PFF1010c physicochemical properties

Parameters Computed value
Number of amino acids 362

Molecular weight 42792.30
Theoretical pl 8.66

Half-life (E. coli, in vivo) 10 hours
Instability Index 57.46

Aliphatic index 94.23

Grand average of hydropathicity (GRAVY) | -0.470

Notably, in silico data is generally predictive but not necessarily decisive in value. However, in silico

data provides the basis for experimental analysis of the protein.
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3.2. Biochemical and biophysical assays

3.2.1. pQE30/PFF1010c plasmid confirmation

A sample of plasmid DNA after extraction assumes generally three distinct conformations that can be
resolved using agarose gel electrophoresis with lower percentage than 0.8 % (Figure 3.8.A) (Maayah
et al., 2022). The three conformations are namely the closed circular plasmid, open- circular plasmid
and the linear plasmid. The DNA sample in the uncut lane was not as intense as the single digests
because the plasmid DNA sample was distributed into the above-mentioned conformations. A single
restriction endonuclease cleavage linearized the whole fraction of plasmids, resulting in the intense
bands which migrated at 4500 bp as expected. The double digest releasing the PFF1010c gene out of
the pQE30 plasmid left a fraction of the intact recombinant plasmid pQE30/PFF1010c. Despite this,
the band representing PFF1010c insert was confirmed as it corresponds to the size of the PFF1010c
DNA inserted in the pQE30 vector in Figure 3.8.B. The plasmid map (Figure 3.8.B) reflects the size and
location of PFF1010c inserted, including the selection markers (AmpR, ampicillin resistance gene and
CmR, chloramphenicol resistance gene) and the origin of replication (ori). PFF1010c was inserted
within the BamHI and Hindlll site located in the multiple cloning site of the pQE30 vector. The

pQE30/PFF1010c harbouring transformants were selected using ampicillin in growth media.

Res

pQE30/PFF1010c

il 130 (3426 bp)

PQE-30/PFF1010c
4514 bp

Y
A dd

~— HindIII (1240)

«—— PFF1010c
(1089 bp)

Figure 3.8. Restriction endonuclease cleaving of pQE30/PFF1010c
(A) 0.8 % agarose electrophoresis gel depicting the migration and separation of DNA fragments generated from digesting
pPQE30/PFF1010c. Lane M is the molecular marker lane, uncut lane is the pQE30/PFF1010c uncut, BamHl is single digest with
the enzyme, Hindlll is digestion with Hindlll, and lane BamHI + Hindlll represents DNA digested with both enzymes. Plasmid
DNA fragments labelled using arrows and the estimated sizes in brackets. The molecular marker is labelled in base pairs (bp).
(B) The pQE30/PFF1010c plasmid map highlighting the restriction sites and the plasmid features.
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3.2.2. PFF1010c expression and solubility in E. coli XL1 Blue

The successful expression of recombinant PFF1010c in E. coli XL1 Blue is shown (Figure 3.9.A). The
expression appeared to peak after 3 hours of expression. The decline after 3 hours of expression was
backed up by the predicted half-life (Table 3.4). The expressed protein was confirmed by Western blot
analysis (Figure 3.9.A, lower panel), using a-PFF1010c antibodies. PFF1010c occurred as an insoluble
complex in E. coli cells (Figure 3.9.B). PFF1010c thus had to be solubilized using a detergent to recover

it through the IMAC method of purification.

A B
M C 0 1 2 3 4 5 Native lysis buffer
188 = ==
70 - - — - -
(kDa) 55 £ (kDa)
40 = - . = = . «—PFF1010c PFF1010c
35 - ~43 kDa
25 . ~43 kDa

M CO01 2 3 4 5

¥ swiBm &= == < o -PFFL010c
: ™ «— 0-PFF1010c

nA

Figure 3.9. Expression and solubility assessments of PFF1010c

(A) Expression of PFF1010c. The top panel is the Coomassie Brilliant blue stained SDS-PAGE gel loaded with hourly expressions
(0 hour to 5 hours) of PFF1010c by transformed E. coli XL1 Blue cells. The control sample was XL1 Blue cells transformed with
the pQE30 plasmid used as a vector for the PFF1010c gene. The bottom panel depicts the Western blot obtained using a-
PFF1010c antibodies. The Protein marker used in A was PageRuler Prestained Protein Ladder, catalogue number 26616, and
2 uL was loaded. (B) Solubility assessment of PFF1010c. The top panel depicts the SDS-PAGE gel loaded with M- the molecular
marker, WL- the whole lysate of E. coli XL1 Blue cells used to express PFF1010c, SF- the soluble fraction and IF- the insoluble

fraction. The gel was stained with Coomassie Brilliant blue. The bottom panel is the accompanying Western blot for the upper

gel to identitfy the protein PFFO10c.

53

© University of Venda



7S
>

(o

&5 ) university of Venda
C

3.2.3. PFF1010c solubilization and purification

The 8 M Urea detergent solubilized much of the protein (Figure 3.10). However, not much of the
protein was recovered during purification. The protein yield was only 0,447 mg/ml. A significant
amount of the protein was lost in the flow through and the washes (Figure 3.10.B). PFF1010c appeared
to be not binding strongly to the IMAC column. Using less stringent buffers such as wash buffers with
less than 80 mM imidazole retained contaminants that appeared with the eluted protein (Appendix
C3, Figure C3). Panel C shows the Western blot membrane obtained from the purification SDS-PAGE
gel of the samples used in B. Upper faint bands indicate PFF1010c was detected in regions around 70
kDa (Figure 3.10.C). This suggested that PFF1010c may have still be interacting with another protein
to form a higher order structure. The suspected PFF1010c complex resists denaturing SDS-PAGE
conditions and migrate to the 70 kDa region of the SDS-PAGE gel. Another possible explanation for
detecting PFF1010c around the 70 kDa band is dimerization of PFF1010c as predicted in section 3.1.6.
Dimerization or PFF1010c-protein complexes, both justify the low concentration yield of the
PFF1010c. The protein concentration could have been buffered by the formation of either oligomers

or PFF1010c-protein complexes, sequestering the polyhistidine tag.
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Figure 3.10. Solubilization of PFF1010c by 8 M urea and its purification by Nickel affinity chromatography

(A) SDS-PAGE gel showing solubilization of PFF1010c when 8 M urea was added to the lysis buffer. The labels follow the same
protocol as the labels used for solubility assessment in Figure3.8. (B) SDS-PAGE gel for PFF1010c purification. FT is the flow
through of the lysate on the IMAC column, W1 and W2 are column washes and E1, E2, and E3 are the elutions of the protein

from the IMAC column. Washes and elutions contained increasing concentration of imidazole as stipulated in the method.
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Western blot analysis for PFF1010c solubilization and purification using (C-D) using a-PFF1010c antibodies and (E) a-

polyhistidine antibodies.

