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Abstract

The causative agent of African trypanosomiasis, Trypanosoma brucei (T. brucei), has an expanded
retinue of specialized heat shock proteins, which have been identified as crucial to the progression
of the disease. These play a central role in disease progression and transmission through their
involvement in cell-cycle pathways which bring about cell-cycle arrest and differentiation. Hsp70
proteins are essential for the maintenance of proteostasis in the cell. Mitochondrial Hsp70 (mtHsp70)
is a highly conserved molecular chaperone required for both the translocation of nuclear encoded
proteins across the two mitochondrial membranes and the subsequent folding of proteins in the
matrix. The 7. brucei genome encodes three copies of mtHsp70 which are 100% identical. MtHsp70
self-aggregates, a property unique to this isoform, and an Hsp70 escort protein (Hep1) is required to
maintain the molecular chaperone in a soluble, functional state. This study aimed to compare the
solubilizing interaction of Hepl from 7. brucei and Homo sapiens (H. sapien). The recently
introduced Alphafold program was used to analyze the structures of mtHsp70 and Hepl proteins
and allowed observations of structures unavailable to other modelling techniques. The GVFEV
motif found in the ATPase domain of mtHsp70s interacted with the linker region, resulting in
aggregation, the Alphafold models produced indicated that the replacement of the lysine (K) residue
within the KTFEV motif of DnaK (prokaryotic Hsp70) with Glycine (G), may abrogate bond
formation between the motif and a region between lobe I and II of the ATPase domain. This may
facilitate the aggregation reaction of mtHsp70 orthologues and provides a residue of interest for
future studies. Both TbHepl and HsHepl reduced the thermal aggregation of TbmtHsp70 and
mortalin (H. sapien mtHsp70) respectively, however, TbHepl was ~ 15 % less effective than
HsHep1 at higher concentrations (4 uM). TbHepl itself appeared to be aggregation-prone when
under conditions of thermal stress, Alphafold models suggest this may be due to an N-terminal -
helical structure not present in HsHep1. These results indicate that TbHep1 is functionally similar
to HsHepl, however, the orthologue may operate in a unique manner which requires further

investigation.

14



Chapter 1: Literature Review

1.1 Molecular chaperones

Folding newly synthesized proteins from the nascent polypeptide form into the native conformation
is imperative for a protein to attain functionality (Lumry & Eyring, 1954). However, when being
extruded from a ribosome into the cellular environment, a nascent polypeptide is subject to an
unstable environment with high concentrations of nascent preproteins, biomolecules and other
interfering factors that can deleteriously alter the folding process, leading to the misfolding of
proteins and the generation of protein aggregates (Ellis, 2001). This is particularly important when
producing organelle proteins exposed to these conditions upon extrusion from the ribosome, as these
require transport to their respective compartments in an unfolded form to allow translocation across
membranes (Dierks et al., 1993). To allow the correct folding of nascent proteins, the actions of
molecular chaperones are often required (Ellis, 1987); these proteins act as catalysts in the folding
process, protecting the vulnerable preproteins from the cellular environment and facilitating the

correct folding without being incorporated into the final protein product (Hartl, 1996).

The molecular chaperone family predominantly consists of heat shock proteins (Hsps), with a litany
of Hsp subfamilies being classified based on structure, function, and expression (Craig &
Schlesinger, 1985). The Hsp subfamilies are varied in their operations, with many acting directly as
chaperones while others work as co-chaperones, assisting the functions of other chaperones (Balch
et al., 2008). These are considered vital to maintaining proteostasis within the cell (Powers et al.,
2009), and were termed Hsps due to the discovery of these genes via the induction of expression in
response to heat shock within the salivary glands of Drosophila and the subsequent identification of
the protein products (Ritossa, 1962; Tissiéres et al., 1974). Mammalian Hsps have been divided into
different subfamilies based on domains and functions, including: HSPC (Hsp90), JDP
(Hsp40/DNAJ), HSPH (Hsp110), HSPA (Hsp70), HSPD/E (Hsp60/chaperonin) and HSPB (small
Hsps) (Kampinga et al., 2009). Attention has been directed towards the activities of the largest
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subfamily, Hsp70, due to the importance of the subfamily in many pathways and processes that play

direct roles in cell functioning and disease development.

1.2 The Hsp70 family

The Hsp70 family has high evolutionary conservation and displays great ubiquity, with orthologues
being found in every organism currently studied and isoforms within all major cellular
compartments (Rohde et al., 2005; Daugaard et al., 2007). The functions of Hsp70 are numerous
and varied; however, the most prevalent functions include folding proteins, the repair of misfolded
proteins, the disassembly of aggregates, and the designation of irreparable proteins towards
proteolytic degradation, as well as intracellular transport and translocation across membranes
(Mayer & Bukau, 2005). These varied activities are accommodated by the formation of complexes
with other chaperones, the actions of co-chaperones and the use of short hydrophobic stretches as
target motifs which allows Hsp70 to interact with a variety of different targets (Riidiger et al., 1997;
van den Ussel et al., 1999; Czarnecka et al., 2006). The Hsp70 chaperone system is responsible for
an estimated 10 — 20 % of all protein folding in prokaryotes, where it is referred to a DnaK and 20
— 30 % within eukaryotic cells (Bukau et al., 2000).

1.2.1 The structure of Hsp70

The structure of the highly conserved Hsp70 consists of an N-terminal nucleotide-binding domain
(NBD) (~ 44 kDa) followed by a short, conserved linker region. This is followed by the C-terminal
substrate binding domain (SBD) divided into the B-sandwich peptide binding subdomain (SBDp)
(~18 kDa), consisting of two pairs of parallel B-sheets localized around the peptide binding pocket
followed by the variable a-helical subdomain (SBDa) (~10 kDa), known as the lid, which covers
the SBDP (Flaherty et al., 1990; Zhu et al., 1996; Bertelsen et al., 2009).
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The NBD consists of two lobes known as lobes I and II with a distinct cleft separating the two; these
are further divided into four subdomains: Ia, Ib and Ila, IIb; these subdomains are located around
the central binding pocket with the bound nucleotide forming a complex with contacts on every
subdomain (Figure 1.1) (Flaherty et al., 1990). The structure of the NBD is highly flexible, and the
operations involve tilting a subdomain and shearing action between lobes to disrupt the bound
nucleotide and transmit binding signals (Liu et al., 2010; General et al., 2014). However, this
flexibility is often restricted by the SBD, and an allosteric mechanism is required to bring about

efficient NBD subdomain movement and activity (Kityk et al., 2015).

Figure 1.1: The structure of human cytosolic Hsp70: (A) The structure of Hsp70 with ADP bound in the NBD
(Light blue) (3AY9) and the subdomains indicated. The SBD domain (2KHO) is indicated with the SBDP binding domain (green)
containing a sample peptide and the SBDa lid indicated (maroon). The two domains are connected by the linker region displayed in
brown. (B) The schematic diagram of Hsp70 with the domains displayed in a similar colour to the model apart from the linker
region which is yellow.

The C-terminal SBD consists of two subdomains, the SBD (~ 18 kDa) followed by the SBDa (~
10 kDa), referred to as the lid (Figure 1.1). The SBDp consists of two -sheet regions arranged
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parallel to one another which form the peptide binding pocket (Zhu et al., 1996). This subdomain is
not only responsible for peptide binding but is also crucial to interdomain communication and co-
chaperone interaction (Bukau & Horwich, 1998). The SBDa is primarily involved in substrate
trapping and release in response to nucleotide cycling (Moro et al., 2003; Qi et al., 2013). The
Hsp70s found in the cytosol of eukaryotes have an EEVD motif at the C-terminus which is required
for co-chaperone interactions (Freeman et al., 1995). However, the structure and function of the
SBDa is highly variable depending on the Hsp70, with DnaK exhibiting a significantly diminished
functional role of the SBDa (Zhu et al., 1996). The SBDa tends to consist primarily of a-helices
with some isoforms introducing a ‘hinge’ loop structure which causes the SBDa to fold, allowing

for increased substrate trapping (Zhang et al., 2014).

The structure of Hsp70 makes it highly versatile and capable of carrying out several different
functions with a wide range of substrates. It achieves this using an allosteric mechanism centred
around nucleotide cycling and interdomain communication (Buchberger et al., 1995). However, the
basal catalytic rate of Hsp70 is low (Schmid et al., 1994), and for it to achieve a viable catalytic rate,

the actions of co-chaperones are required (Liberek et al., 1991).

1.2.2 Hsp70 Co-chaperones

There are a wide range of Hsp70 co-chaperones that differ depending on the Hsp70 homologue, the
cellular localization and the operation being performed. The two families of co-chaperones that are
crucial to Hsp70 operations and have the most influence over the catalytic cycle are known as J-
domain containing proteins (JDPs) which stimulate the NBD, allowing for rapid ATP hydrolysis
and nucleotide exchange factors (NEFs) which are responsible for the subsequent dissociation of

ADP, and in some cases the reintroduction of ATP (Liberek et al., 1991).
J-domain containing proteins

J-domain containing proteins (JDPs) are also known as J-proteins or Hsp40s. JDPs are defined by

the presence of a J-domain, a highly conserved, “J” shaped domain consisting of four a-helices
18



which contain a histidine-proline-aspartate (HPD) motif required to stimulate the ATPase activity
of Hsp70 (Pellecchia et al., 1996; Cheetham & Caplan, 1998). The co-chaperoning activities of JDPs
play arole in the determination of the cellular function to be carried out by the Hsp70 via the delivery
of the substrate to the SBD as well as the subsequent mediation of substrate specificity through the
stimulation of the NBD (Kampinga & Craig, 2010). JDPs can also act independently of Hsp70 and

have functions such as holdase activities and protein transportation (Dekker et al., 2015).

The JDP family is large and has been divided into four subtypes based on their structural layout.
Type I JDPs contain an N-terminal J-domain followed by a glycine and phenylalanine (G/F) rich
domain, a zinc-finger (zf-DNL) domain and finally a variable C-terminal. Type II JDPs lack the
zinc-finger domain but maintain the type-I structure. The type I and II proteins can bind substrates,
facilitating an increase in Hsp70 activity via substrate delivery and stimulation of the NBD (Walsh
et al., 2004; Hennessy et al., 2005). However, type I and II JDPs have differences in structure and
can vary considerably in function (Langer et al., 1992; Lu & Cyr, 1998; Fan et al., 2004). Type III
JDPs have a J-domain that is not located on the N-terminal and can be found anywhere in the
sequence. This leads to substantial differences in structure within this type and a high level of
specialization (Cheetham & Caplan, 1998). Finally, Type IV JDPs are defined by the presence of a
J-domain with an altered HPD motif (Botha et al., 2007). Due to the lack of this motif, type-IV JDPs
may operate via a unique mechanism of action and with different proteins relative to other JDPs
(Tsai & Douglas, 1996; Botha et al., 2007). Due to the large number of JDPs and the diversity of
their structures, it is theorized that there are multiple mechanisms of action however most studies

have described the DnaK — Dnal interaction from E. coli (Kityk et al., 2018).
Nucleotide Exchange Factors

Nucleotide exchange factors (NEFs) are more varied in structure and mechanism than JDPs. Rather
than a single conserved domain being a defining feature, NEFs are defined by their function in
allowing ADP or GDP dissociation (Goody & Hofmann-Goody, 2002), with several domains being
identified as capable of imparting this ability. NEFs are therefore placed into types depending on
the domain used; these are known as Bag-domain proteins, Grp170s and Sill proteins with

organelles like chloroplasts and mitochondria having NEF proteins which resemble the GrpE NEF
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found within prokaryotes (Bracher & Verghese, 2015). Of these, the DnaK-GrpE interaction from

E. coli is the most well documented.

The structure of a GrpE-like NEF consists of a short, disordered N-terminal followed by one long
and one short a-helix stretch, encompassing most of the structure with the C-terminal end consisting
of a small B-sheet domain. These operate as long dimers in which the two pairs of a-helices are
arranged into two parallel lines with the B-sheet domains protruding from either side (Harrison et
al., 1997). The dimerized structure is necessary for binding as GrpE cannot operate in monomer
form although only one B-sheet domain is used in the interaction with DnaK (Wu et al., 1996;
Harrison, 2003). GrpE returns to monomer form under stressful cellular conditions, and it has been
hypothesized that this occurs to allow for an increase in Hsp70-substrate complexes and the
sequestering of a more significant number of vulnerable preproteins (Harrison, 2003; Bracher &

Verghese, 2015).

1.2.3 Hsp70 Catalytic Cycle

The catalytic cycle of Hsp70 operates using an allosteric mechanism in which the enzyme shifts
between two states; the first is an open state in which ATP is bound, and peptide substrates may
interact with the SBD; however, affinity is low, and these interactions are transient. The closed state
occurs when ADP is bound in the NBD, this state has high substrate affinity, and any bound peptide
is tightly enclosed within the SBD (Bukau & Horwich, 1998). Basal Hsp70 catalytic rates are
significantly low, and the JDPs and NEFs facilitate ATP hydrolysis and ADP dissociation,
respectively, to maintain a viable rate (Figure 1.2) (Liberek et al., 1991; McCarty et al., 1995).
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Figure 1.2: The catalytic cycle of Hsp70: (A) The open state of Hsp70 with ATP (Red) bound in the NBD (Blue) and
the SBDf (Green) and SBDa (Pink) docked to the NBD. (A.2) Hsp70 with ATP bound in the NBD and a substrate transiently
bound in the SBD, which is undocked but loosely connected to the NBD, preventing efficient ATP hydrolysis. (B) Hsp70 with ATP
bound in the NBD and both a JDP and substrate bound, immediately prior to ATP hydrolysis. (C) Hsp70 in a closed state with ADP
bound in the NBD and a peptide substrate locked into the SBD. (D) Hsp70 in a closed state with GrpE bound, immediately prior to
the release of ADP and the folded peptide product.

The catalytic cycle of Hsp70 begins in the open state with ATP bound in the NBD and no peptide
substrate within the SBD (Figure 1.2). In this state, ATP forms a complex with two K" ions and one
Mg?* ion in the lower portion of the NBD binding site (Flaherty et al., 1990). While the NBD has a
highly flexible structure, the binding of ATP causes the lobes to rotate into a position incompatible
with y-phosphate cleavage and the SBD docks to the NBD; this prevents the lobes from rotating,
arresting movement and effectively locking the nucleotide in place (Kityk et al., 2012). In this open
state, the NBD is tightly closed; however, the SBD can transiently interact with peptide substrates.
If this occurs, the SBD dissociates and allows NBD lobe rotation, this can result in ATP hydrolysis;
however, the binding sites are inopportunely placed, and the interactions are short, resulting in a

relatively small increase in the rate of ATP hydrolysis of approximately 10-fold (Figure 1.2.A2). A
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JDP is required to provide the interdomain communication necessary to facilitate efficient ATP

hydrolysis and substrate trapping (Benaroud; et al., 1996, Karzai & McMacken, 1996).