3.2.4. LC-MS analysis of purified PFF1010c

The SDS-PAGE gel of the purified, concentrated, and dialyzed PFF1010c is shown below (Figure 3.11).
Multiple bands became visible, suggesting that either PFF1010c eluted with other proteins or formed
oligomers. LC-MS was conducted to identify proteins represented by the various bands observed on
the SDS-PAGE that associated with PFF1010c. Each of the prominent bands were cut out and sampled
(sample 1-4). PFF1010c was identified only in sample 4 (Table 3.5). This means PFF1010c was not
identified in the other bands that eluted with PFF1010c during purification. PFF1010c could have been
present in the background at low concentrations that could not be detected by LC-MS. 7 tryptic
peptides of PFF1010c were identified at 95 % confidence level in sample 4. One of the peptides
showed oxidation on the methionine-270 residue. Methionine is oxidized to methionine sulfoxide
(Liang et al., 2012). PFF1010c was not detected in other samples (SDS-PAGE gel bands). These results
suggest that PFF1010c did not form or retain dimers after denaturation during SDS-PAGE gel
electrophoresis.

Table 3.7. LC-MS identified proteins

M DC Sample Protein ID Number % PTM

of Cover

peptides age
Sample 1 (95)

Sample 2 ;
Sample 3 1 E. coli Pyruvate 83 75.2 None

kDa 55 Sample 4 dehydrogenase E1

40 | component

3E 2 E. coli chaperone protein 116 74.8 | None
ClpB

25 3 E. coli chaperone protein 75 70.36 | None
ClpB

3 4 PFF1010c 7 24,6 Oxidation on
‘a methionine-270

Figure 3.11.SDS-PAGE gel cut out for LC-MS analysis and LC-MS results
(A) SDS-PAGE gel for PBS dialyzed and concentrated PFF1010c purified from XL1 Blue showing sample 1 to 4 cut out for LC-
MS analysis. M represents the protein molecular marker and DC represents the dialyzed and concentrated PFF1010c. (B) LC-

MS identified proteins.
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The most abundant protein was included in Table 3.5 for sample 1, 2, and 3 since the samples did not
contain PFF1010c. Interestingly, PFF1010c co-eluted with two ClpB proteins and one pyruvate
dehydrogenase E1 component of the E. coli XL1 Blue cells. As described earlier (section 1.2.3.), ClpB
proteins are heat shock proteins and belong to the Hsp100 superfamily. While PFF1010c is expected
to interact with Hsp70 homologues (section 3.1.8), These results suggest that PFF1010c is more likely
to interact with Hsp100 homologues than Hsp70 homologues. Also, PFF1010c was predicted to be
involved in cristae formation of the mitochondria (section 3.1.7). Pyruvate is oxidized in the
mitochondria in eukaryotic cells by pyruvate dehydrogenase (Zangari et al., 2020). Whether PFF1010c
and pyruvate dehydrogenase interact within the parasite cell remains unknown. It is also possible that
the co-elution of PFF1010c with some of the E. coli proteins reported here was random and may not

mirror functional pathways that exists within the parasite.

3.2.5. Biophysical characterization

3.2.5.1. Secondary structure analysis of PFF1010c

The secondary structure estimated modules of PFF010c, and their respective percentage content are
shown below (Table 3.6). BeStSel webserver groups 310 helices in the ‘others’ conformational state
group. The ‘others’ contain conformational states that BeStSel does not recognize as well-defined j-
sheets, a-helices and turns. Since no regular a-helices and distorted a-helices were recognized from
the PFF1010c CD spectra, the helices detected could all be 310 helices. Typical a-helices characteristics
include 3.6 residues per turn with consecutive residues making an angle of 100° around the helical
axis, a helical rise per residue of 1.5 A, and a helical pitch of 5.4 A (Vieira-Pires & Morais-Cabral, 2010).
On the contrary, 310 helices have residues per turn with 120° between consecutive residues, a helical
rise per residue of 1.93-2.0 A, and a helical pitch of 5.8—6 A (Vieira-Pires & Morais-Cabral, 2010). The
purified PFF1010c was constituted mostly of B-sheets which BeStSel subdivided into antiparallel
relaxed (3.3 %), antiparallel right twisted (22.6 %) and parallel (15.6 %) B-sheets. The 310 helices and
other random coils were grouped as ‘other’ secondary structure conformational states and occupied
16.1 % of the protein. The fitted and raw data chart is attached in Appendix D4. The NRMSD value
(0.188) was slightly greater than 0.1.
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Table 3.8. PFF1010c CD spectroscopy estimated secondary structure content (%)

Secondary structure conformational state Content (%)
Regular a-helices 0.0
Distorted a-helices 0.0
Antiparallel left-twisted B-sheets 0.0
Antiparallel relaxed B-sheets 3.3
Antiparallel right-twisted B-sheets 22.6
Parallel B-sheets 15.6
Turns 0.0
Others 16.1

BeStSel webserver fold recognition algorithm generates a list of domains on CATH domain database

and limit the list to 10 domains with 90 % sequence homology to the generated CD spectra estimated

secondary structure. The predicted domain structure can be accessed on PDB and CATH using the PDB

identity (ID) (Table 3.). The letter A in the table denotes the architecture, and T the topology of the

domain based on the CATH classification system. Interestingly, BeStSel generated the Hsp40/Dnal

peptide binding domain two times (highlighted) with the sandwich architecture and under the mainly

beta class, not the signature Dnal domain. This could be that the purified PFF1010c folded well around

the domain constituted by B-sheets.

Table 3.9. Closest single CATH domains in a Protein Data Bank subset filtered for structures with 90 % sequence homology

© University of Venda

PDB ID Chain [C | A | T Class Architecture | Topology Length
1. 2BW2 A 3110120 A-Beta Roll Ubiquitin-like (UB roll) 55
2.2Q2G A 2 | 60 | 260 | Mainly Beta | Sandwich Hsp40/Dnal peptide binding domain 81
3.1FEU A 2 | 40 | 240 | Mainly Beta | B-Barrel Ribosomal Protein L25, Chain P 91
4.3ITW A 3|30 | 720 | A-Beta 2-Layer Signal recognition particle alu RNA binding | 56
Sandwich heterodimer, srp9/1
5.3LZ8 B 2 | 60 | 260 | Mainly Beta | Sandwich Hsp40/Dnal peptide-binding domain 89
6.1EU3 A 2|40 |50 Mainly Beta | B-Barrel OB fold (Dihydrolipoamide Acetyltransferase, | 80
E2P)
7.2PMA A 2140 | 70 Mainly Beta | B-Barrel Cathepsin D, subunit A, domain 1 121
8.2J4X A 3140 |50 Mainly Beta | B-Barrel OB fold (Dihydrolipoamide Acetyltransferase, | 72
E2P)
9.35SKI A 2 | 30 | 720 | A-Beta 2-Layer Signal recognition particle alu RNA binding | 58
Sandwich heterodimer, srp9/1
10. INYC B 3 | 40 | 310 | Mainly Beta | B-Barrel Staphostatins 111
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3.2.5.2. PFF1010c thermostability

ANS extrinsic fluorescence spectra of PFF1010c at different temperatures is shown below (Figure
3.12). The increased fluorescence intensity from 28 °C to 46 °C reflects unfolding of PFF1010c with
increasing temperature. That is the protein increasingly exposed its hydrophobic regions which were
bound by the ANS probe thus modulating the fluorescence signal (Figure 3.12.A). The fluorescence
intensity shifted by 50 % to low intensity when temperature was increased to 55 °C. This could be
associated with aggregation, suggesting that the protein may have denatured to form aggregates
exhibiting different fluorescence intensity opposed to the folded version as observed at normal
temperatures (Zhang et al., 2009). The conformational shifts of PFF1010c at various temperatures are
mirrored by Figure 3.12.B. The use of fluoresce spectroscopy in monitoring protein conformational
changes has been previously advocated (Baker et al., 2004). From 28 °C to 46 °C, PFF1010c red shifted
(emission moved to longer wavelength). However, the red shift signal slowed down from 37 °C to 46
°C, suggesting an approach to a critical temperature where the protein would lose its folded structure
and completely denature. The protein fluorescence blue shifted from 46 °C, exposing its hydrophobic
patches, a phenomenon associated with denaturation (Kumar et al., 2023). These results (Figure 3.12.)
combined with the mentioned definition of a thermostable protein (section 2.4.12.2), suggest that
PFF1010c denatures at temperatures higher than 46 °C, rendering PFF1010c thermostable. Also, if

PFF1010c was heat denatured as the results suggested, PFF1010c was probably folded on purification.

A ANS extrinsic fluorescence emission spectra of B ANS extrinsic fluorescence emission

PFF1010c at different temperatures peaks of PFF1010c at different

3
600 £ 500+
— 28°C -
= s BT0 3
S 400+ . o
e 46 °C £ 400-
= / 55°C >
@ 200+ . T o
g N 64 °C o
= b © .
= Oihssvsniarsovcnsf d ot asarsraresorsrarmmarnioseravstoaiutaiors g 300
R c
= ]
-200+ @
T T T 1 E 200 T T T T
400 450 500 550 600 w 20 30 40 50 60
Emmision wavelength (nm) Temperature (°C)

Figure 3.12. ANS extrinsic fluorescence emission of PFF1010c at different temperatures (°C)
(A) ANS extrinsic fluorescence, emission intensity spectra of PFF1010c at different temperatures. The JASCO FP-6300
spectrofluorometer (JASCO, Spain) was blanked with the ANS in PBS buffer without proteins. Light intensity was shown in

arbitrary units and emission wavelength in nanometres (nm). Colour labelling is shown on the right of the diagram. PFF1010c
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ANS fluorescence increased from 28 °C to 46 °C and went down from 55 °C to 64 °C. (B) Plot of the PFF1010c ANS fluorescence

peak wavelengths (nm) against temperature (°C). PFF1010c loses its fold at 46 °C.

3.2.6. Biochemical characterization

3.2.6.1. Luciferase refolding assay

The data obtained from luciferase refolding assay are depicted below (Figure 3.13). PfHsp70-1
sufficiently refolded the denatured luciferase even in the presence of PfHsp40 (PF3D7_1437900).
However, PFF1010c appears to decrease the chaperone activity of PfHsp70-1. PfHsp40
(PF3D7_1437900) decreased the chaperone activity of PfHsp70-1, but not as greatly as PFF1010c did.
PFF1010c’s presence in the refolding mix and separately did not refold the denatured luciferase to
produce over 50 % of the luciferase activity. PFF1010c significantly reduced the refolding capacity of
PfHsp70-1 when combined with PfHsp40 (PF3D7_1437900), suggesting that PFF1010c inactivates the
PfHsp70-1 and PfHsp40 (PF3D7_1437900). The denatured luciferase appeared to have not fully
denatured, which explains why PfHsp40 (PF3D7_1437900) and PFF1010c have shown a level of
refolding even though the proteins are not refoldases. Also, the native luciferase shown a lower
luciferase activity as opposed to PfHsp40 (PF3D7_1437900) and PfHsp70-1 refolded luciferase activity.

These could be indeterminate errors accompanying the assay and the results should not be final.

80
mm PfHsp70-1
2 60- Bl PfHsp40
= = PFF1010c
§ 404 Bl PfHsp70-1 + PfHsp40
o mm PfHsp70-1 + PFF1010c
£ 2- mm PfHsp40 + PFF1010c
g PfHsp70-1 + PfHsp40 +
0- PFF1010c
PfHsp70-1 R [ I I (R R R B mm Native Luciferase
PfHspa0 N P I I I I R I mm Denatured Luciferase
PFF1010c I I R R D IR I
Luciferase (N/D) p|o|o|o|D|D|D|N|D
% mean activity (70 |63 |29 |64 (34 |30 (39 |50 |30

Figure 3.13. Luciferase refolding activity of PfHsp70-1 in the presence of PfHsp40, and PFF1010c
The bar graph depict the refolding of heat-denatured luciferase. The Table below the bar graph indicate the presence (+) and

absence of the protein in the row (-). N represents the native luciferase and D for denatured luciferase. The native luciferace
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% activity was set at 100. The asteriks indicate the level of significant between the group bar and the native luciferase bar,

where *** for p value < 0.001, ** when p value is < 0.01, * when p value is < 0.05, and n.s when p value > 0.05.
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Chapter 4

4.  Chapter 4: Discussion and Conclusions

4.1. Discussion

The deadliest malaria parasite, P falciparum, expresses the highest complement of JDPs relative to
other malaria parasites (Njunge et al., 2013; Phelan et al., 2023). Only two of the thirteen type IV JDPs
(PFF1010c and PF11_0443) are not exported to the infected erythrocyte. These two parasite-resident
type IV JDPs are putative. A putative protein is annotated to be expressed based on RNA-based
expression studies and awaits experimental characterization (Alam & Dwivedi, 2016; Uttarotai et al.,
2022). Dutta, Pesce et al. (2021) wrote on Zhang et al. (2018) saturation-scale mutagenesis screening
of P. falciparum essential genes, including PFF1010c. PF11_0443 is not essential. This is the first study

to report the secondary structural features of PFF1010c and to explore its heat stability.