ATP hydrolysis is initially stimulated by a JDP via the delivery of a peptide substrate to the SBD.
Upon substrate delivery, an interface between the JDP C-terminal and the SBDf is formed.
Simultaneously, the highly conserved HPD motif interacts with multiple sites in the linker region of
DnakK, and the J-domain interacts with the NBD and SBDJ via an extensive network of interactions
(Kityk et al., 2015, 2018). In this way, the JDP stimulates ATP hydrolysis and substrate binding by
allowing efficient signal transmission from the SBD to the NBD and via the movement of the linker
region into the space between NBD lobes. This effectively prevents excessive movement of the
NBD subdomains and allows the correct positioning of the catalytic residues (Kityk et al., 2018).
This positioning and the J-domain interactions allow for rapid ATP hydrolysis with a JDP and
peptide substrate producing catalytic rates approximately 1000-fold greater than the basal rate of
Hsp70 (Karzai & McMacken, 1996; Barouch et al., 1997). Upon ATP hydrolysis, the substrate is
effectively bound in the SBD binding pocket, the JDP dissociates, and Hsp70 is left in the closed
state with ADP bound in the NBD (Figure 1.2.C) (Schmid et al., 1994). The duration of this DnaK-
substrate complex varies depending on several factors, such as the function being undertaken and

the cellular conditions present (Brehmer et al., 2001; Groemping & Reinstein, 2001).

The dissociation of ADP from DnaK and the reintroduction of ATP to the NBD binding cleft are
required to allow product release and a return to the open state. This process varies considerably
depending on the Hsp70 and the interacting NEF; in E. coli, this process is facilitated by the NEF
GrpE (Harrison, 2003). The GrpE dimer allows ADP dissociation by binding across the length of
DnaK with the N-terminal regions of GrpE interacting with the SBD domain while the remainder of
the structure forms an extensive interface with the NBD (Figure 1.2.D) (Wu et al., 2012). One of the
distal B-sheet domains of GrpE is inserted between the IB and IIB subdomains of the NBD, acting
as a wedge and bringing about the rotation of the IIB subdomain 14° outwards from the binding cleft

(Harrison et al., 1997).

This rotation displaces multiple residues previously coordinating ADP within the cleft. This
displacement and simultaneous interactions with a hydrophobic patch and salt bridges at the top of

the NBD binding cleft open the domain and allow ADP to dissociate (Harrison et al., 1997). ATP is
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often in high concentration in the surrounding environment and rapidly associates with the NBD,
returning Dnak to the closed state; in E. coli, this is facilitated by GrpE in E. coli, which remains in

the complex until ATP reintroduction (Packschies et al., 1997).

1.3 The role of mitochondrial Hsp70

The Hsp70 known to localize to the mitochondrial matrix was first identified in 1993 during rat cell-
fusion studies, while searching for markers of mortal and immortal fibroblast cell phenotypes
(Wadhwa et al., 1993a). Two isoforms were identified in the study, MOT-1 and MOT-2, with only
two amino acid differences within the SBD differentiating the two but a significant difference in
activity as the overexpression of MOT-1 induced senescence in NIH3T3 cells while MOT-2
overexpression resulted in the development of malignancy (Kaul et al., 1998; Wadhwa et al., 1999).
The name for mtHsp70 found in higher eukaryotes, mortalin, has since been derived from this initial
mouse study. Sequencing has shown that the one human mortalin isoform is more closely related to
MOT-2 than MOT-1 and exhibited the ability to induce malignancy in cancer cells (Wadhwa et al.,
1993b; Kaul et al., 2007).

The translocation of preproteins and their subsequent folding in the mitochondrial matrix is of
particular importance, more than 98 % of mitochondrial proteins are encoded within the nucleus,
and their translocation and assembly are crucial to mitochondrial viability (Pfanner & Geissler,
2001; Young et al., 2001). Mortalin is primarily involved with the pre-sequence pathway, which is
responsible for most free-floating mitochondrial matrix proteins, making up approximately 60 % of
all protein imports (Bolender et al., 2008; Wiedemann & Pfanner, 2017). Mortalin is recruited to the
translocase of the inner membrane-44 (TIM-44) and operates as part of the PAM complex,
facilitating the import of preproteins into the mitochondrial matrix (Neupert & Brunner, 2002). In
yeast, a mtHsp70 paralogue Sscl operates in concert with the membrane-bound type-III JDP, the
translocase of the inner membrane 14 (Tim14) and the NEFs Mgel/Ygel to facilitate ATP
hydrolysis and provide the energy for the translocation of preproteins (Szklarz et al., 2005; Sichting

et al., 2005; Blamowska et al., 2010). After translocation, mtHsp70 then facilitates the transfer of
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the preprotein to the chaperone systems of Hsp60 or free-floating mortalin, which subsequently fold
the preprotein into the native form (Kang et al., 1990; van der Laan et al., 2010; Mokranjac, 2020).
These chaperone systems often work in concert, forming complexes to complete folding operations
that are vital to the mitochondria (Wadhwa et al., 2005). High levels of reactive oxygen and nitrogen
species (ROS and RNS) are generated by the electron transport chain, and the inactivation of
chaperone systems has been shown to lead to their accumulation, damaging critical mitochondrial
components and ultimately resulting in the loss of mitochondrial and cellular viability (Deocaris et

al., 2006a; Williamson et al., 2008).

Mitochondrial Hsp70 undertakes several important functions in the mitochondrial membrane. These
include the assembly and maintenance of complexes and supercomplexes of the electron transport
chain (Herrmann et al., 1994; Bottinger et al., 2015). MtHsp70 also plays a critical role in the
alteration of mitochondrial cristae shape as well as the maintenance of mitochondrial membrane
permeability and potential (Orsini et al., 2004). Inter-organelle communication is also facilitated,
with mtHsp70 being involved in endoplasmic reticulum-mitochondrial communication via
involvement in the mitochondria-associated membranes (Raeisossadati & Ferrari, 2020), as well as
the formation of the mitochondrial membrane permeability transition pore (MMPT). This is done
through interactions with the voltage-dependent anion channel (VDAC) and the mitochondrial
permeability transition pore (Honrath et al., 2017). MtHsp70 is therefore critical to mitochondrial
membrane maintenance and functionality along with roles involved in apoptotic pathways.
Mitochondrial DNA (mtDNA) also relies on mtHsp70 for chromosomal maintenance and via its

ATP hydrolysis to provide energy during mitochondrial protein expression (Herrmann et al., 1994).

The Hsp70 family structural layout is conserved in mortalin as well as the nucleotide centered
allosteric mechanism of action, with sequencing studies indicating that mortalin has greater
similarity to bacterial DnaK than cytosolic Hsp70s and the C-terminal EEVD motif is replaced by a
conserved KEDQKEEKQ motif (Falah & Gupta, 1994; Deocaris et al., 2006b; Wiedemann &
Pfanner, 2017). Mitochondrial Hsp70 is constitutively expressed and makes up ~ 1 % of all
mitochondrial proteins. Mortalin has been observed throughout the cell, with approximately 30 %
being found in other cellular compartments where it is suspected to play a role in a number of cell-

cycle pathways, although the amount varies depending on the levels of cellular stress (Wadhwa et
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al., 1993b; Ran et al., 2000). It is a central component of the protein quality control system (PQC),
a collection of chaperones, co-chaperones and proteases that maintain mitochondrial proteostasis
via the control of protein synthesis, iron-cluster biogenesis, repair, and degradation (Bukau &
Horwich, 1998; Dutkiewicz et al., 2003; Uzarska et al., 2013; Bottinger et al., 2015). Overexpression
is induced by most forms of cellular stress with an increased reaction to oxidative conditions and

stress brought about by resource depletion (Liu et al., 2005; Jin et al., 2006).

Mortalin has also been identified playing a number of additional roles in the cell; these include
centrosome duplication (Ma et al., 2006), cytoskeleton organization (Wakula et al., 2020), vesicle
transportation (Kaul et al., 2007), immune response via antigen presentation (Pilzer & Fishelson,
2005) and the regulation of inflammatory cascades including the formation of the membrane attack
complex (MAC) (Ray et al., 2014; Honrath et al., 2017). These functions are essential to regular cell
functionality; however, the most significant impact mortalin has in any given organism may be an
involvement in the regulation of several cell cycle pathways, particularly in response to oxidative

stress (Bahr et al., 2022).

1.3.1 Mortalin as an oncogene

MOT-2 overexpression was seen to induce malignancy as a result of binding to the tumour
suppressor protein pS3, preventing migration to the cytosol and nucleus in times of oxidative stress,
thereby preventing its transcriptional activity and delaying apoptosis (Wadhwa et al., 2002). Several
studies have since identified mortalin as a critical regulator in other cell cycle pathways, such as the
formation of a complex with tumour necrosis factor receptor-associated protein 1, preventing both
the activation of apoptosis-inducing factor and c5b-9 formation in the complement system at
multiple steps (Sinha & D’Silva, 2014; Fishelson & Kirschfink, 2019). Mortalin has also been shown
to play a role in other pathways such as the inhibition of the apoptotic inducing protein P66SHc
activation via the formation of a complex with mortalin recruited by TIM (Orsini et al., 2004).
Activation of P66SHc under conditions of mild oxidative stress is inhibited until oxidation levels

reach an unknown threshold and P66SHc is released (Bhat et al., 2015). Investigations are ongoing
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into the role mortalin plays in the phosphorylation of cancer-related proteins. Recent studies have
provided invaluable information regarding these interactions with the unrestricted phosphorylation
of the signal protein phosphatidylinositol 3-kinase (PI3K)/Akt, shown to induce malignancy via

multiple pathways regulating NF-«f3 activation and stimulating angiogenesis (Yang et al., 2021).

1.3.2 Mortalin in neurodegenerative disease

Due to the actions of mortalin in the translocation and folding of preproteins entering the
mitochondria, it would inevitably play a role in the development of diseases characterized by
misfolded proteins, particularly neurodegenerative diseases such as Parkinson’s and Alzheimer’s
Disease (PD and AD) (Priyanka & Seth, 2022). These diseases are often related to the effects of
ageing, typically described as an increase in oxidative stress leading to DNA and mtDNA damage,
a corresponding reduction in respiratory rates and a collapse of proteostasis brought about by the
inability of chaperone systems to cope with the increase in damage (Frankowska et al., 2022;
Margulis et al., 2020). This process can be further exacerbated by a mutation or improper post-
translational modification of proteins within the chaperone system (Santra et al., 2019; Macario &
de Macario, 2002). While this can occur in all ageing cells, it is more prevalent within the brain due
to the relatively large amount of RNS and ROS generation brought about by high energy turnover
rates in human neurons (Meriin & Sherman, 2005). Mortalin is usually defined as a glial protector
which is vital for signaling between neurons and astrocytes as well as maintenance of the
mitochondria adjacent to synaptic clefts with upregulation being observed in brain ischemia studies
indicating that it acts to reduce ROS and mitigate the response from signal pathways (Calvillo et al.,
2013; Voloboueva et al., 2013). In many cell lines and clinical studies, the overexpression of
mortalin has been shown to rescue cells; however, mutant mortalin genes and post-translational
modifications to it and its chaperone system have also been linked with the development of early

onset neurodegenerative diseases (Havalova et al., 2021).

In Parkinson’s Disease, which is characterized by the loss of dopaminergic cells primarily brought

about by the accumulation of a-synuclein and other aggregates (Jankovic, 2008), mortalin has been
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shown to co-localize and interact with most of the associated aggregates and proteomic data has
demonstrated that mortalin expression is significantly reduced in astrocyte cells within the brains of
PD patients (Macario & de Macario, 2002; Jin et al., 2006). A negative correlation has also been
observed between mortalin expression and a-synuclein levels within PD patient serum samples and
mouse models (Singh et al., 2018) with studies providing evidence that the overexpression of
mortalin in neuronal and astrocyte cells can prevent inflammation and cell-death mediated by

dysfunctional astrocytes (Priyanka et al., 2020).

Alzheimer’s disease is characterized by senile plaques of amyloid-beta (aff) aggregates primarily
located in the extracellular space. However, these plaques are also found within the cell, associated
with the mitochondrial membrane, and the amount localized there correlates with an increase in
mitochondrial damage and disease severity in mice (Dragicevic et al., 2010). These plaques appear
to induce mitochondrial morphology changes brought about by cristae damage and a reduction in
energy production due to af-aggregates interacting directly with complexes of the electron transport
chain (Baloyannis, 2006; Manczak et al., 2010; Xie et al., 2013). The role of mortalin in AD is still
unknown; it appears to play a similar protective role as in PD, preventing inflammatory cascades
and delaying apoptosis via multiple pathways, such as the prevention of MMPT formation, with the
overexpression of mortalin being documented to mitigate and, in some cases, reverse the damage

done to the mitochondria (Wang et al., 2015; Jia & Du, 2021).

The potential of mortalin as a drug target has been documented from its initial discovery in 1993;
however, in vitro research into this Hsp70 isoform was delayed by more than a decade due to an
inability to express it in a soluble form as mortalin was found to rapidly self-aggregate when
recombinantly expressed (Szklarz et al., 2005; Bohnert et al., 2007). Research has shown that this is
unique to mortalin with cytosolic Hsp70s localized to the mitochondria remaining soluble and
thermal unfolding studies showing an association event in mortalin that is not evident in cytosolic
Hsp70 (Blamowska et al., 2010; Dores-Silva et al., 2015). This may be the result of an off-pathway
conformational change within the catalytic cycle which is aggregation-prone with the absence of a
nucleotide being a significant driver of this outcome (Blamowska et al., 2012). The prevention of

this self-aggregation and maintenance of mtHsp70 in a soluble and functional state is critical to
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cellular viability and a Hsp70 escort protein (Hepl) is required to attain this within a cellular

environment.

1.4 Mitochondrial Hsp70 Escort Protein (Hep1)

In 2005 a protein interacting with a mtHsp70 within yeast (Sscl) was identified and initially named
Zim17 and Timl15 due to the presence of a zinc finger domain and its suspected inclusion in the
translocase of the inner membrane (TIM) complex respectively, although it was later found to only
have a transitory interaction with TIM (Sichting et al., 2005; Yamamoto et al., 2005). Deletion
mutants of Zim17 were shown to induce the arrest of mitochondrial protein translocation, protein
folding and iron-sulfur cluster biogenesis, which lead to alterations of mitochondrial morphology
and cell death when under conditions of stress for extended periods (Burri et al., 2004; Szklarz et
al., 2005; Sichting et al., 2005). Identifying these results as possible markers of mortalin non-
functionality rather than the direct result of Zim17 loss, researchers went on to confirm that Zim17,
also known as Hep1, was needed to keep mtHsp70 in a soluble and functional state (Szklarz et al.,

2005).