Homology defined PFF1010c as a member of the JDP family. Based on the HHPRED and BLASTP
homologue search, nucleic acid binding and heat stress buffering constitute some of the predicted
possible cellular functions of PFF1010c. BLASTP detected immediate homologues with fewer
functional differences, allowing the immediate prediction of the PFF1010c function. Based on BLASTP,
a probable function can be drawn that PFF1010c is a JDP superfamily heat shock protein involved in a
nucleic acid binding function during heat-induced stress. Plasmodium female gametocytes carry pools
of mRNAs assembled and translationally suppressed by an RNA binding protein complex that is poorly

understood (Mair et al., 2010). Perhaps PFF1010c forms part of this complex.

BLASTP also linked PFF1010c to proteins of the apicomplexan parasites, suggesting that Type IV JDPs
like PFF1010c play a role in apicomplexan parasite virulence and pathogenicity. Most studies use
BLASTP only (Bitacura & Santos, 2022; Dishnica et al., 2023; Lopez et al., 2021; Mooi et al., 2023; Xiao
et al., 2021). One study coupled normal BLASTP to PSI-BLAST (Ang’ang’o et al., 2023). HHPRED is
similar to PSI-BLAST but more sensitive (Hildebrand et al., 2009). As such, HHPRED was used in this
study instead of PSI-BLAST. However, HHPRED did not appear to be the right tool to pull homologues
and deduce a function of an uncharacterized protein. HHPRED homologues produced JDPs with

varying functions and a wide range of organisms bearing those proteins.
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Multiple sequence alignment differentiated PFF1010c from its JDP relatives by a single motif within
the J domain. PFF1010c clustered with proteins bearing the SVN/H motif and closely related to
proteins bearing the HPD. The HPD motif is well known for modulating the JDP stimulation of Hsp70s
ATPase activity (Dutta, Pesce, et al., 2021; Faust et al., 2020; Tomiczek et al., 2020). The SVN/H and
SDH role in the J domain remains a mystery. Also, the roles of J domains harbouring these SVN/H and
SDH motifs in place of the HPD motif are not known (Botha et al., 2007; Njunge et al., 2013; Shonhai
& Blatch, 2021). The SVN/H group appeared to be a separately evolving clade, corroborated by the
phylogenetic tree (Section 3.1.3, Figure 3.3).

Multiple sequence alignment results also revealed a highly conserved module at the C-terminus of the
BLASTP proteins. The conservation is found in all BLASTP aligned proteins, suggesting a domain
equivalent to the J domain in terms of domain definition. The CDD, dubbed the domain as an
‘uncharacterized domain’ (Section 3.1.4). Cheetham and Caplan (1998) review paper mentioned that
the four™™ domain at the C-terminus is less conserved and not well understood (Cheetham & Caplan,
1998). A C-terminal fragment of a yeast type | JDP was crystalized and found to be a dimerization
module (Wu et al., 2005). Also, the C-terminal domain mutation in a type | human JDP, DjA1,
compromised dimerization (Borges et al., 2005). Type 1 DjAl dimer was formed by the C-terminal
facing the N-terminal of the other monomer, while the human type Il DjB4 dimer was formed by the
C-terminal facing the C-terminal of the other monomer. Borges et al. (2005) reflected the dimerization
differences between the two subfamilies, type | and type Il JDPs. PFF1010c is a type IV JDP with a C-
terminal, possibly a dimerization domain. PFF1010c could form dimers predicted in section 3.1.6 and
require dimerization for interacting with Hsp70s or substrates like Dnal and JDPs (Kampinga et al.,

2019; Ruger-Herreros et al., 2024; Shi et al., 2005).

The association prediction, STRING, predicted PFF1010c to interact with PfHsp70-2 more strongly than
the second possible interactor, PfHsp70-1. The third and least possible associate was found to be
PfHsp40 (PF3D7_1437900). PfHsp70-1 and PfHsp40 (PF3D7_1437900) are cytosolic, while PfHsp70-2
is an endoplasmic reticulum (ER) localized protein (Anas et al., 2020; Gladys T. Cortés et al., 2020;
Lebepe et al., 2020). Recently, (Mathews et al., 2021) found that 48.7 % of Hsp40 localized to the ER.
Perhaps a fraction of PFF1010c localizes to the ER and interacts with ER residents PfHsp70-2 and
PfHsp40 (PF3D7_1437900). Concurrently, the cytosolic PFF1010c would interact with the cytosol
resident PfHsp70-1 and PfHsp40 (PF3D7_1437900). Matthews et al. (2021) pointed out that
farnesylation inhibition decreased the ER-localized PfHsp40 (PF3D7_1437900), suggesting that
PfHsp40 (PF3D7_1437900) farnesylation channels the protein to the ER (Mathews et al., 2021).
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PFF1010c posttranslational modification prediction did not produce a farnesylation (Section 3.1.9).
PFF1010c was predicted to not localize to any part of the endomembrane system, including ER.
PFF1010c seemed to localize to the cytosol. PlasmoDB website archived the putative bioinformatics
of PFF1010c and records PFF1010c as a mitochondrial protein involved in cristae formation. This

function and localization do not match the previous online tools used to predict the localization.

When the PFF1010c recombinant protein was overexpressed from the confirmed plasmid
pQE30/PFF1010c in E. coli XL1 Blue cells, it displayed an insolubility character. PFF1010c migrated to
the insoluble (pellet) fraction (Figure 3.9). However, 8 M Urea (Singhvi & Panda, 2022) could solubilize
the protein and move it to the soluble fraction of the centrifuged cell lysate overexpressing PFF1010c
(Figure 3.10). A Western blot that was generated using the a-PFF1010c antibodies, which were
supposed to detect only PFF1010c, detected a species with a band that migrated around 70 kDa. The
entity was suggestive of a PFF1010c dimer. While analyses that followed purification used a pure
protein, the consistent bands around 70 kDa and 150 kDa after concentrating the protein are not
ignorable (Figure 3.11). The SDS-PAGE sample loading buffer contains denaturants that would
denature the supposedly homo-oligomers or hetero-oligomers. LC-MS could not resolve the Western
blot detected PFF1010c in the other bands besides the 40 kDa SDS-PAGE migration point. Notably, LC-
MS relies on reference proteins present in the database (Li & Zhu, 2020), and this constitutes part of
its limitations. This may account for the misalignment of findings obtained by Western blot versus the

LC-MS data.

Using LC-MS, however, produced a posttranslationally modified species of PFF1010c in the form of an
oxidised methionine-270 residue (Table 3.5.,Figure 3.11). LC-MS is a reliable tool for the detection of
posttranslational modifications (Mann & Jensen, 2003; Virag et al., 2020; Zolg et al., 2018). The
resulting methionine sulfoxide alters the function of the protein bearing it (Moskovitz & Smith, 2021).
Methionine residue oxidation could be a reactive oxygen species sensor (Chandran & Binninger, 2023).
Notably, E. coli does not possess posttransitional machinery. However, the oxidation of the
methionine residue may have occurred spontaneously and as such the LC-MS finding in this respect
does not reflect the complete posttranslational possibilities for this protein. Also, methionine is the
most oxidised residue in E. coli (Brown et al., 2017). It would have been interesting to study the protein
within the native host, P. falciparum, cell settings. It is possible that the observed oxidation occurs
because PFF1010c acts as a sensor of oxidation. Indeed, heat shock proteins are induced by oxidative

stress (Jeyachandran et al., 2023; Lan et al., 2020; Mulyani et al., 2020; Szyller & Bil-Lula, 2021).
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Circular dichroism results of PFF1010c did not overlap with the previously predicted structures of
PFF1010c. However, experimental results supersede predicted in silico data (Petrini et al., 2022; Rajpal
et al., 2023). B-sheets are associated with an unfolded segment of a protein. The unfolding of tau
proteins in Alzheimer’s disease involves the adoption of B-sheets from random coils, favouring protein
aggregation (Bergen et al., 2005). Relating tau’s aggregation to the beta-sheet dominated secondary
structure of PFF1010c, perhaps the protein was not sufficiently refolded before the circular dichroism
spectroscopy analysis. B-sheets are prerequisites of protein aggregation, specifically amyloid-type
protein aggregation (Willbold et al., 2021). Amyloid-type protein aggregation is typical of prions
(Willbold et al., 2021). PFF1010c displayed aggregation activity upon thermostability analysis (section
3.4.5.2). It would make sense that PFF1010c binds to denatured proteins during stress and aggregates

with them, ultimately leading to cell death.

The distinguishing feature of BeStSel from other circular dichroism spectroscopy analysing tools is the
algorithm that relates detected domains from the analysed structure to the characterized domains
database. A J domain hit would signal that the dialysis protocol successfully refolded the analysed
protein following denaturing purification. The J domain was not detected (section 3.2.5.1). However,
two out of the top ten closest CATH domain matches were Hsp40/Dnal peptide binding domains. The
domains were both mainly B-sheets. The B-sheets in PFF1010c are found in the uncharacterized
domain. Based on circular dichroism spectra of PFF1010c, the B-sheets constitute a structure like the
characterized Dnal peptide binding domains. It was then speculated in this study that perhaps the
PFF1010c maintained a correct fold around the B-sheets. Otherwise, the B-sheets tend to retain their
structure during the denaturation step of purification. So far, the reported peptide binding domain
was the only experimentally determined structure that suggests that PFF1010c is, indeed a JDP.
Originally, B-sheets-rich proteins denature into a-helices upon detergent treatment and are
insufficiently refolded (Rasmussen et al., 2020). PFF1010c was denatured and successfully refolded

upon detergent removal.

ANS extrinsic fluorescence spectroscopy-based study suggested that PFF1010c is a thermostable
molecule. The protein only aggregated at high temperatures (>55 °C, Figure 3.12.A). The aggregation
activity concurs with the circular dichroism results, indicating the domination of B-sheets in PFF1010c
secondary structure suspected of mediating aggregation, as discussed above. Also, the displayed
thermostability agrees with the predicted thermostability (Section 3.1.10). P. falciparum gametocytes
mature in the bone marrow and spleen cool environments and later enter the warm circulatory system

(Casas et al., 2016; Draghici & Taylor, 2021; Usui & Williamson, 2021). It makes sense for the
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gametocyte to be armed with a thermostable proteome, including PFF1010c. Typically, the activity of
luciferase drops at temperatures above 25 °C (Kargar et al., 2020). Most luciferase refolding assay
protocols denature luciferase enzyme by heating it at 42 °C (Hu et al., 2023; Li et al., 2021; Morrow et
al.,, 2006). PFF1010c maintained its fold at 42 °C and only started losing it at 46 °C. The
thermotolerance investigation in this study was an endpoint study where fluorescence was measured
at different temperature points. It is intriguing what would appear between 46 °C and 55 °C
temperatures. Monitoring the fluorescence peaks between 46 °C and 55 °C could indicate that

PFF1010c starts to denature at a higher temperature than the determined 46 °C.

Luciferase refolding assay was conducted to explore the effect of PFF1010c on the refolding activity
of PfHsp70-1. STRING analysis predicted PFF1010c to associate with PfHsp40 (PF3D7_1437900),
PfHsp70-1, and PfHsp70-2. However, the direct interaction of PfHsp70-2 could not be experimentally
ascertained due to technical limitations. PFF1010c appeared to abrogate the chaperone activity of
PfHsp70-1 (section 3.2.6.1). PFF1010c alone did not display chaperone activity. The results were
inconclusive since the denatured luciferase retained much of its activity after heat denaturation. The
42 °C used to denature the native luciferase was not adequate. However, temperatures above 42 °C
can denature luciferase beyond a possibility of renaturation by the chaperones in the study. As such,
the luciferase refolding assay protocol needs to be revised. Using a similar approach, Chakafana et al.
(2021) demonstrated the refolding activity of PfHsp70-1 in cooperation with PfHsp70-z and PfHsp40
(PF3D7_1437900) (Chakafana et al., 2021). Notably, in the study by Chakafana et al. (2021), it was
demonstrated that PfHsp40 (PF3D7_1437900) and PfHsp70-1 independently refolded the denatured
luciferase to less than 10 % activity. However, in the current study, it appears that the setback was
that luciferase was not fully inactivated as it only attained 30 % denaturation (Figure 3.13). A follow

up refolding study is therefore important to conduct.
4.2. Conclusions

This study confirmed that PFF1010c is a JDP heat shock protein. The utility of the predictive in silico
tools was demonstrated with the sensitivity of normal BLASTP at detecting recently archived JDP
homologues. To a certain extent, PFF1010c domains were accurately predicted, with the online tools
being in concordance with each other. Furthermore, experimental studies were used to explore the
structure-function features of PFF1010c. In this regard, PFF1010c was shown to be thermostable and
appeared to form dimers or readily aggregate through the B-sheet-dominated modules. However,