Since its initial characterization, several Hepl orthologues have been identified in various
eukaryotes, including plants, where it is classified as a zinc ribbon protein (ZR1,2,3) with plastidic
isoforms being categorized as Hep2s (Kluth et al., 2012). However, no orthologue has been
identified in prokaryotic cells (Yamamoto et al., 2005). De novo studies carried out in Hepl minus
yeast cells have shown that Hep1 is needed to fold mtHsp70 upon its entry to the mitochondria with
no other chaperone systems involvement (Blamowska et al., 2012). The minimum binding entity is
the NBD and the linker region; this correlates with folding studies, which suggest that mtHsp70
aggregation occurs around the NBD/linker region with the SBD being able to fold independently of
Hepl when expressed attached to a cytosolic linker/NBD (Zhai et al., 2008; Blamowska et al., 2010,
2012).
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Hepl proteins are zinc-finger proteins with one tertracysteine motif that is part of the zinc finger
domain. They are small (~ 20 kDa), L-shaped proteins with a conserved zinc-finger binding domain
(zf-DNL) (shown in green), with the structure outside of the zf-DNL showing significant variation
between orthologues (Figure 1.3) (Dores-Silva et al., 2013; Nyakundi et al., 2018). The zf-DNL
binding site consists of a zinc-ion localized between a pair of -sheets by a tetra-cysteine motif
formed by two CXXC pairs (shown in yellow). Experiments involving the replacement of the
binding pocket cysteine residues with glycine have been shown to collapse Hepl structure and
remove the functionality of the protein (Momose et al., 2007). Similar results are brought about
when the zinc-ion of the zf-DNL is chelated via the use of EDTA and has shown that the zinc ion is

crucial to Hepl functionality and structure (Zhai et al., 2011).

Figure 1.3: The structure of Tim15c¢: The structure of S. cerevisiae Tim15¢ (Momose et al., 2007) with the zinc finger
binding domain displayed in green and conserved histidine in red. The tetra-cysteine motif is displayed in yellow with the zinc-ion
in grey. The areas of low confidence are shown in blue.

Outside of the zf-DNL there is considerable variation between orthologues. The orthologue found
within P. falciparum, has a number of asparagine (N) repeats which is characteristic of the organism

and causes the orthologue to aggregate, a property unique among Hep!l orthologues (Nyakundi et
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al., 2016). Alterations of sequence and structure outside of the zf-DNL are suspected to impart
differing functions on Hepl, currently a number of these have been documented with the yeast
orthologue exhibiting only the ability to solubilize mtHsp70 (Momose et al., 2007). Human Hepl
displays the ability to suppress the aggregation of client proteins such as rhodanese, MDH and
luciferase (Goswami et al., 2010; Dores-Silva et al., 2021). Human Hepl and the orthologue
belonging to the protozoan parasite L. braziliensis have also exhibited co-chaperoning functions,
resembling the ability of a JDP by stimulating the ATPase activity of their respective mtHsp70, a
conserved histidine has been identified as necessary for this stimulation (Zhai et al., 2008; Dores-
Silva et al., 2017). This may correspond with previous theories that Hepl may act as a fractured
JDP, providing the zf-DNL region for type-III JDPs although this has yet to be confirmed (Burri et
al., 2004).

Recent microscopy studies have also concluded that Hepl is not limited to the mitochondria and has
been observed interacting with liposome membranes as well as being identified within the nucleus
(Dores-Silva et al., 2021). The study also found that human Hepl could interact with and stimulate
the activity of human cytosolic Hsp70 (HSPA1A) (Dores-Silva et al., 2021). These studies indicate
that Hepl may have a litany of functions around the cell, whether these only pertain to mtHsp70s
operations is still unknown but the arrest of Hep1 has been shown to reduce cellular viability in yeast
models (Szklarz et al., 2005). The most deleterious effects of Hep1 loss are those brought about by
the subsequent aggregation of mtHsp70, these include a drop in the rate of protein import and the
generation of Fe/S cluster proteins as well as reduced genome stability which ultimately results in
cell death (Szklarz et al., 2005; Sichting et al., 2005; Uzarska et al., 2013). The critical role that
Hepl plays in the operations of mtHsp70 may allow it to be targeted in the treatment of diseases
caused by protozoan parasites such as Trypanosoma brucei which are known to rely on a single

mitochondrion for all mitochondrial operations.

1.5 Trypanosomatida
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The Trypanosomatida order is a collection of corkscrew-shaped protozoa which are exclusively
parasitic, of which two genera are dixenous and represent a danger to humans, Trypanosoma and
Leishmania (Lopes et al., 2010). Both genera are the causative agents of different trypanosomiases;
Leishmania species cause Chagas disease and leishmaniasis endemic to Southern America, and the
Trypanosoma subspecies of Trypanosoma brucei cause Trypanosomiasis. The tsetse fly is the vector
of Trypanosoma brucei subspecies; however, the hosts they infect can differ and Trypanosomiasis
can be further divided into Human African Trypanosomiasis (HAT) and Animal African
Trypanosomiasis (AAT), otherwise known as nagana, with Trypanosoma brucei rhodesiense and
Trypanosoma brucei gambiense being responsible for HAT and the subspecies Trypanosoma brucei

brucei causing AAT.

1.5.1 African Trypanosomiasis

HAT currently affects 37 countries, primarily within sub-Saharan Africa, with most cases reported
in the Democratic Republic of the Congo (Kennedy, 2019). As part of the initiative targeting
neglected tropical diseases, the disease was initially targeted to be under control by 2020, with the
complete elimination of new transmissions by 2030. Significant progress has been made, and
sustained control efforts have resulted in a drop in new cases from below 10,000 in 2009 to below
1000 cases in 2020 (Kennedy, 2019). These containment methods have primarily been directed
towards both detection of cases and the control of the insect vector responsible for the transmission
of the parasites, the tsetse fly; these efforts include the reduction of tsetse fly populations and the
reduction of opportunities for tsetse-human contact (Simarro et al., 2008). The lifecycle of 7. brucei
parasites is digenetic and oscillates between the insect vector and the mammalian host. Mammalian
reservoirs are expected to be a significant hinderance in attaining the 2030 goal as non-symptomatic
human carriers, wild animals such as antelope and domesticated animals, primarily pigs, are
suspected to be effective reservoirs for the subspecies of parasites which are capable of infecting

humans (Njiokou et al., 2006, 2010).
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Two forms of the disease exist depending on the subspecies of 7. brucei involved; the most prevalent
is the chronic form brought about by 7. b. gambiense (85-90 % of cases), with the remainder
accounted for by an acute form of the disease brought about by the 7. b. rhodesiense subspecies,
while different time scales are present both forms share similar stages and disease progression
(Kennedy, 2013). After transmission through the bite of the tsetse fly, the first of two stages of the
disease begins, the haemolymphatic stage, in which the parasite multiplies and spreads via the
patient’s bloodstream, infecting multiple tissues and the lymphatic system. Common symptoms
experienced in this stage can be easily misdiagnosed as they resemble the common cold, with joint
pain, headaches, and fever commonly encountered. Misdiagnosis is especially problematic as
trypanosome parasites are hard to detect unless blood samples are taken for direct visualization, and
serological tests or specially engineered rapid diagnostic tests are used (Bouteille & Buguet, 2012).
Stage 2 of the disease is known as the encephalitic stage and is initiated when the parasites pass the
blood-brain barrier and enter the central nervous system. The name of the disease is derived from
this stage as chronic encephalopathy develops, causing severe disruption to the sleep-wake cycle of
the patient as well as various neurological and cognitive issues (Romero-Meza & Mugnier, 2020).
Once stage 2 is reached, the infection steadily progresses and ultimately leads to the patient
succumbing to coma and death. If untreated, the disease is fatal and will lead to the patient’s death

(Brun et al., 2010).

1.5.2 The current state of human African trypanosomiasis

medications

The treatments for HAT are relegated to pharmacological medications, which are administered
based on the progression of the disease and the stage experienced by the patient. Vaccine
development has been hampered due to a mechanism of defense employed by 7. brucei and other
trypanosomes in which variable surface glycoproteins (VSGs) are implemented to avoid the
patient’s immune system resulting in vaccines being relatively ineffective (Rios et al., 2019). Recent

research on 7. vivax may have identified a flagellum-membrane protein as a viable target with
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consistent long-term results; however, further investigation is required into whether this
development applies to other trypanosome species (Autheman et al., 2021). The treatments currently
administered are less than ideal due to several negative aspects, such as severe side effects, the
requirement of a professional to administer the treatment and an inability to cross the blood-brain
barrier, thereby failing to treat both stages of the disease. These negative aspects must be viewed
with the knowledge that those primarily affected by this disease are located in rural areas far from
hospitals and undertake laborious work in their day-to-day lives (Bouteille & Buguet, 2012). Stage
1 treatments include Pentamidine and Suramin, while stage 2 treatments include Melarsoprol,
Eflornithine and Nifurtimox, with the latter administered in combination (Bouteille & Buguet,
2012). A promising new treatment, Fexinidazole, has been identified as effective against both stages
of T. b. gambiense HAT (gHAT) and is currently undergoing clinical trials for 7. b. rhodesiense
HAT (rHAT) (Imran et al., 2022).

Pentamidine is an IV-administered treatment which requires daily doses over seven days; it is used
to treat the first stage of gHAT. The side effects are relatively mild and can include hypotension,
hypoglycaemia, cardiac arrhythmia and acute pancreatitis (Charney et al., 2022). Suramin is an IV-
administered treatment which requires five weekly doses; it is primarily used to treat stage 1 of
rHAT. The side effects are severe and can include renal and bone-marrow toxicity, anaemia,
peripheral neuropathy and the possible induction of anaphylactic reactions (Brun et al., 2010;
Wiedemar et al., 2020). These treatments are administered to slow the disease's progression as they
significantly reduce the dissemination of 7. brucei into new tissues; however, they are most effective
in the bloodstream, with a reduction in effectiveness based on the tissues infected by the parasite
(Brun et al., 2010). These treatments represent an ongoing expense; they cannot pass the blood-brain

barrier and can only affect stage 1 of the disease.

Melarsoprol is an arsenic-derived, IV-administered treatment requiring three to four sets of daily
doses with approximately seven days between each; it is used to treat the second stage of rHAT and
gHAT. The side effects are very severe, and it is the least preferred of all treatments as it can induce
a litany of adverse effects, culminating in encephalopathic syndrome, which may result in death,
with between 1 — 5 % of patients treated dying as a result. The drug is only administered in severe

cases where no other stage 2 treatment is available (Fairlamb & Horn, 2018). Eflornithine is an I'V-
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administered treatment which requires daily doses over 14 days; it is used to treat the second stage
of gHAT. The side effects are numerous, including convulsions, gastrointestinal disruptions, and
bone marrow toxicity with the accompanying anaemia, leukopenia, and thrombocytopenia
(Jobanputra et al., 2007). Eflornithine is often administered in combination with Nifurtimox as this
has shown to be more effective, cheaper and produces less severe side effects than each treatment
administered individually. Nifurtimox is an orally administered treatment which is given in
combination with Eflornithine or Melarsoprol treatments as this has shown to be more effective,
cheaper and produces less severe side effects than either treatment administered individually
(Fairlamb & Horn, 2018; Hidalgo et al., 2021). Nifurtimox-Eflornithine combination therapy is the
preferred treatment due to the similar effectiveness and lower risk associated with Eflornithine
relative to Melarsoprol. Side effects of Nifurtimox are negligible when administered orally;

however, disruptions to appetite and weight loss can occur (Hidalgo et al., 2021).

Fexinidazole is an orally administered drug taken over ten days; it is used to treat both stages of
HAT infection as it can pass the blood-brain barrier. To date, only the second phase of clinical trials
has been undertaken, and the common side effects are uncharacterized; however, they tend to include
gastrointestinal disruptions, insomnia, tremors and headaches (Mesu et al., 2018; Hidalgo et al.,
2021). The drug has been approved for use in the Democratic Republic of the Congo and by the
United States Food and Drug Administration despite the lack of phase 3 trial completion due to the
promising results of initial studies indicating only a slight reduction in effectiveness relative to
Nifurtimox-Eflornithine combination therapy (~ 6.3 %) and the urgent need for a non-IV based

treatment which can be used to combat both stages of the disease (Mesu et al., 2018).

1.5.3 The life cycle of T. brucei

The life cycle of T. brucei is described as a progression from the metacyclic trypomastigote form
which is injected by a tsetse fly bite. The parasite then differentiates into the bloodstream or ‘slender’
trypomastigote form which spreads via the bloodstream, infiltrating mammalian tissues and

multiplying via binary fission. The trypomastigotes are then ingested upon the bite of the tsetse fly
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and taken into the midgut of the insect vector where they transform to the procyclic trypomastigote
form and multiply via binary fission. Transformation into the epimastigote form then occurs as the
parasites exit the midgut. The epimastigotes move to the salivary glands and multiply via binary
fission before returning to the metacyclic trypomastigote form where the life cycle begins again

(Figure 1.4) (Biischer et al., 2017).

Figure 1.4: The life cycle of T. brucei: (1) Following the bite of a tsetse fly 7. brucei parasites enter the bloodstream of
the mammalian host (Red). (2-3) T. brucei then spreads through the bloodstream and infects multiple tissues with a quorum sensing
mechanism causing cell-cycle arrest and differentiation to a quiescent ‘stumpy’ form to allow spread and transmission without
killing the host. (4) The trypomastigote form is ingested by the tsetse fly once more (Black), entering the midgut. (5) The
trypomastigotes transform into the epimastigote form and multiply. (6) The epimatigotes transform back to the trypomastigote form
as they move to the salivary glands to begin the cycle again. The figure was created using BioRender.com.

One of the most effective mechanisms of response which makes the control of 7. brucei difficult is
quorum sensing, this can bring about differentiation from the ‘slender’ form to the quiescent
‘stumpy’ form of the parasite within mammals. This has been shown to evade the immune system
and medications such as suramin more efficiently and allow preadaptation of the parasite to the
tsetse fly vector (Wiedemar et al., 2020; Quintana et al., 2021). This preadaptation is seen via several
strategies such as a switch from a focus on glycosome-based glucose metabolism, which is

advantageous in human tissues, to mitochondrial-based metabolism of alternate carbon sources such

35



as amino acids, particularly proline, a resource which is far more abundant in the tsetse fly (Lopes
et al., 2010). This mechanism was initially thought to be the product of a parasite-derived stumpy
induction factor (SIF); however, recent research indicates that SIF may be a collection of short, host-
derived oligopeptides which are the product of peptidase enzymes secreted by the parasite. The
oligopeptide receptor GRP89 is central to detecting these and the subsequent activation of pathways

which bring about cell-cycle arrest and differentiation (Rojas et al., 2019).