PFF1010c appeared to lack independent chaperone activity. Further studies need to confirm and
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characterize the tertiary structure of PFF1010c through X-ray crystallography. Also, further
biochemical characterization of PFF1010c can shed light on the biochemistry and function of SVN/H
containing JDPs. Studies could go further to investigate the essential function PFF1010c confers to P.

falciparum during the gametocyte stage.
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Appendix A: Equipment, expendables, prepared solutions, and reagents

Table Al. List of equipment and their suppliers

Equipment Model name Manufacturer
Water purification system Direct-Pure EDI Microsep (Johannesburg,
South Africa)

Centrifuges Z216-MK Refrigerated Hermle  Centrifuges (New
Microcentrifuge Jersey, USA)
Legend XTR refrigerated Thermo  Fischer  Scientific
centrifuge (Massachusetts, USA)

Spectrophotometers NanoPhotometer® Implen, Inc. (California, USA)
Bibby Scientific 73 Series Keison Products (Essex, United
Spectrophotometers Kingdom)

Incubator Benchmark Incu-Shaker Mini Parco Scientific (Michigan, USA)
CO2 Shaking Incubator

Shaker SHK-00220I1 Orbital Shaker Infitek (Shandong, China)
SHK-R0525 Rocker Shaker

Gel imager ChemiDoc XRS+ System Bio-Rad Laboratories Inc. (Cape

Town, South Africa)

ultrasonic disintegrator w.
probe

Protein vertical electrophoresis | Mini-PROTEAN® Tetra Cell Bio-Rad Laboratories (Cape

Cell Bio-Rad's PowerPac™ Town, South Africa)

DNA horizontal electrophoresis | wide Mini-Sub cell GT DNA

cell electrophoresis systems

-80 Freezer TSX Series Ultra-Low Freezers Thermo Fisher  Scientific
(Massachusetts, USA)

-20 Freezer KIC KCG 570/2 WH Makro (Limpopo, South Africa)

Sonicator QSonica Sonicators mod. 500 QSonica (Connecticut, USA)

Mass balance

GR Series Analytical Electronic
Balances

A&D Company (Tokyo, Japan)

pH meter

Dedicated PH/ORP Meter -
HI2002

Hanna instruments
Town, South Africa)

(Cape

© University of Venda




7S
S

(o

w University of Venda

Creating Future Leaders
@)

Table A2: Expendable items and their suppliers

Expendables Supplier

Agar plates Merck, Germany

Eppendorf tubes Sigma Thermo Scientific, USA

Gas canisters Whitehead scientific, South Africa

Gloves Merck, Germany

Lighter Shoprite, South Africa

Microcentrifuge tubes Thermo Fischer Scientific, South Africa

Parafilm Ideal medical solutions, South Africa

PCR tubes Thermo Fischer Scientific, South Africa
B
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Reagents Supplier

Acetic acid Merck, Germany

Adenosine triphosphate Sigma Thermo Scientific, USA
Agarose Whitehead scientific, South Africa

Ammonium molybdate

Merck, Germany

Ammonium persulphate

Merck, Germany

Ampicillin

Sigma Thermo Scientific, USA

Ascorbic acid

B & M Scientific, South Africa

Bovine serum albumin

Sigma Thermo Scientific, USA

Bromophenol blue

Sigma Thermo Scientific, USA

Calcium chloride

Merck, Germany

Chloramphenicol

Sigma Thermo Scientific, USA

Coomassie brilliant blue R250

Merck, Germany

Dithiothreitol

Sigma Thermo Scientific, USA

Ethidium bromide

Sigma Thermo Scientific, USA

Glacial acetic acid

Merck, Germany

Glycerol Merck, Germany
Glycine Merck, Germany
Guanidine hydrochloride Merck, Germany
HEPES Merck, Germany
Imidazole Sigma Thermo Scientific, USA
Isopropyl-1-thio-D-galacopyranoside | Sigma Thermo Scientific, USA
Lysozyme Merck, Germany
Magnesium chloride Merck, Germany
Methanol Merck, Germany
Ni-NTA resin Sigma Thermo Scientific, USA

Nitrocellulose membrane

Invitrogen, USA

PagerRuler Prestained Protein Ladder

Thermo Fischer Scientific, USA

Peptone

Merck, Germany

Phenylmethylsufonyl fluoride

Sigma Thermo Scientific, USA

Polyacrylamide

Merck, Germany

Potassium chloride

Merck, Germany

Potassium dihydrogen phosphate

Merck, Germany

Restriction enzymes

Thermo Scientific, USA

Sodium chloride

Merck, Germany

Sodium dodecyl sulphate

Merck, Germany

Sodium hydroxide

Merck, Germany

TEMED VWR Life Science, USA
Tris Merck, Germany
Triton X-100 Merck, Germany
Tryptone Merck, Germany
Tween 20 Merck, Germany
Urea Merck, Germany

Yeast extract powder

Merck, Germany

B-mercaptoethanol

Sigma Thermo Scientific, USA
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Table B1: Copyright attributions for reprinted or adapted figures

Figure

Source information

Copyright statement

Figure 1.1. The
phylogenetic
relationship among
the 5 Plasmodium
species responsible
for causing malaria

in humans

From Letunic, I. and Bork, P,,
2021. Interactive Tree of Life
(iTOL) v5: an online tool for
phylogenetic tree display and
annotation. Nucleic acids
research, 49(W1), pp.W293-
W296.