1.5.4 The heat shock proteins of Trypanosomatida

Research undertaken on 7. brucei, T. cruzi and L. braziliensis have provided evidence that Hsps play
crucial roles throughout the life cycle of parasitic protozoa and is integral to disease progression and
transmission. High-throughput RNA interference studies carried out on 7. brucei which used
phenotypic observations indicate that a variety of Hsp70s and JDPs are involved in protein secretion
and glycolysation including the production of VSGs with the majority of 7. brucei Hsp70s identified
as crucial to cellular viability (Subramaniam et al., 2006; Field et al., 2010; Alsford et al., 2011).
Few of these proteins have been biochemically examined in detail, however, the type I JDP Tb;j2
has been shown to be essential for cellular viability within all life stages and RNAi knockdown
studies targeting the protein resulted in severe growth defects (Alsford et al., 2011). Biochemical
studies have also indicated that Tbj2 functionally co-operates with Hsp70.4, an Hsp70 located in the
T. brucei cytosol (Bentley & Boshoft, 2019).

The most accepted theory regarding how these adaptations were initially brought about is that of an
expanded heat shock response (Quintana et al., 2021). This is displayed in the extensive proliferation
of proteins involved in the heat shock response, with 12 putative Hsp70 proteins being identified
and approximately 67 putative JDPs (Bentley et al., 2019). Given the central role that mtHsp70 plays
in the formation of mitochondrial complexes and supercomplexes, as well as post-translational
modifications and the activation of cell-cycle pathways (Matthews, 2021), an investigation into the
role of mtHsp70 and the interacting co-chaperones is warranted. This would assist in combatting

infections originating from the Trypanosoma order and may provide a helpful model to expand our
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knowledge of mtHsp70 in cell processes within other diseases such as various cancers and

neurodegenerative diseases (Folgueira et al., 2007).

1.6 Knowledge Gap and motivation

Heat shock proteins are crucial to the survival of protozoan parasites, including 7. brucei, and play
a central role in cell-cycle pathways involved in the differentiation of the parasites. Hepl may
provide a viable avenue for controlling 7. brucei and could allow a new strategy in eliminating the
parasites within reservoir species as well as targeting the metabolism of the quiescent ‘stumpy’ form
which can reduce cases of remission. To begin research into this there is the need to characterize
this orthologue and confirm that the structure and characteristics resemble those of other
orthologues, as currently it has only been identified in proteomic studies. Comparative analysis
against the well characterized H. sapien orthologues is of particular importance in identifying
differences between host and parasite Hsp machinery. This is especially important regarding the
ability of the 7. brucei Hepl (TbHepl) to maintain the mtHsp70 of 7. brucei (TbmtHsp70) in a
soluble and functional state as mtHsp70 may have a role in cell-cycle pathways, which are critical
to multiple survival strategies employed by 7. brucei. The ability of HsHepl to act as a J-protein
will also be investigated. The recent release of the folding program Alphafold may also provide a
new method of bioinformatic analysis that could provide insight into the structure of Hepl
orthologues outside of the zf-DNL which was previously the only modellable area. These
developments call for an analysis of these structures using the new technology as well as a
comparison of the ability of TbHep1 to prevent the aggregation of the TbmtHsp70 relative to the H.
sapien orthologues HsHep1 and HSPA9 (mortalin).

1.7 Hypothesis
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TbHepl can facilitate the expression of soluble and functional TbmtHsp70 and suppress aggregation

when placed under thermal stress in a similar manner to that of the H. sapien orthologue.

1.8 Aims and objectives

To analyze, using in silico tools, the mitochondrial Hsp70 chaperone system in 7. brucei in
comparison to HSPA9. This study will investigate the phylogenetic relationship TbHep1 has with
mitochondrial JDPs found within 7. brucei. The program Alphafold will also be used to analyze
models of Hepl and mtHsp70 orthologues to allow comparisons of the models with those produced
using other methods and to investigate if the new method provides insights into how structures alter

the properties of different orthologues.

This study will biochemically characterize TbHepl and TbmtHsp70 to investigate the properties of
TbHepl and confirm if it shares the property to prevent TbmtHsp70 aggregation upon expression
and when placed under thermal stress. These characterizations will be made in comparison with the

previously studied H. sapien orthologues HsHepl and HSPA9 (mortalin)

1.8.1 Specific objectives

The specific objectives of this study are:

e Bioinformatic analysis of mtHsp70 and Hep1 orthologues

This study aimed to undertake comparative sequence and phylogenetic analysis of TbHepl and

TbmtHsp70 to infer their properties and identify unique structures which may influence their
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structures and functions. Domains and relationships between analyzed orthologues of these proteins

will be examined.

e A phylogenetic analysis of TbHep1 with the extensively developed network of JDPs from

T. brucei.

This study aims to identify if the extensive development of JDPs with 7. brucei may provide insight
into the cladistic relationship of Hepl to JDP operations as previously hypothesized in other studies

(Burri et al., 2004).

e Comparisons between Hepl models derived from NMR and Alphafold

This study aimed to examine Hepl models created using the Swissmodel program and the NMR-
derived TIM15c template (Momose et al., 2007). Comparisons could then be made with those made
using the Al-driven Alphafold program in an effort to identify differences between the modelling

techniques.

e Analysis of critical residues in mtHsp70 models generated using Alphafold

This study aimed to use Alphafold to produce models of aggregating mtHsp70 orthologues in an
effort to identify the significance of residues previously identified as critical to the aggregating

properties.

e The expression and purification of TbmtHsp70 and TbHep1 H. sapien orthologues
mortalin and HsHep1
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This study aimed to examine the efficacy of overexpressing TbmtHsp70 and TbHepl using a
bacterial expression system and purification of the recombinant proteins. Analysis of expression and
solubility will be carried out using an SDS-PAGE and various solubilization approaches used to

determine the ideal method to produce soluble and functional TbmtHsp70.

The study also aimed to investigate the ability of TbHep1 to solubilize TbmtHsp70 when expressed

and allow the purification of the chaperone in a soluble and functional state.

e The examination of the ability of TbHep1 to suppress the aggregation of TbmtHsp70 and

malate dehydrogenase.

The ability of TbHepl to suppress the aggregation of TbmtHsp70 when placed under thermal stress
will be also analyzed by comparing the effects of this orthologue with the one found within H.
sapien. The specificity of TbHepl will also be preliminarily examined by observing the ability to
suppress the thermally induced aggregation of MDH. The role the Zn*" localized in the zf-DNL
plays in the structural integrity of TbHep1 will also be investigated.
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Chapter 2: Bioinformatic analysis of Hsp70 escort protein 1

2.1 Introduction

The collection and repository of biological data into online databases has revolutionized how protein
research is approached, making it convenient to access information regarding most species and
providing the ability to identify and categorize proteins based on sequence identity, localization and
domain organization (Krogh et al., 2001; Hugenholtz, 2002; Letunic et al., 2006, 2021) This
bioinformatic approach provides a platform with consolidated data about any documented target
sequence, allowing for easy acquisition, storage, analysis, and visualization (Tatusov et al., 2003;
Manichaikul et al., 2010). There are several databases which pertain specifically to tropical diseases
such as the Tropical Disease Research site or PlasmoDB which provide broad information on

multiple tropical disease and the Plasmodium species respectively (Bahl et al., 2003).

The successful sequencing of the genomes of various Trypanosoma species has allowed the creation
of TritrypDB, an online database which consolidates the data collected on the Trypanosoma genus
(Aslett et al., 2009). This provides extensive information on a variety of Trypanosoma species such
as T. b. brucei, T. b. gambienses and T. b. rhodesiense, allowing access to their entire genome
sequences as well as any computationally predicted gene suites, proteins, and protein features such
as domains and motifs, these can be further annotated manually following practical experimentation.
Information is also provided regarding expression data and the alteration of gene suites under
different lifecycle stages collected via proteomic studies (Aslett et al., 2009). These features make
TritrypDB an invaluable resource which integrates relevant data and allows access, providing the
ability to make queries into data relevant for any given study pertaining to the Trypanosoma

subfamily and a collection of other kinetoplasts (Aslett et al., 2009).

The use of these databases allows predictions about proteins to be further improved by modelling
software, such as Swissmodel, which allows homology modelling, the creation of a 3D structure of
a putative protein based on a template of an orthologue or highly conserved segment which has been
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previously elucidated using NMR or X-ray crystallography (Waterhouse et al., 2018). This is
advantageous as it allows for the analysis of protein structure and arrangement without the need for
intensive and expensive techniques with studies indicating that proteins with greater than 25 %

sequence identity are likely to share structural features (Pearson, 2013).

This field of research has recently been enhanced with the addition of the Al-driven Alphafold
modelling program which does not require a template model to operate and has been shown to have
exceptional accuracy in the prediction of protein structures (Jumper et al., 2021). This is of particular
interest in studies of the Hepl proteins due to the lack of a complete protein model, currently the
zinc-finger binding domain (zf-DNL) region of the Saccharomyces cerevisiae (S. cerevisiae) Hepl
protein (Tim15c¢) is the only available structure (Momose et al., 2007). This restricts homology
modelling to the conserved domain and studies have indicated that Tim15c has large differences in
activity and sequence similarity in comparison to other Hepl orthologues. Due to the methodology
of Alphafold the examination of areas outside of the zf-DNL has been made available without the
need for a new template model. This is done through a specially designed neural network from the
company Deepmind (USA) which incorporates previously accumulated data regarding protein
structures, physical chemistry, and the incorporation of multiple sequence alignments (Jumper et al.,

2021).

TbmtHsp70 and TbHepl have been identified and documented on TritrypDB with one TbHepl
protein identified and three identical TbmtHsp70s (A, B and C). The TbmtHsp70 sequences bare
the GVFEV motif within the NBD which have been observed in other mtHsp70 orthologues.
Previously, mutation studies carried out on the aggregating paralogue Sscl from yeast cells indicated
that when this motif is replaced by that found in cytosolic Hsp70 the aggregation property was
abrogated (Blamowska et al., 2010). Studies of the kinetoplast orthologue L. braziliensis have also
indicated that the motif is needed for communication between domains and with co-chaperones
(Dores-Silva et al., 2017). Hepl orthologues were previously identified by localization and the
highly conserved zinc-finger domain, multiple mutation and zinc-chelating studies using Hepl
orthologues have indicated that the tetra-cysteine motif as well as the zinc-ion localized between
them within the zf-DNL are required for the solubilizing interaction with mtHsp70 (Zhai et al., 2008;
Blamowska et al., 2012).
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Studies conducted on human Hepl have indicated three residues involved in the stimulation of the
ATPase activity of HSPA9, these are R81, H107 and D111. Alterations of the R81 and D111
residues to glycine resulted in reduced stimulation and binding efficiency while a complete
abrogation of ATPase stimulation occurred with alterations to H107 (Zhai et al., 2011). TbHep1 and
TbmtHsp70 have not been previously analyzed and the presence of these sequence features must be
investigated. Observations on the extensive network of JDPs which operate in concert with the
mitochondrial Hsp machinery and how they relate to TbHep1 may provide insight into the operations
of JDP machinery in other organisms. This would be of particular interest as it may provide insight
into the fractured JDP theory, put forward by Burri et al. (2004), which suggests that Hepl may
functionally interact with type-III JDPs, providing the zinc-finger domain and possibly playing a
role in substrate delivery to the co-chaperone. The use of the new modelling software Alphafold
may allow analysis of the structures of mtHsp70 and Hepl orthologues without the cumbersome
generation of new models. Motifs and residues have been analyzed within S. cerevisiae orthologues
and the properties they bring about have been documented, the Al-driven approach may provide

further insight into these residues of interest.

2.2 Objectives

The aim of this study was to use bioinformatic tools to examine the mtHsp70 machinery of 7. brucei
and discern if similarities between previously described orthologues of mtHsp70 and Hepl are

maintained in 7. brucei.

2.2.1 Specific objectives:
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Sequence alignments to analyze the degree of conservation between domains and residues
involved in the interaction of mtHsp70 and Hepl of 7. brucei using previously defined

eukaryotic orthologues of both proteins.

A phylogenetic analysis between TbHep1 and the extensive collection of JDPs in the

mitochondria of 7. brucei which may be involved in mtHsp70 operations.

The modelling and analysis of TbHepl and TbmtHsp70 using the Al-driven protein folding
program Alphafold.

The consolidation of mitochondrial 7. brucei proteins previously identified in genomic and
proteomic studies which may be involved in the actions of 7. brucei mtHsp70

(TbmtHsp70).

A phylogenetic analysis into the relationship between TbHep1 and the extensive network

of T. brucei mitochondrial JDPs.

A comparison of results produced by the modelling software Swissmodel and Alphafold

using TbHep1 and TbmtHsp70 models against cytosolic paralogues.

2.3 Methodology

Sequence Acquisition and analysis

The nucleic and amino acid sequences of T.brucei mitochondrial Hsp70, Hepl and identified

mitochondrial JDPs were obtained from the TritrypDB database (Amos et al., 2022) and the

remaining sequences were obtained from the National Center for Biotechnology Information
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(NCBI)  (https://www.ncbi.nlm.nith.gov/) and  UniProt (Bateman et al, 2021)

(https://www.uniprot.org/). JDPs were collected from previous proteomic studies: (Ashburner et al.,

2000; Acestor et al., 2009; Niemann et al., 2013; Giither et al., 2014; Bentley et al., 2019). Sequence

alignments and percentage identity were carried out using T-COFFEE for Hepl alignments and
Clustal Omega for mtHsp70 (Dric Notredame et al., 2000; Sievers et al., 2011). The shading of
residue conservation was done using Jalview (Waterhouse et al., 2009) and annotations were

manually performed on Microsoft Office (Microsoft Corporation, USA).

2.3.2 Phylogenetic analysis

Phylogenetic analyzes were carried out using Molecular Evolutionary Genetics Analysis 11 (Mega
11) (Tamura et al., 2021). The primary amino acid sequences were the input in a multiple sequence
alignment (MSA) using the inbuilt MUSCLE aligning program and the resulting MSA was used in
the construction of a phylogenetic tree carried out using a maximum likelihood statistical method
following a poission distribution substitution model (Tamura et al., 2021). A consensus tree was
produced via 1000 bootstrap replicates with the branch swap filter capped at strong. The final tree

was imaged using Mega 11.

2.3.3 Structural analysis and Homology Modelling

The domain mapping for Hepl, mtHsp70 and JDP orthologues was undertaken using the Simple
Modular Architecture Research Tool (SMART7)(Letunic et al., 2021) and Prosite with Jpred and
the consolidated programs of Quick2D being used for the prediction of secondary structures (Cuff
& Barton, 2000; Sigrist et al., 2009; Drozdetskiy et al., 2015; Gabler et al., 2020). The programs
involved in Quick2D include PSIPred (Jones, 1999), Spider3 (Heffernan et al., 2017), PSSPred4
(Yan et al., 2013), DeepCNF (Wang et al., 2016), NetSurfP2 (Klausen et al., 2019) and SpotD
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(Hanson et al., 2017). Initial homology modelling for Hep1 was carried out using a MAFFT MSA
followed by modelling of the zinc-finger binding domain using Swissmodel (Katoh et al., 2002;
Waterhouse et al., 2018). The structure of the yeast derived Tim15c (PDB: 2E2Z) was used as a
template with the lowest E-value being the determining value for the selection. Modelling was then
carried out again using the Al driven online program Alphafold (Jumper et al., 2021) with pairwise
sequence analysis being conducted using T-COFFEE (Dric Notredame et al., 2000). The resultant

models were then aligned and rendered using ChimeraX (Pettersen et al., 2021) .

2.3.4 Mitochondrial interaction data

The interactions of mtHsp70, Hepl and 7. brucei derived JDPs were assessed using the online
program STRING (Szklarczyk et al., 2021) for currently documented interactions. Interaction data
pertaining to interactions not yet confirmed in vitro for T. brucei Hepl and JDPs was collected from
genomic and proteomic studies previously undertaken, (Ashburner et al., 2000; Acestor et al., 2009;
Niemann et al., 2013; Giither et al., 2014; Bentley et al., 2019), and any visual representation of the
data provided by the STRING program.

2.4 Results and discussion

241 Bioinformatic analysis of T. brucei mitochondrial Hsp70

Multiple sequence alignment was undertaken to assess the sequence similarity between the

TbmtHsp70 and the orthologues in which the Hepl-mtHsp70 interaction has been documented.

These include orthologues from Arabidopsis thaliana (A. thaliana) and Chlamydomonas reinhardtii

(C. reinhardtii). With the S. cerevisiae paralogue Sscl included, one of three mtHsp70s found in
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yeast, the other paralogues are Ssql and ECM1, Sscl was chosen because it is known to aggregate
and the interaction with Hepl has been confirmed (Blamowska et al., 2010). The sequences of H.
sapiens and L. braziliensus mtHsp70 were included as the H. sapiens orthologue is relevant to this
study and L. braziliensus represents a close relation of 7. brucei from the kinetoplast family. All
orthologues were chosen as previous studies have confirmed the self-aggregating tendencies and the
solubilizing interaction with Hep1, therefore an analysis of conserved residues may indicate if these
properties are maintained in TbmtHsp70. The sequence of E. coli DnaK was included to allow

comparisons with an orthologue that is related to mtHsp70 but has no aggregating tendencies.

The alignment indicates that 7. brucei maintains the domain layout common among mtHsp70s with
the NBD maintaining a high degree of conservation (Figure 2.1). Within the NBD the GVFEV motif
has been shown to play a role in the aggregation of mtHsp70 via interactions with the linker region,
the mutation of this motif to the KTFEV motif of DnaK results in the abrogation of mtHsp70
aggregation (Blamowska et al., 2010). The GVFEV motif is present within the 7. brucei orthologue,
suggesting that the aggregation property may be maintained in this orthologue. The amino acids at
positions 157 and 159 of the 7. brucei sequence are of note due to evidence suggesting that these
residues are involved in the interaction between mtHsp70 and Hepl, with the residues glycine (G)
and threonine (T) frequently observed in these positions respectively (Figure 2.1) (Pareek et al.,
2011). The glycine residue G157 is maintained across all aligned species; however, the threonine
residue has been altered in the 7. brucei, S. cerevisiae, A. thaliana and C. reinhardtii sequences.
This residue is replaced by serine in A. thaliana (S184), this should be functionally similar as the
residues are similar in size and polarity (Stephenson & Freeland, 2013) and the residue is replaced
by proline (P) in the S. cerevisiae (P162) and C. reinhardtii (P172) orthologues and the interaction
with Hep1 was not affected (Blamowska et al., 2010). The alteration of this amino acid to the large
and positively charged lysine (K160) may have an effect within the 7. brucei orthologue and is not
maintained in the other aligned trypanosome L. braziliensis (Figure 2.1). However, K is present
within this position in PfHsp70-3 from P. falciparum (data not shown) which did interact with
PfHepl (Nyakundi et al., 2016), implying that the interaction with Hep1 is maintained in 7. brucei.
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Figure 2.1: Multiple sequence alignment of TbmtHsp70 with previously described orthologues: The
accession numbers used were Hs (Homo sapien) (NP_004125.3), Tb (Trypanosoma brucei) (XP_845493.1), Lb (Leishmania
braziliensis) (XP_001566868.1), Ssc1 (NP_010884.1), AT (Arabidopsis thaliana) (NP_196521.1) and Cr (Chlamydomonas
reinhardtii) (CAA65356.1), DnaK from E. coli (BAA01595.1) was included to allow comparison with a non-aggregating
orthologue. The boxes indicate the different segments of the protein as follows: black represents the mitochondrial targeting
sequence (MTS), light blue: the NBD, green: the SBDp, red: the Lid or SBDa. The orange box indicates the GVFEV motif, and the
yellow box indicates the conserved linker region, these are involved in interdomain communication and co-chaperone interactions.
The pink boxes represent two residues involved in the interaction with Hep1. The dark blue box indicates a motif of interest
identified in this study. Shaded residues represent > 70 % conservation with black boxes indicating 100 % conservation.
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The highly conserved linker region is crucial for allosteric communication between domains and
plays a significant role in mtHsp70 co-chaperone interactions, particularly with those involving JDP
stimulation of the NBD (Kityk et al., 2018). The region is known to be involved in the aggregation
properties of mtHsp70 with studies suggesting the interaction occurs between the GVFEV motif and
the linker as the chaperone cycle proceeds (Blamowska et al., 2010). Evidence indicates that this
occurs more often in the presence of ADP and when a nucleotide is absent from the NBD

(Buchberger et al., 1995; Blamowska et al., 2010).

The linker motif, DVLLLDV, which is present in other mtHsp70 orthologues (Mayer & Bukau,
2005), has been altered to GLVLLDYV in both L. braziliensis and T. brucei (Figure 2.1). Phylogenetic
studies indicate a close evolutionary relationship between the L. braziliensis and T. brucei
orthologues, this suggests that this may be common within the Trypanosomatida order (Figure 2.2).
Glycine (G) and aspartic acid (D) display significant physiochemical differences; however, previous
studies on L. braziliensis mtHsp70 suggest that this alteration has no effect on the aggregation

properties of these orthologues (Stephenson & Freeland, 2013; Dores-Silva et al., 2017).

The overall structure of the SBD of mtHsp70 showed that the SBD3 maintained a high degree of
conservation across all aligned orthologues and the SBDa was highly variable (Figure 2.1).
Secondary structure analysis carried out using Jpred and the consolidated prediction program
Quick2D indicated that the structure of the 7. brucei orthologue maintained the a-helices-rich

property (Appendix Al).

49



Figure 2.2: Phylogenetic analysis and sequence identity of TbmtHsp70 and orthologues: The
accession numbers used were Hs (Homo sapien) (NP_004125.3), Tb (Trypanosoma brucei) (XP_845493.1), Lb (Leishmania
braziliensis) (XP_001566868.1), Ssc1 (NP_010884.1), AT (Arabidopsis thaliana) (NP_196521.1) and Cr (Chlamydomonas
reinhardtii) (CAA65356.1). Sequence ID was generated using MAFFT alignments and phylogenetic trees are the result of

consensus amongst 1000 bootstrap iterations using a maximum likelihood statistical method following a poission distribution
carried out on MEGA11.

The phylogenetic analysis of the aligned sequences indicated that no mtHsp70 orthologue had a
sequence identity lower than 50 % (Figure 2.2A), this is likely due to the high conservation of
mtHsp70 across all species suspected to be the result of convergence between mitochondrial
chaperones involved in iron-sulfur cluster biogenesis (Schilke et al., 2006; Kleczewska et al., 2020).
The orthologue from L. braziliensis showed the highest sequence similarity to 7. brucei at 86 %,
reflecting their shared evolutionary relationship as part of the Trypanosomatida order (Figure 2.2A).
The lowest evolutionary relationship was observed with the orthologues from A. thaliana and C.
reinhardtii, reflecting the evolutionary origin of these orthologues within the plant kingdom. The
lowest sequence similarities were observed in A. thaliana (58 %) and Ssc1 (59 %) which is indicative
of the uniquely structured S. cerevisiae mtHsp70 machinery in which multiple unique mtHsp70
paralogues are present as a result of expansion via gene duplication (Figure 2.2) (Schilke et al.,
2006).
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Structural modelling of mtHsp70 is lacking and no full-length models have been generated via X-
ray crystallography or NMR. The generation of models for DnaK and cytosolic eukaryotic Hsp70s
have been impeded by the dynamic movement of the domains. However, recent studies have
achieved the generation of full-length models of DnaK, these were produced via X-ray diffraction
through the combination of peptide-fusion in the SBDp, nucleotide saturation and the use of various
point-mutations to cysteines which allowed the arresting of domain movement through the
formation of disulfide bonds, the combination of these approaches allowed the generation of DnaK

models in multiple states (Grindle et al., 2021; Wang et al., 2021).

With the recent release of the Al-driven modelling software Alphafold an opportunity was provided
to examine the orthologues of DnaK which exhibit a tendency to aggregate using a new method
which has been shown to produce highly accurate protein predictions but has not yet been
extensively used in the examination of mtHsp70 (Jumper et al., 2021). The model generated provides
insights into the structural arrangement of mtHsp70 which may indicate how the previously

described conserved motifs influence mtHsp70 properties (Figure 2.3).

The model does correlate with the biochemically produced model of DnaK (Wang et al., 2021) and
the structural layout of the individual domains of mtHsp70 within the Alphafold-generated model
(Figure 2.3) correlated strongly with previously generated structures of the individual domains of
other orthologues (data not shown). Through the examination of the domain arrangements, it can be
deduced that the model generated does closely resemble the closed state of DnaK previously
produced by Wang et al. (2021). In this state ATP is bound within the NBD but no peptide-substrate
is present within the SBDJ, this observation is further validated as the structure does correlate with
previous studies undertaken by (Kityk et al., 2018) which describe the docking of the SBD to the
NBD in the closed state.
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Figure 2.3: Structural prediction of 7. brucei mtHsp70: The model was generated using Alphafold using the
TbmtHsp70 UniProt code: Q585X3 as the input data, (A): The full model with domains and SBD subdomains indicated. (B) The
model rotated approximately 180 degrees to indicate the highly conserved motifs of interest. (B.1) Highlight of the linker and
GVFEV motif regions associated with aggregation properties displayed in red with the GVFEV motif outlined in green and a
possible contributing LEI motif in yellow with hydrogen bonds in the region displayed in blue. (B.2) The G157 and K159 residues
are theorized to play a role in the solubilizing interaction with Hep1l (shown in orange).
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The Alphafold-driven generation of this model is therefore advantageous to this research as the
release of the peptide product and transition to the closed state has previously been implicated as the
point within the catalytic cycle of mtHsp70 in which the allosteric interaction between domains
results in the aggregation of mtHsp70, in the absence of Hepl, which is exacerbated by the absence
of ATP. The models produced of DnaK are less applicable as the orthologue does not aggregate and
has no E. coli Hepl orthologue; however, the structural arrangement does provide some validity to
the model produced using Alphafold as the structural layout correlates closely with the DnaK model
from Wang et al. (2021). These recent models allow for a visualization of what may be occurring
during the aggregation of mtHsp70 as they allow the linker region and SBD to be included when
viewing the GVFEV motif located in the NBD (Figure 2.3) that has been implicated in the
aggregation of mtHsp70 via interactions with the linker region (Blamowska et al., 2010). The model
generated indicates that in this state the GVFEV (234-238) motif is arranged parallel and within
close proximity to the GLVLLDV (408-414) linker region, forming four hydrogen bonds located
between G234-V410, F236-V410, F236-L412 and V238-L412 (Figure 2.3).

Previous investigations have replaced the GVFEV motif of Sscl with KTFEV from DnaK and have
brought about the abrogation of Sscl aggregation (Blamowska et al., 2010). Examination of this
area in DnaK using Alphafold indicates that there is little difference between the bonds which form
between the linker region and the KTFEV motif relative the linker-GVFEV motif bond
arrangements within TbmtHsp70. However, the presence of lysine (K) in DnaK results in multiple
bonds forming between the nitrogen located at the sidechain terminal of lysine and a region buried
within the NBD located between the Ila and Ia subdomains (Appendix A2 and A3). The presence
of the lysine (K)-NBD bonds may result in an increase in the proximity between the linker and
KTFEV residues, thereby introducing enough stress within this region to disrupt or avoid the
formation of these bonds as the protein alternates between states. This may be a contributing factor
to the prevention of aggregation between the domains of DnaK which would occur in a manner that
is abrogated by the short glycine residue in the GVFEV motif of aggregating mtHsp70s. It must be
stressed that cytosolic Hsp70s such as HSPA1A from H. sapiens do not have this lysine residue,
however, cytosolic Hsp70s have remarkably dissimilar sequence and structural layouts in

comparison to their mitochondrial counterparts (Moro et al., 2005).
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Another region that should be investigated is a stretch of 3 amino acids: LEI, displayed in yellow
(Figure 2.3) and indicated by a dark blue box (Figure 2.1). These residues may represent a motif of
interest in this region as the glutamic acids (E) of both LEI and the GVFEV motif form multiple
strong bonds (Figure 2.3). This may be important as this motif was maintained in all aligned
mtHsp70 orthologues except for Sscl (Figure 2.1), in which glutamic acid is replaced by aspartic
acid which exhibits similar chemical properties and has been shown to be capable of functionally
and structurally replacing glutamic acid (Stephenson & Freeland, 2013). This motif is not
maintained in DnaK or cytosolic Hsp70s and may represent a contributing factor in the aggregation
of mtHsp70. This warrants future mutation studies to observe if mtHsp70 aggregation is influenced

by the alteration of one or both glutamic acids to uncharged amino acids.

2.4.2 Sequence alignment and analysis of TbHep1

Multiple sequence alignment was undertaken to assess the sequence similarity between the Hepl
orthologue found within 7. brucei and those found in A. thaliana, C. reinhardtii, S. cerevisiae, H.
sapiens and L. braziliensis. Previously, the classification of Hepl within a cell was based on
sequence identity and localization to the mitochondria with those found in plant cells being an
exception as multiple paralogues in plants have been identified as part of the zinc-ribbon (ZR)
proteins with Heps being identified as both mitochondrial (Hepl) and plastidic (Hep2) (Kluth et al.,
2012). Recent investigations have altered this view as human Hepl has been identified as localizing

to the nucleus of human cells (Dores-Silva et al., 2021).

Hep1 localized within the mitochondria of 7. brucei was identified and denoted as TbHep1 (Bentley
et al., 2019). Currently, several Hepl orthologues have been identified as being capable of
suppressing the thermally induced aggregation of their respective mtHsp70s, these include
orthologues from L. braziliensis (LbHepl, XP_001565573.1), S. cerevisiae (ScHep1, AAS56692.1),
A. thaliana (AtHepl (ZR3), NP_974434) and C. reinhardtii (CrHep2, XP_042922817.1).
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In this study, these orthologues and their interacting mtHsp70s have been the focus of comparative
sequence and structural analyses. This property is not exclusive to the identified Hep1 orthologues
as the Hepl found within P. falciparum (PfHepl) has also been identified and the ability of the
orthologue to suppress PfHsp70-3 aggregation has been confirmed (Nyakundi et al., 2016). P.
falciparum orthologues were not included in this study as these show a strong divergence from other
orthologues which is suspected to be a result of the unique evolution of P. falciparum with PfHep1
exhibiting the addition of large asparagine stretches, as is common within the P. falciparum genome
(Caro et al., 2014). Multiple sequence alignments were initially carried out to identify if 7. brucei
retained the conserved sequences and motifs previously identified as important to the Hepl —

mtHsp70 interaction (Figure 2.4).