This is an Open Access article distributed
under the terms of the Creative
Commons Attribution License
(http://creativecommons.org/licenses/by-
nc/4.0/), which permits non-commercial
re-use, distribution, and reproduction in
any medium, provided the original work
is properly cited. For commercial re-use,
please contact

moc.puo@snoissimrep.slanruoj

Figure 1.2. Malaria

parasite life cycle

Adapted from Nureye, D. and
Assefa, S., 2020. Old and recent
advances in life cycle,
pathogenesis, diagnosis,
prevention, and treatment of
malaria including perspectives
in Ethiopia. The Scientific World
Journal, 2020, pp.1-17.

Copyright © 2020 Dejen Nureye and
Solomon Assefa. This is an open access
article distributed under the Creative
Commons Attribution License, which
permits unrestricted use, distribution,
and reproduction in any medium,
provided the original work is properly

cited.

Figure 1.3.
Gametocyte stages

of P. falciparum

Adapted from Carter, R. and
Miller, L.H., 1979. Evidence for
environmental modulation of
gametocytogenesis in
Plasmodium falciparum in
continuous culture. Bulletin of
the World Health
Organization, 57, pp.37-52.

Articles and other material in Europe
PMC usually include an explicit copyright
statement. In the absence of a copyright
statement, users should assume that
standard copyright protection applies,
unless the article contains an explicit
statement to the contrary. In case of
doubt, contact the journal publisher to

verify the copyright status of an article.
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Table C1: Homologue Protein hits from BLASTP

ity of Venda
Future Leaders
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JDP Query Percent Amino
Total Accession
Description subclass cover E value identity acid
score number
(%) (%) length
1. Dnal protein, putative Type IV
[Plasmodium falciparum 3D7) 716 100 0.0 100 362 XP_966193.1
(Query)
2. DnaJ domain containing TypelVo |37 | g6 2e-149 | 64.76 377 XP_028544409.1
protein [Plasmodium gonderi) -
3. Dnal domain containing Type IV
protein [Plasmodium cynomolgi 424 89 9e-145 65.23 362 XP_004223295.1
strain B]
4. bnal domain containing eV | 403 | 88 le-136 | 61.99 358 XP_001616220.1
protein [Plasmodium vivax]
5. Dnal domain containing Type lll
. o . . 119 70 4e-27 31.13 279 XP_004829319.1
protein [Theileria equi strain WA]
6. DNA RNA-binding Alba Typelll 1951 | 69 7e26 | 29.37 847 GFE54964.1
[Babesia ovis]
7. Dnal domain-containing Type lll
protein [Toxoplasma gondii 114 71 7e-25 30.19 333 RQX69204.1
CAST]
8. Dnal domain-containing Type lll
protein [Toxoplasma gondii 114 71 8e-24 29.81 442 PUA87364.1
TgCATBr9]
9- Dnal domain-containing Typelll 110 | 69 8e-23 | 28,96 433 XP_029216893.1
protein [Besnoitia besnoiti]
10. Dnal domain-containing Type lll
protein, partial [Cardiosporidium 105 68 le-20 30,35 531 KAF8819405.1
cionae)
11. DnaJ domain-containing Typelll 63y | 46 le06 | 30.2 552 GIX63637.1
protein [Babesia caballi]
12. Dnal homolog subfamily C Type IV
member 11-like [Actinia 63,2 46 1-06 30,23 552 XP_031556851.1
tenebrosa]
12. DnaJ homolog subfamily C Type IV
member 11-like [Octopus 62 a4 3e-06 32.14 562 XP_029651609.1
sinensis]
13. DnaJ homolog subfamily C Type IV
member 11 isoform X1 [Octopus 61.2 42 6e-06 33.33 558 XP_052832966.1
bimaculoides]
14. DNAJC11 [Sepia pharaonis] Type IV 59.3 47 le-05 31.28 339 CAE1328129.1
15. dnalJ homolog subfamily C Type IV
member 11 isoform X2 [Octopus 58,9 47 4e-05 32,92 553 XP_014784866.1
bimaculoides)
E
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Table C2: Homologue Protein hits from HHPRED
JDP subclass P
Description Prob | E vaue Score | SS | Cols | Query HMM
value
1. 6U3S_A DnaJ homolog Type Il 4.2e- 6.4e-
subfamily [Homo sapiens] 99,5 14 19 109.0 | 9.2 69 21-89 2-72 (190)
2.3U03_B J-type co- Type Il
chaperone JAC 99.5 | % | 1e17 | 1002 |13 | 124 | 15-140 | 4-156 (181)
[Saccharomyces 13
cerevisiae)
3. 4IT5_D Co-chaperone Type Il 1.4e-
protein Hs [Vibrio 99.5 | 9e-13 1'7 98.1 13.5 | 123 | 20-142 | 2-153(174)
cholerae]
4. 1FPO_B Chaperone Type Il 1.6e- 2 5.
protein HSCB [Escherichia 99.5 1'2 1'7 98.1 13.0 | 110 | 22-131 1-131(171)
coli]
5. 7VPX_J DnaJ homolog Type Il 3.2e- 4.9e- 40-182
subfamily [Homo sapiens] 994 11 16 952 152 1125 | 6-130 (253)
6. 5Y88_T Pre-mRNA- Type Il
splicing factor 3.2e- 4.8e- 11-108
(Saccharomyces 99.4 | 5 17 1048 | 9.4 | 90 | 19-108 (283)
cerevisiae)
7. 7X3K_A Zuotin; RAC, co- | Type ll
translation 2.7e- 4.2e- 94-172
[Saccharomyces 99:3 12 17 1136 1 7.5 72 20-91 (433)
cerevisiae)
8. 8GZU_j1 Dnaj domain Type Il 11e- 1.7e-
protein; E [Tetrahymena 99.3 ) ) 104.8 | 10.8 | 90 1-91 3-97 (317)
e 11 16
thermophilia)
9. 7A0I_BK Chaperone Type Il 11e- 16e-
protein Dnal 99.3 ) . 96.4 15.3 | 111 | 21-131 1-166 (273)
. 10 15
[Trypanosoma brucei]
10. 2L6L_A Dnal homolog Type Il 2.8e- 4.3e-
subfamily [Homo sapiens] 99.3 1 16 85.5 9.0 |73 15-87 3-82 (155)
11. 6YXY_BK mL77; Not
mitoribosome, as characterized | 99.3 | #8& | 73% 11035 | 112 | 114 | 16120 | 722
. 11 16 (386)
[Trypanosoma brucei]
12.7Z30_C Putative Not
ribosome association characterized 9.9e- 1.5e- 99-176
[Thermochaetoides 99:3 12 16 10911 7.1 72 20-91 (446)
thermophilia)
13.2PF4_ESmall T Not 7 1e- 11e-
antigen; PP2A, [Mus characterized | 99.3 1'2 lé 96.6 4.8 67 15-84 4-72 (174)
musculus)
14. 7KAM_D Transport Not
protein HSCB; characterized 3.9e- 5.9e- 115-195
[Thermomyces 99.2 1 16 109.1 | 9.3 73 17-89 (719)
lanuginosus])
15. 7ZHS_Y Ubiquitin-like Type |
protein [Saccharomyces 99.2 | 6e-11 9-2¢ 102.2 | 9.2 83 3-88 97-179
o 16 (497)
cerevisiae)
F
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Appendix D: Experiments supplementary data