Figure 2.4: Multiple sequence analysis of TbHep1: Multiple sequence alignment of TbHep (XP_843824.1) and
HsHep (NP_001074318.1) with previously studied orthologues from: L. braziliensis (LbHep, XP_001565573.1), S. cerevisiae
(ScHep, AAS56692.1), A. thaliana (AtHep (ZR3), NP_974434), C. reinhardtii (CrtHep, XP_042922817.1). The approximate
mitochondrial/chloroplast targeting sequences and zinc-finger domains (zf-DNL) are displayed in labelled boxes with conserved
residues (< 70%) indicated by dark boxes and black boxes indicating 100% conservation. The tetra-cysteine motif (CXXC)
necessary for the interaction with mtHsp70 is indicated by red stars and those residues involved in the interaction with mtHsp70 are
indicated by a colon with the histidine residue necessary for the ATPase stimulation indicated by a red colon. The unconserved
residue involved in the interaction with Sscl from S. cerevisiae is indicated by a yellow line.
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The tetracysteine-motif common to zf-DNL domains consisting of two CXXC motifs separated by
21 amino acids localizing the zinc-ion within the binding pocket of Hepl was maintained in the 7.
brucei orthologue (Figure 2.4). Mutational studies conducted on these cysteines in which one from
each motif was altered to serine have been shown to abrogate the ability of Hepl to solubilize
mtHsp70 in yeast cells (Yamamoto et al., 2005). The presence of this motif indicates that TbHep1

may maintain the solubilizing interaction exhibited by other orthologues.

The residues R81 and D111 have been shown to reduce the binding affinity of HsHep1 with mortalin
when altered to tryptophan (Zhai et al., 2011). The H107 residue is crucial to the ATPase stimulating
effect identified in HsHepl as the mutation of this residue to tryptophan removed the ability to
stimulate the NBD of mortalin (Zhai et al., 2011), this residue is maintained across all aligned
orthologues although currently the ATPase stimulating property has only been confirmed in HsHep1
and LbHep1 (Dores-Silvaetal.,2017). The D111, H107 and R106 residues have also been identified
as important in the regular growth of yeast cells with their alteration resulting in mtHsp70
aggregation and reducing mitochondrial protein import (Momose et al., 2007). The R106 residue is
not maintained within other orthologues although it is found in 7. brucei (Figure 2.4) and the residue
within the non-plant/algae-derived orthologues has been altered to H or K which have comparable

physiochemical properties to arginine (Stephenson & Freeland, 2013).

The N-terminal region of the zf-DNL is significantly longer in the parasitically derived orthologues
TbHep! and LbHepl, a property not shared by the other aligned orthologues which suggests there
may be more substantial structural arrangements here which are unique to the kinetoplast family.
The region on the C-terminal side of the zf-DNL is very short in these two orthologues, a trait shared
by all aligned orthologues apart from C. reinhardtii which displays an extended C-terminal region.
This difference between C. reinhardtii and other orthologues could also be observed in the

phylogenetic analysis (Figure 2.5).
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Figure 2.5: Sequence Identity and phylogenetic analysis of TbHepl and orthologues: H. sapiens
(HsHepl, NP_001074318), L. braziliensis (LbHepl. XP_001565573), S. cerevisiae (ScHepl, AAS56692.1), A. thaliana (AtHepl
(ZR3), NP_974434, UniProt: F4JE34), C. reinhardtii (CrtHepl, XP_042922817.1). (A) Displays the percentage of sequence identity
between TbHep! and other orthologues generated by a tCOFFEE analysis. (B) A phylogenetic tree of TbHep1 was generated using
a tCOFFEE alignment followed by the result of consensus amongst 1000 bootstrap iterations using a maximum likelihood statistical
method following a poission distribution carried out on MEGA11.

The average sequence identity of the Hep1 orthologue was low with no orthologues being above 50
% identity, this correlates with previous studies in which Hepl has been shown to have strong
divergences between orthologues with the only areas of conservation found within the zf-DNL
domain. The highest sequence identity was observed between TbHepl and LbHep1 at 45 % and the
proteins show the closest phylogenetic relationship, with both represented within the same sub-
group (Figure 2.5). This is not surprising as both emanate from parasitic members of the kinetoplast
family, TbHepl also displayed a 33 % sequence identity with HsHepl. These results correlate with
the phylogenetic analysis conducted on the Hepl orthologues in which TbHepl, LbHepl and
HsHepl were grouped within the same tree and the remaining orthologues were observed as
divergent from TbHep1 and one another with A. thaliana representing the lowest similarity at 23 %
(Figure 2.5). The results of the phylogenetic analysis indicate that TbHep1 is most closely related to
LbHep1 followed by HsHep1 (Figure 2.5), which may suggest that the property of NBD stimulation
may be shared by this orthologue.
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2.4.3 A comparison of Hsp70 escort protein models produced using

Swissmodel and Alphafold

Initially the structural analysis of TbHepl was undertaken using the Swissmodel program, this
approach was not ideal as models of Hep1 are limited to the NMR resolved zf-DNL domain structure
of the yeast orthologue Tim15c, with short stretches of amino acids on either side (Figure 2.6). The
Swissmodel program is a useful tool in bioinformatic analysis, however, the results depend on the
models available. The sequence identity between the two orthologues is approximately 28 % (Figure
2.5A) overall, with this increasing to 38 % within the modelled zf-DNL domain. The model of
TbHepl produced resembles the template structure (Figure 2.6 A) and was initially validated by
analysis with the secondary structure prediction software Jpred which estimated that only disordered

regions were located outside the zf-DNL (Drozdetskiy et al., 2015).

Figure 2.6: Comparison of TbHepl models: TbHep! (UniProt: Q582U3) was used as the input for both Alphafold
and Swissmodel, the template sequence used in Swissmodel was Tim15¢ (UniProt: P42844), and images were visualized using
Pymol. (A) TbHepl model generated using Swissmodel displaying the zf-DNL (Green), tetra-cysteine motif (Yellow) and flanking
regions (Red) with an arrow indicating the zf-DNL a-helices structure of interest. (B) TbHepl model generated using Alphafold
and coloured using the same scheme as A.

Previously the zf-DNL structure has been described as L-shaped (Momose et al., 2007), referring to

the B-sheet sandwich making up the binding pocket which is perpendicular to the coil structures
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indicated by the arrow (Figure 2.6A). The model of TbHep1 produced using Alphafold differs to the
previous description, the structure of Tim15 (Appendix A4) was then examined to verify if this was
unique to TbHepl. The Alphafold structures produced consistently arrange the previously
perpendicular coiled structure to a position directly above the zf-DNL binding pocket (Figure 2.6B),
resulting in a more globular structure than that produced via Swissmodel and eliminating the
distinctive L-shape previously described with only a loop structure of approximately 10 amino acids
located perpendicular to the binding pocket. The other structural difference evident is the presence
of a B-sheet proceeding the zf-DNL within the Swissmodel derived structures, arranged parallel to
the binding pocket (Figure 2.6A). This structure is not present within the Alphafold-derived model
where this region is regarded as disordered in the TbHep1 model, while in yeast models this region
extends into short, coiled structures, although these are regions of low to very low confidence and

secondary structure predicting programs have little consensus in the area.

The area of most significance to this study is the long N-terminal region of the TbHep1 orthologue
(Figure 2.6B), this region was not present in models created using the NMR-derived structure.
Within the TbHepl Alphafold model, this region of approximately 30 amino acids forms two a-
helical structures arranged alongside the binding pocket of the zf-DNL (Figure 2.6B) with the first
coil structure regarded as low confidence but the second described as confident by Alphafold
(Appendix AS5). Investigating this region using JPred indicates only disorder within this region,
however, after identification of these structures using Alphafold further analysis was carried out
using Quick2D, a consolidated secondary structure prediction program which incorporates several
different predictive programs and presents the results of each (Zimmermann et al., 2018; Gabler et
al., 2020) (https://toolkit.tuebingen.mpg.de). Using this predictive analysis there was consensus with
the secondary structure prediction software programs PSIPred, Spider3, PSSPred4, DeepCNF and
NetSurfP2 which indicated the presence of at least one of the coil structures with PSSPred4 and
DeepCNF predicting both (Appendix A6) (Jones, 1999; Yan et al., 2013; Wang et al., 2016;
Heffernan et al., 2017; Klausen et al., 2019;) with only the SpotD disorder predicting program

indicating disorder across the whole region (Hanson et al., 2017).

The same extended N-terminal region in the other kinetoplast orthologue, LbHepl could not be

examined using Alphafold as this structure has not yet been determined using the software. This is

59



unfortunate as LbHepl has been characterized using biochemical studies; however, relative to
TbHep1 there was less consensus regarding this region amongst the secondary structure predicting
software of Quick2D and more consensus amongst those programs predicting disorder (Appendix
AT7). However, HsHepl showed a relatively close relationship to the two orthologues and could be
generated using Alphafold. Comparisons of HsHepl and TbHepl models were therefore produced

and superimposed using the ChimeraX model viewing software (Pettersen et al., 2021) (Figure 2.7).

Figure 2.7: Structural comparison TbHepl and HsHep1: TbHep! (Cyan, PDB: Q582U3 ) and Human Hepl
(Green, PDB: Q5SXMS ) were used as input sequences in Alphafold, the resultant models were matched and imaged in ChimeraX.
(A) The full representation of the superimposed models, (B) Areas of confidence ( >70 % ) consisting primarily of the zf-DNL with
the binding pocket located between the -sheet sandwich in the center, (C) The zf-DNL rotated left by ~ 30° with a box indicating
two a-helices unique to 7hHep1 that may act as a dimerization point and an orange box indicating the first a-helices which has
lower confidence (50 — 70 %). An arrow indicates a difference between the Hepl models within the zf-DNL.

A significant portion of the HsHepl structure is superimposable over TbHep1 within the zf-DNL,
apart from a loop structure arranged perpendicular to the binding pocket in which HsHepl has a
small fragment of an a-helices structure which is absent in TbHep1 (Figure 2.7C). The models have
significant differences outside of the zf-DNL, particularly in the N-terminal region. The N-terminal
region of HsHep1 consists of only a short, disordered region (Figure 2.7B, Green); however, TbHep1

has the previously described a-helical structure that may influence the biochemical properties of the
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orthologue. These structures are often indicative of a dimerization point in other proteins and may
impart the property on this orthologue. HsHep1 has been shown to dimerize; however, this has only
been observed in adverse conditions such as thermal stress and at high protein concentrations (2
mg/mL) (Dores-Silva et al., 2021). HsHepl dimerization has also been observed as a hindrance as
the protein functions as a monomer (Dores-Silva et al., 2021). The presence of the a-helical
structures in TbHepl may indicate that this orthologue operates in a different manner to the H.
sapien orthologue. The need for new NMR-derived Hepl models, using the advancements made in
NMR techniques over the last decade, is required to confirm these results and allow comparisons to
be made with the Alphafold-derived model, particularly with regard to the placement of the a-helix
that determined the L-shape described in Momose et al. (2007).

2.4.4 An analysis of T. brucei mtHsp70 JDP machinery and the
relationship to TbHep1

The Hsp70 superfamily is highly conserved across all organisms; however, the evolutionary
progression of the chaperone and that of the co-chaperones and co-factors which interact with it has
been shown to be dynamic. Studies indicate that heat shock machinery can be highly adapted to the
species in which it is found, this process is especially prevalent within the Trypanosomatida order
(Drini et al., 2016). It has been shown that phylogenetic analysis of Hsp70 is a viable approach when
classifying the members of this order into species and clades as analysis of small subunit ribosomal
RNA (SSU-rRNA) has a strong correlation with that of Hsp70 divergence between trypanosomes
(Fraga et al., 2016). The proliferation of Hsp70 machinery within trypanosomes is substantial and
several orthologues unique to 7. brucei have been identified which bare mutations theorized to play

specialized roles in the survival, transmission and proliferation of the parasite (Bentley et al., 2019).

MtHsp70 has less divergence between species than cytosolic Hsp70 and often exhibits more
similarity to prokaryotic DnaK than cytosolic Hsp70s (Moro et al., 2005). These genes are often
duplicated, 7. brucei has three identical gene copies of mtHsp70 and a considerable collection of

interacting JDPs, this extensive proliferation is unique to the Trypanosomatida order and is
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suspected to be a product of the differing roles in the lifecycle of the parasite (Drini et al., 2016;
Bentley et al., 2019). Proteomic data indicates that mtHsp70 and the accompanying mitochondrial
J-proteins are found in less abundance in the bloodstream form (BSF) of the parasite, which is
initially unexpected as this is the point of highest stress in the lifecycle of the parasite; however,
most mitochondrial proteins are reduced in this form due to the abundance of glucose substrate
within the blood which results in a reduction of mitochondrial metabolic processes as this is shifted

to direct glycosomal-based glycolysis (Lopes et al., 2010).

The mitochondrial Hsp70 machinery is vital to the survival, proliferation, and disease progression
of the parasite, this is evident from the duplication of mtHsp70 genes and the number of JDPs
theorized to be within the genome of the species. Of the 67 identified JDPs, a significant portion (~
17) are predicted to be located within the mitochondria (Bentley et al., 2019). Many of these JDPs
have no currently identified human orthologue and their specific functions are unknown as few have
been studied. However, studies carried out using RNAi knockdown methods on TbJ2 have shown

this type-I JDP is vital to the normal growth of the parasite (Ludewig et al., 2015).

The proliferation of Hsp70 machinery within Trypanosoma, as well as several identified repair
pathways utilizing a diverse range of kinases, has made it a candidate to become a model organism
in the study of heat shock protein functionality (Folgueira et al., 2007). The Hsp70 machinery and
how JDPs contribute to the diverse range of Hsp70 interactions may be a focus of interest,
particularly within the mitochondria due to the extensive development of this organelle within the
kinetoplast class as a whole (Folgueira et al., 2007). The proliferation of this machinery is best
exemplified by the abundance of type-III JDPs as seen in Table 1 and is reflected in the non-
mitochondrial J-proteins with an overall 56 of the 67 J-proteins identified within these species

classified as type-III (Bentley et al., 2019).
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Table 1: Comparison of 7. brucei and H. sapien mitochondrial machinery. Collated from previous
proteomic studies with JDPs suspected to be involved in mtHsp70 operations within 7. brucei based on function and localization
with Mt and Glyc indicating the mitochondria and glycosome respectively.
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Due to this multiplication of JDP machinery, 7. brucei provides an opportunity to investigate the
hypothesis put forward by Burri et al. (2004), that Hepl may operate as the zinc-finger for type-III
JDPs, particularly those recruited to the translocase of the inner membrane (TIM) complex. To
further this investigation a phylogenetic analysis was carried out using the mitochondrial JDPs of 7.
brucei to identify any significant evolutionary relationship that may be present between these JDPs
and TbHep1 (Figure 2.8). A similar analysis was also carried out on HsHep1 using a large collection
of identified JDPs within the human genome to identify any similarities between these Hepl
orthologues and their respective cohorts of JDPs, the results for this H. sapien analysis can be found

in Appendix AS.

Figure 2.8: Phylogenetic analysis of TbHep1 and the mitochondrial J-proteins of 7. brucei:
Sequences were obtained from TritrypDB using the accession numbers in Table 1, phylogenetic trees are the result of consensus
amongst 1000 bootstrap iterations using a maximum likelihood statistical method following a poission distribution carried out on
MEGAL1.
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The closest phylogenetic relationship to TbHepl was identified as being two type-III JDPs, J44 and
J23. The function of J44 is unknown as no experimental data is available; however, the STRING
database suggests it is involved in protein folding and interacts with TbmtHsp70 (Szklarczyk et al.,
2021). J23 is a JDP involved in the presequence translocase-associated motor (PAM) otherwise
referred to as PAM27, this is a trypanosome-specific co-chaperone which replaces PAM18 functions
in the import of mitochondrial preproteins (D’Silva et al., 2008; von Kénel et al., 2020). This result
correlates with the idea proposed by Burri et al. (2004) as it indicates that the evolution of TbHep1
may be closely tied to J23. This type-III JDP has only a J-domain and TbHepl may operate in
tandem with the JDP to allow preprotein import through the stimulation of mtHsp70 recruited by
the TIM complex. This data is contradicted by STRING analysis which indicates that TbHepl
interacts with PAM18 (Appendix A9) (Szklarczyk et al., 2021) as PAM18 is maintained in the 7.
brucei genome although the function of the protein is unknown. As described in Kéinel et al. (2020),
this is likely a byproduct of misidentification using bioinformatic procedures as the interaction is
not experimentally determined and there is insufficient data regarding J23 to allow analysis of the

interactions the unique JDP is involved in.

The phylogenetic analysis of HsHepl indicated that the closest relationship to the orthologue was
DNAIJC20, otherwise known as HscB, a type-IIl JDP baring a region which is a homologue of a
zinc-finger binding domain but has a less defined structure (Bitto et al., 2008). HscB is located
within the cytoplasm and mitochondria, it is involved in iron-sulfur cluster biogenesis and protein
translocation, it is not a part of the TIM complex like J23. This result correlates with previous studies
which describe the convergence of mitochondrial Hsp70 machinery involved in iron-sulfur cluster
biogenesis (Kleczewska et al., 2020). This result indicates that 7. brucei may provide a valuable
study in how Hepl operates in tandem with JDPs involved in the TIM complex-based protein
translocation due to the uniqueness of the J23 homologue and the close relationship it shows to

TbHepl.
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2.4.5 Conclusion

The results of this bioinformatic study have allowed insight into the mtHsp70 and Hep1 orthologues
within 7. brucei. TbmtHsp70 maintains the motifs and residues implicated in the property of
aggregation and the residues shown to be involved in the interaction with Hepl resemble those of
the orthologue from L. braziliensis. This indicates that TbomHsp70 may aggregate and have the
solubilizing interaction with Hep1 observed in other orthologues. The use of Alphafold has allowed
observations on how the implicated residues may bring about the self-aggregation of mtHsp70
through the prevention of bonds with the NBD which are observed in non-aggregating DnaK and
provided a possible new target for examination, the LEI motif. TbHep1 was also shown to share the
tetra-cysteine motif which is required for the localization of the zinc-ion crucial to the structure and
function of Hepl which indicates that this orthologue may share the solubilizing activity of other
orthologues. The 7. brucei orthologue has additional a-helical structures, in comparison to HsHepl.
These may cause oligomerization, which may imply that TbHep1 acts in a manner different to other

orthologues such as HsHepl.

The analysis of JDPs against TbHepl showed that the closest evolutionary relationship to the
orthologue was J23 (PAM27), a JDP unique to kinetoplasts which has functionally replaced PAM18
within the PAM complex. This result provides evidence which reinforces the ideas put forward by
Burri et al (2004) and Kleczewska et al. (2020) which postulate that Hepl may act in tandem with
type-1II JDPs and that the machinery involved in iron-cluster biogenesis is subject to convergent
evolution respectively. Due to J23 being a unique JDP within kinetoplasts this co-chaperone and
TbHepl may be a good model to allow further investigations into how Hepl may influence the
operations of type-III JDPs. Studies into the interactions of J23 may also provide insight into the
operations of the co-chaperone as currently the extent of knowledge regarding the orthologues of

J23 within the kinetoplast family is limited.
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Chapter 3: Biochemical characterization of TbHep1 and
TbmtHsp70

3.1 Introduction

The genomic sequence of 7. brucei and other trypanosomes have been available for approximately
10 years and a number of proteomic studies have been undertaken to identify a large number of
putative proteins as well as their expression during different life cycle stages of the 7. brucei parasite
(Acestor et al., 2009; Panigrahi et al., 2009; Niemann et al., 2013). Relatively few of these proteins
have been produced in a cell-based expression system and studied in vitro although some have been
produced successfully, indicating that prokaryotic expression vectors are capable of producing
proteins from this organism (Ludewig et al., 2015; Bentley & Boshoff, 2019). There is a need for
this to be undertaken as it will allow an easier approach in the identification of new drug targets and
the screening of new therapeutic compounds. This may provide methods of treating HAT which are
less reliant of the formation of amines which are known to cause severe discomfort for patients. The
targeting of the mtHsp70 of 7. brucei could also provide a new strategy in HAT treatment against
cases of remission as the quiescent form of the parasite is known to shift metabolism towards
reliance on the mitochondrion for energy production and prevention of mtHsp70 activity may be an
ideal method of preventing this activity (Vickerman, 1965; Soares & de Souza, 1988; Guler et al.,
2008).

Protozoan proteins have been challenging to express in prokaryotes, particularly those of P.
falciparum origin in which a high AT of the genome content contributes significantly to the
formation of non-functional, insoluble aggregates (Mudeppa & Rathod, 2013). This characteristic is
not exhibited in Trypanosomes; however, the prevalence of post-translational modifications within
kinetoplast protein production can be a hinderance in prokaryotic-based expression systems which
are unable to carry these out these functions (Francis & Page, 2010). Methods of protein production

must therefore be analyzed and optimized on a protein-to-protein basis to ensure the protein of
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interest can be expressed in a soluble and functional native form (Rosano & Ceccarelli, 2014).
Particularly the identification of the correct combination of plasmid vector and host to express the

protein in a soluble state that can be purified (Hartley, 2006; Bernaudat et al., 2011).

The trypanosome proteins TbJ2 and two cytosolic Hsp70 orthologues have previously been
expressed and purified using E. coli-based expression systems (Burger, 2014; Ludewig et al., 2015)
. This is a positive development as E. coli has been extensively used for the over-expression of
recombinant proteins, its characteristics are well-known (Baneyx, 1999; Rosano & Ceccarelli,
2014), most strains are fast growing and can be cultured using inexpensive media thereby easing
protein production (Baneyx, 1999; Shiloach & Fass, 2005). If successful production can be
replicated to produce mtHsp70 and Hepl from 7. brucei this will be advantageous and allow for
relatively inexpensive production of the orthologues. Levels of expression and solubility can also be
easily altered by decreasing expression temperatures and Isopropyl-p-D-thiogalactopyranoside
(IPTG) concentration to allow for increased solubility during protein production (Studier, 2005;

Vera et al., 2007).

The feasibility of producing 7. brucei mtHsp70 and Hepl from prokaryotic cells requires
confirmation, particularly for mtHsp70 expression as this is known to be bound within insoluble
aggregates upon production (Szklarz et al., 2005). Aggregates can be solubilized using a few
methods including treatments with chaotropic agents, organic solvents and detergents. Chaotropic
agents are effective; however, they are known to produce dysfunctional proteins that require
extensive treatment to return them to an active form if it is reversible at all (Singh & Panda, 2005).
Some of these agents like guanidine hydrochloride can even worsen aggregation and destroy
secondary structures (Emadi & Behzadi, 2014). Organic solvents and detergents like N-lauroyl
sarcosine have been shown to produce more effective results despite only providing mild

solubilization due to the retention of secondary structures (Singh et al., 2012).

Another effective method of producing soluble and functional protein within a prokaryotic-based
cell system is the co-expression of the protein with a molecular chaperone that may facilitate proper
folding (de Marco et al., 2007). Hep1 is documented as being necessary to fold and produce soluble,
functional mtHsp70 in other orthologues (Szklarz et al., 2005; Sichting et al., 2005; Shonhai et al.,

2008; Ludewig et al., 2015; Bentley and Boshoff, 2019). This method is effective in other
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orthologues and an analysis of this property in 7. brucei orthologues is necessary to allow future

examination into the activity of 7. brucei mtHsp70 and Hepl.

The suppression of mtHsp70 aggregation and maintenance of the chaperone is the primary action of
Hepl and it must be examined if this is maintained in the 7. brucei orthologue. It would also be
important to note the ability of TbHep1 to suppress the aggregation of other model proteins such as
malate dehydrogenase. The zinc ion located within the zinc-finger binding domain also plays a
critical role in Hep1 activities and structure within other orthologues (Fraga et al., 2012; Dores-Silva
et al., 2013%). This property must be investigated to confirm if the zinc ion plays a similarly
important role within 7. brucei. Investigations into the suppression of thermally induced mtHsp70
and MDH aggregation could be undertaken by making comparisons with the activities of the
previously described H. sapien orthologue. Therefore, an initial investigation could be made into

the fundamental properties of this orthologue.

3.2 Objectives

e The heterologous expression of TbmtHsp70 and TbHep1 from 7. brucei and the H. sapien

orthologues mortalin and HsHepl in an E. coli-based expression system.

Solubility studies of TbmtHsp70 expression to observe if the orthologue aggregates upon
expression and confirm if detergents such as N-lauroyl sarcosine or co-expression with
Hepl is necessary for soluble protein purification

Investigations into the ability of TbHep1 to suppress the thermally induced aggregation of
TbmtHsp70 and MDH via comparative analysis with the H. sapien orthologues HsHep1
and mortalin

Observations regard the importance of the zinc ion to TbHep! structural stability
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3.3 Materials and Methods

3.3.1 Materials

The genomic and amino acid sequences of TbmtHsp70, TbHep1, mortalin (HSPA9) and HsHepl
can be found in Appendix A. The expression vectors pET28a (Novagen, USA), pQE2 (Qiagen,
Germany), pQE30 (Qiagen, Germany) and pACY CDuet-1™ (Novagen, USA) were used (Table 2).
The restriction enzymes used in plasmid conformation were BamHI, Xhol, Hindlll, Ndel and Kpnl
(Thermo Scientific, USA), and a 1 Kb DNA ladder (Biolabs, New England) was also used.
Expression was carried out using E. coli BL21 (DE3) and E. coli M15(pPRP4) cells (Stratagene,
USA). The antibiotics ampicillin (Sigma-Aldrich, Germany), chloramphenicol (Calbiochem,
Germany) and kanamycin (Sigma-Aldrich, Germany) were used. Ultracentrifuge (Beckman Coulter
Life Sciences, USA), microcentrifuge (Eppendorf, Germany), 7315 UV-Vis spectrophotometer
(Jenway, UK), Chemidoc chemiluminescence imaging system (Bio-Rad, USA), a quartz cuvette
(Sigma-Aldrich, USA), 96 well-microplate (Greiner Bio-One, Germany), UV 96-well microplate
(Corning Inc., USA), Microtiter plate reader (Epoch2, Biotek Instruments Inc, USA) and water bath
(Memmert, Germany) were used in this study. Single-use filters (GVS, USA), Snakeskin dialysis
tubing: 10,000 MWCO (Thermos Scientific, USA), and Precision plus protein marker (Biorad,
USA) were also used. PEG 30,000 (Sigma-Aldrich, USA), The Better Bradford Assay reagent
(Promega, USA), bovine serum albumin (BSA, Roche Diagnostics), lysozyme (Sigma-Aldrich,
USA), malate dehydrogenase (MDH, Roche Diagnostic, Germany) and IPTG (Thermo Fischer
Scientific, USA) were used in this study. An Anti-His-Tag antibody (Santa Cruz, USA), HRP-
conjugated goat anti-mouse IgG secondary antibody (Santa Cruz, USA), ECL™ Western blotting
substrate kit (GE Healthcare, UK) and 0.2 uM nitrocellulose membrane (Bio-Rad, USA) were used.
Gel analysis was done using Jalview (Waterhouse et al., 2009). The collection of statistical data was

undertaken using Microsoft Excel (Microsoft Corporation, USA), and the consolidation of data, the
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generation of standard deviations and graphic representations were carried out using GraphPad

(Dotmatics, USA).

Table 2: The plasmid constructs used in this study

Plasmid Description Source or Restriction Competent
Construct P Reference Endonuclease cells
i pQE30 encoding Mr Maduma E. coli M15
PQE30-TbHepl TbHepl, Amp® Mahlalela Ndel, Kpnl (pPRP4)
pQE30- pQE30 encoding Mr Maduma Ndel. Konl E. coli BL21
TbmtHsp70 TbmtHsp70, Amp® Mahlalela P AP (DE3)
pACYCDuet-1- eﬁiﬁfﬁ‘ﬁé’ 11 Mr Maduma Ndol Koy | E- coli BL21
TbHepl R P Mahlalela 8P (DE3)
. Prof. J.C Borges .
i pQE2 encoding Y ’ E. coli BL21
pQE2-HsHepl HsHepl, Amp~ (Doresz(S)lll;/;l et al., Ndel, Kpnl (DE3)
. Prof. J.C Borges .
i . pET28a encoding Y ’ BamH], E. coli BL21
pET28a-Mortalin Mortalin, Kan® (Doreszf)lll;/;l et al., Hindlll (DE3)

3.3.2 The preparation of plasmid DNA

Plasmid preparation was carried out using the Pureyield™ Miniprep System (Promega, USA) via
the transformation of E. coli IM109 cells. The overnight cultures were harvested by centrifugation
using a microcentrifuge (Eppendorf, Germany) (13,500g, 15 seconds), and the pellet was
resuspended in TE buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8). The resuspension was then treated
using 100 uL Blue Cell Lysis Buffer, followed by 350 uL of Neutralization Solution (4 °C) with

repeated inversions proceeding the addition of each; this was followed by centrifugation using a
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microcentrifuge (Eppendorf, Germany) (13,500g, 3 minutes). The lysate was then transferred to a
PureyieldTM Miniprep column, placed into a collection tube and centrifuged using a
microcentrifuge (Eppendorf, Germany) (13,500g, 3mins); the flowthrough was discarded. The
column was then washed by adding 200 uL Endotoxin Removal Wash and centrifuged using a
microcentrifuge (Eppendorf, Germany) (13,500g, 15 seconds). This was followed by adding 400 uL.
Column Wash Solution and centrifugation using a microcentrifuge (Eppendorf, Germany) (13,500g,
30 seconds); the minicolumn was then transferred to a 1,5 mL microcentrifuge tube. Elution was
performed by adding 30 uL TE Buffer and incubating at room temperature (RT) for 1 minute,
followed by centrifugation using a microcentrifuge (Eppendorf, Germany) (13,500g, 15 seconds).
The DNA solution was then stored at -20°C.