Appendix D1. Plasmid confirmations of pQE30, pQE30/PfHsp70-1, and pQE30/PfHsp40

TS promoter) (lac operator)
RBS
6xHis
BamHI (1¢5)
HindIII (187)

PQE30 (3426 bp)

Figure D1.1. Restriction endonuclease cleaving of pQE30.

(A) 0.8 % agarose electrophoresis gel depicting the migration and separation of DNA fragments generated from digesting
pQE30. Lane M is the molecular marker lane, uncut lane is the pQE30 uncut, BamHl is single digest with the enzyme, and
Hindlll is digestion with Hindlll. Plasmid DNA fragments labelled using arrows and the estimated sizes in brackets. The

molecular marker is labelled in base pairs (bp). (B) The pQE30 plasmid highlighting the cut sites and size markers.

(Iac operator) RBS
BamHI (145)

oer | 6xyy,
o‘““s promo(of
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M PQE-30/
PfHsp70-1
>\ 5459 bp

pge30 (3426 bp)

hsp70-1 (2033 bp)

HindIII (2185)
lambda t0 terminator

Figure D1.2. Restriction endonuclease cleaving of pQE30/PfHsp70-1.

(A) 0.8 % agarose electrophoresis gel depicting the migration and separation of DNA fragments generated from digesting
pQE30/PfHsp70-1. Lane M is the molecular marker lane, uncut lane is the pQE30/PfHsp70-1 uncut, BamHI is single digest
with the enzyme, Hindlll is digestion with Hindlll, and lane BamHI + Hindlll is double digest with both enzymes. Plasmid DNA
fragments labelled using arrows and the estimated sizes in brackets. The molecular marker is labelled in base pairs (bp). B()

The pQE30/PfHsp70-1 plasmid construct highlighting the cut sites and size markers.
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Figure D1.3. Restriction endonuclease cleaving of pQE30/PfHsp40.

(A) 0.8 % agarose electrophoresis gel depicting the migration and separation of DNA fragments generated from digesting
pQE30/PfHsp40. Lane M is the molecular marker lane, uncut lane is the pQE30/PfHsp40 uncut, BamHI is single digest with
the enzyme, Hindlll is digestion with Hindlll, and lane BamHI + Hindlll is double digest with both enzymes. Plasmid DNA
fragments labelled using arrows and the estimated sizes in brackets. The molecular marker is labelled in base pairs (bp). (B)

The pQE30/PfHsp40 plasmid construct highlighting the cut sites and size markers.
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Appendix D2. SDS-PAGE and Western blot for overexpression and purification of
pQE30/PfHsp70-1, and pQE30/PfHsp40

M WL SF IF T wil w2 E1 E2 E3

[ PfHspa0

— PfHsp40 (49 kDa)

(49 kDa)

D M FT W1 W2 E1 E2 E3

L e e

Figure D2.1. SDS-PAGE and Western blots for the expression and purification of PfHsp40.

(A) SDS-PAGE for the expression of PfHsp40 (PF3D7_1437900). Values 0 to 6 are hourly expressions (0 hour to 6 hours) of
PfHsp740 by E. coli XL1 Blue cells. M represent the molecular marker and C the control cells transformed with the plasmid
vector pQE30 carrying the PfHsp40 (PF3D7_1437900) gene (B) SDS-PAGE for the purification of PfHsp40 (PF3D7_1437900).
FT is the flow through, W for washes and E for elutions. Coomassie Brilliant blue stain was used for SDS-PAGE (C) Western
blot for PfHsp40 expression using a-polyhistidine tag primary antibodies . (D) Western blot for PfHsp40 (PF3D7_1437900)
purification using a-polyhistidine primary antibodies. The primary antibodies were rabbit-raised while secondary, HRP-
conjugated antibodies were mouse-raised. The molecular weights are in kilodaltons. The identified protein was labelled with

the estimated molecular weight.
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Figure D2.2. SDS-PAGE and Western blots for the expression and purification of PfHsp70-1.

(A) SDS-PAGE for the expression of PfHsp70-1. Values 0 to 6 are hourly expressions (0 hour to 6 hours) of PfHsp70-1 by E. coli
XL1 Blue cells. M represent the molecular marker and C the control cells transformed with the plasmid vector pQE30 carrying
the PfHsp70-1 gene (B) SDS-PAGE for the purification of PfHsp70-1. FT is the flow through, W for washes and E for elutions.
Coomassie Brilliant blue stain was used for SDS-PAGE (C) Western blot for PfHsp70-1 expression using a-PfHsp70-1 primary
antibodies . (D) Western blot for PfHsp70-1 purification using a-PfHsp70-1 primary antibodies. The primary antibodies were
rabbit-raised while secondary, HRP-conjugated antibodies were mouse-raised. The molecular weights are in kilodaltons. The

identified protein was labelled with the estimated molecular weight.

Appendix D3. SDS-PAGE for purification of PFF1010c
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Figure D3. SDS-PAGE for purification of PFF1010c.
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M represent the molecular marker and C the control cells transformed with the plasmid vector pQE30 carrying the PfHsp70-
1 gene (B) SDS-PAGE for the purification of PfHsp70-1. FT is the flow through, W for washes and E for elutions. Coomassie
Brilliant blue stain was used for SDS-PAGE.

Appendix D4. BeStSel data analysis of PFF1010c CD spectra

References: Nucleic Acids Res. 50:W90-98 (2022); Nucleic Acids Res. 45:W315-22 (2018); PNAS 11:E3095-103 (2015)
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Figure D4. BeStSel analysis chart of PFF1010c CD spectra.
Raw CD spectra (red) data was fitted (blue) and PFF1010c secondary structure was estimated based on the fitted data.

Secondary structure conformational states content is shown.
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