3.3.3 Plasmid confirmation via restriction endonuclease digest and

agarose gel electrophoresis

The plasmids were verified with a restriction enzyme digest followed by an agarose gel analysis, the
plasmid constructs with the respective restriction endonucleases are shown in Table 2. The reactions
were carried out using 2 uL of plasmid and 2 uL restriction endonuclease with the appropriate 10x
restriction buffer (2 ulL); the final reaction volume was brought up to 20 uL using nuclease-free
ddH20, and the reactions were carried out at 37°C for 3 hours. The agarose gels (1 %) were prepared
using TAE Buffer (40 mM Tris-HCI, 20 mM acetic acid, 0,5 mM EDTA) with 20 ug/mL ethidium
bromide added immediately before casting. The digested DNA samples were prepared for loading
with the addition of 6x loading dye (Biolabs, USA). The gel electrophoresis was carried out in TAE
Buffer running buffer for one hour at 85 volts. The gels were imaged under UV light using a
Chemidoc chemiluminescence imaging system (Bio-Rad, USA). The plasmid constructs were later
digested using their respective restriction enzymes and analyzed via agarose gel electrophoresis to
confirm the size of the sequence inserts, apart from pQE2-TbmtHsp70 and pET28a-Mortalin which
were digested using Xhol and HindIl1l.

72



3.3.4 The preparation of competent cells

An isolated colony of E. coli cells was used to inoculate 5 mL of 2x Yeast Tryptone (YT) broth and
incubated shaking overnight at 37°C. The overnight culture was used to inoculate 225 mL of 2x YT
broth (1:50 dilution). The culture was left to incubate, shaking at 37°C until an optical density (OD)
of A600 = 0,5 was reached. The culture was then centrifuged using a JA-14 rotor (Beckman, USA)
(5000g, 5 mins, 4°C), resuspended in chilled, sterile 0.1 M MgCl, and kept on ice for 20 mins. The
MgCl> cell solution was then centrifuged using a JA-14 rotor (Beckman, USA) (5,000g, 5 mins,
4°C), resuspended in chilled, sterile 0.1 M CaCl, and kept on ice for 45 mins. The CaCl; cell solution
was centrifuged using a JA-14 rotor (Beckman, USA) (5000g, 5 mins, 4°C) and resuspended in
chilled, sterile 0.1 M CaCl; with 30 % glycerol. The CaCl; cell solution was then aliquoted and
stored at -80°C.

3.3.5 The transformation of competent cells

Plasmid DNA (2 uL) was added to 50 uL of thawed competent cells and left on ice for 20 mins. The
cells were then heat shocked at 42°C for 1 minute using a water bath and left on ice for 5 mins. 2x
YT broth (950 uL) was then added, and the cell suspension was incubated at 37°C for 1 hour before
harvesting via centrifugation using a microcentrifuge (Eppendorf, Germany) (10,000g, 1 min, RT).
The pellet was resuspended in 200 uL of supernatant and plated on 2x YT agar plates with the
appropriate antibiotics using the concentration found in Table 2, co-expressions were carried out
using E. coli BL21(DE3) cells with a pACYCDuet-1-TbHep1 construct used for Hepl expression
in the co-expression of the 7. brucei orthologues. The plates were incubated overnight at 37°C to

allow colony formation.
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3.3.6 Protein induction studies

A seed culture was prepared via the inoculation of 25 mL 2x YT broth using an isolated colony of
transformed E. coli cells in the presence of the appropriate antibiotics and left shaking overnight at
37°C, the E. coli strain and antibiotic used are listed in table 2. The seed culture was inoculated into
225 mL of 2x YT broth with the appropriate antibiotics and grown to an OD of A600 = 0,7. Protein
expression was initiated by adding IPTG to a final concentration of 1 mM. Protein production was
then monitored via hourly sampling taken over 5 hours, followed by one sample taken after
overnight expression. Samples were centrifuged using a JA-10 rotor (Beckman, USA) (5 000g, 5
mins, 4°C) and resuspended in Phosphate-buffered saline (PBS) (137 mM NacCl, 2.7 mM KClI, 10
mM Na;HPOj4, 1.8 mM KH;PO4, pH 7.4); the volume of PBS used was determined using the

following formula in which OD600 represents the absorbance reading taken at the time of sampling:

PBS Volume (uL) = OD600/0,5%150x%Dilution Factor

An aliquot of 100 uL of each sample was then analyzed on a 10 % SDS-PAGE gel to identify the

ideal expression times.

3.3.7 Sodium dodecyl polyacrylamide gel electrophoresis (SDS-
PAGE)

The SDS-PAGE procedure was adapted from the method described in Laemmli (1970). The samples
to be analyzed were treated by adding 5 % SDS-PAGE sample buffer (10 % glycerol, 2 % SDS, 5
% B-mercaptoethanol, 0.05 % bromophenol blue, 0.0625 M Tris, pH 6.8) followed by heating at
95°C for 8 mins. A 10 % resolving gel (1.5 M Tris-HCI, 10 % SDS, 40 % Bis-acrylamide, pH 8.8)
was used with the polymerization reaction initiated by the addition of 10 % ammonium persulphate

(APS) and N,N,N,N-tetramethylene diamine (TEMED). Once the resolving gel had polymerized, a
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4 % stacking gel (1.0 M Tris-HCL, 10 % SDS, 40 % Bis-acrylamide, pH 6.8) was applied.
Electrophoresis of the gels was undertaken in SDS Running Buffer (25 mM Tris-HCI, 192 mM
Glycine, 1 % SDS) at 120 volts for 95 mins. The gels were then stained using Coomassie staining
solution (50 % methanol, 7.5 % glacial acetic acid, 0.24 % Coomassie brilliant blue), followed by
destaining with SDS-PAGE destaining solution (20 % methanol, 7.5 % glacial acetic acid), the gels

were then imaged using a Chemidoc chemiluminescence imaging system (Bio-Rad, USA).

3.3.8 Solubility studies

An overnight culture of transformed E. coli cells was diluted at 1:20 using 2x YT broth and
incubated, shaking at 37°C, the strains and appropriate antibiotic used are listed in Table 2. Protein
production was induced by the addition of IPTG to a final concentration of 1 mM once an OD of
A600 = 0.6 was reached. The cells were harvested after 3 hours of protein production via
centrifugation using a JA-14 rotor (Beckman, USA) (10,000g, 4 mins, 4°C). The pellet was
resuspended in lysis buffer (10 mM Tris-HCI, 300 mM NacCl, pH 7.5) with the addition of lysozyme
and phenylmethylsulfonyl fluoride (PMSF) to a final concentration of 1 mg/mL and 1 mM,
respectively. Separate samples were taken and treated using 3 % N-lauroyl sarcosine, 2 M Urea and
2 M guanidinium chloride. Mixing was undertaken via multiple inversions followed by leaving the
samples for 10 mins at RT. The treated samples were sonicated (4 times, 20 seconds, 60 Hz), and a
whole cell sample was taken; the remainder was centrifuged using a JA-14 rotor (Beckman, USA)
(13,500g, 40 mins, 4°C). A sample was taken of the supernatant and the pellet following
resuspension using PBS. The samples were then treated and analyzed on a 10 % SDS-PAGE gel as

described in section 3.2.7.
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3.3.9 The purification of His-tagged recombinant proteins using a

nickel-affinity bead resin

An overnight culture of transformed cells was used to inoculate 2x YT broth at a 1:10 dilution; this
was incubated, shaking at 37°C until an OD of A600 = 0.7 was reached. Protein expression was
induced by adding IPTG to a final concentration of 1 mM, this procedure was carried out with all
transformed cells. Protein production was carried out for 3 hours before cell harvesting by
centrifugation using a JA-10 rotor (Beckman, USA) (10,000g, 10 mins, 4°C), and the pellet was
resuspended in lysis buffer and frozen at -80°C. The frozen cell suspensions were thawed on ice in
the presence of lysozyme and PMSF to a final concentration of 1 mg/mL and 1 mM, respectively,
with inversions every 5 minutes until no ice crystals remained. Cell suspensions containing
mitochondrial Hsp70 with no Hepl were further treated with the addition of N-lauroyl sarcosine to
a final concentration of 3 %. All cell suspensions were sonicated (4 times, 20 seconds, 60 Hz), and
the cell debris was removed via centrifugation using a JA-14 rotor (Beckman, USA) (13,500g, 40
mins, 4°C). The supernatant was added to 2 mL Complete™ His-Tag Sepharose Beads suspended
in lysis buffer and left shaking at 4°C overnight. The suspension was centrifuged using a JA-14 rotor
(Beckman, USA) (7,500g, 5 mins, 4°C), and the non-bound flowthrough was sampled and discarded.
Four washes were performed with 20 mins shaking at 4°C in 5 mL wash buffer (100 mM Tris-HCI,
300 mM NaCl, 5 mM imidazole, pH 7.5) followed by centrifugation using a JA-14 rotor (Beckman,
USA) (7,500g, 4 mins, 4°C) with sampling of the initial and final wash iterations. Protein elution
was initiated by adding 3 mL elution buffer (100 mM Tris-HCI, 300 mM NaCl, 250 mM imidazole,
pH 7.5) followed by 20 mins shaking at 4°C and centrifugation using a JA-14 rotor (Beckman, USA)
(7,500g, 4 mins, 4°C). Three further iterations of protein elution were then carried out with samples
taken of each and a sample of the beads taken proceeding the final elution. All samples were treated
and analyzed on a 10 % SDS-PAGE as described in section 3.2.7. The protein elutions were stored

at 4°C until sample analysis was complete.
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3.3.10 Protein dialysis and concentration

Collected protein samples were added to 10,000 MW SnakeSkin Dialysis Tubing, placed in 1 L of
dialysis buffer (100 mM Tris-HCI, 150 mM NaCl, 0.5 mM DTT, 10 % glycerol, 50 mM KCI, 2 mM
MgCI?, pH 7.5) and left at 4°C overnight with gentle stirring. Protein samples treated with EDTA
used an EDTA dialysis buffer (2 mM EDTA) for the overnight dialysis. The dialysis buffer was then
replaced with a new liter of dialysis buffer and returned to 4°C with gentle stirring for 4 hours.
Concentration was undertaken by placing the dialyzed samples on a bed of PEG 20,000 and left at
4°C to concentrate until a volume of approximately 1,5 mL was reached. The concentrated protein

samples were then placed into 1,5 mL microcentrifuge tubes and stored at -20°C.

3.3.11 Determination of protein concentration

Determining protein concentration was undertaken using icrotiterre plate-based Bradford’s assay
adapted from Bradford, (1976). A linear standard curve was made using 245 ul of The Better
Bradfords Assay™ added to 5 uL of BSA standards ranging from 100-1000 ug/mL, this mixture
was also made using 5 uL of protein sample. The plate was incubated at RT for 10 minutes before
absorbance reading at 595 nm. The protein concentrations were then determined by comparing the
sample readings to that of the generated standard linear curve. The standards and samples were

conducted in triplicate.

3.3.12 Dot blot assay

Confirmation of the presence of a His-tagged protein within each protein sample was carried out via

a dot blot assay, the protocol was adapted from the methods described in Frazer & Wisdom, (1985)
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and Stott, (1989), and was carried out on all proteins produced by the constructs described in Table
2. Two sections of nitrocellulose membrane (A and B) were divided into a grid, and 2 uL of each
protein sample was dotted onto designated locations, 2 uL of lysozyme and 2 uL of cytosolic
TbHsp70 previously documented in (Bentley & Boshoff, 2019) was also dotted to act as a negative
and positive control respectively. These were blocked for one hour at room temperature using 3 %
(w/v) BSA in Tris-buffered saline-tween solution (TBST) (50 mM Tris-HCI, 150 mM NaCl, 0.1 %
(v/v) Tween-20, pH 7.5). Membrane A was then incubated shaking in 3 % (w/v) BSA TBST with
1:2500 anti-his primary antibodies (Santa-Cruz, USA) for 1 hour at room temperature; membrane B
was used as a negative control and was only incubated in TBS for this step. The membranes were
then washed three times using TBST in 20-minute intervals followed by incubation in 3 % (w/v)
BSA TBST with 1:3000 HRP-conjugated goat anti-mouse IgG secondary antibody (Santa Cruz,
USA) for one hour at room temperature; the membranes were then washed three times using TBST
in 10-minute intervals followed by one 5-minute wash in TBS (50 mM Tris-HCI, 150 mM NaCl,
pH 7.5). The detection of chemiluminescent signals was then achieved using a ECL™ Western
blotting substrate kit (GE Healthcare, UK) following the manufacturers provided protocol and

imaging was carried out using a Chemidoc chemiluminescence imaging system (BioRad, USA).

3.3.13 The suppression of thermally induced mtHsp70 aggregation by
Hep1

A comparison of the abilities of HsHep1 and TbHep1 to suppress the thermally induced aggregation
of their respective mtHsp70s was carried out according to a protocol adapted from Dores-Silva et
al. (2021). The temperature at which both mtHsp70s would aggregate was initially determined using
a peltier-integrated UV spectrophotometer and a quartz cuvette (Sigma-Aldrich, USA). The assay
was then carried out on an Epoch 2 96-well plate reader (Biotek Instruments Inc, USA), which has
an integrated peltier, using UV-compatible 96-well plates (Greiner Bio-One, Germany). The
suppression of mtHsp70 aggregation via the addition of Hepl was monitored by light scattering at

340 nm for 1.5 hours at 45°C in assay buffer (100 mM Tris-HCI, 150 mM NaCl, pH 7.5). The
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concentration of mtHsp70 orthologues was maintained at 1 uM, and the concentrations of
Heplorthologues used were 0.5 uM, 1 uM, 2 uM and 4 uM; parallel assays of Hepl alone using the
same concentrations were run to observe and establish a baseline for their aggregation. Separate
assays were carried out using 1 uM mtHsp70 and 1 uM EDTA-treated Hepl in combination and
separately to observe the effect of zinc-ion removal on Hepl aggregation and the ability to suppress
mtHsp70 aggregation. Each assay was conducted in triplicate, and three separate experiments were
undertaken using independently produced batches of purified protein; endpoint data was plotted as
a percentage relative to the aggregation of mtHsp70 alone, and kinetic data had the initial reading

removed from subsequent data to observe the change in aggregation over time.

3.3.14 Suppression of malate dehydrogenase aggregation by TbHep1
and HsHep1

A comparison of the ability of HsHepl and TbHep1 to suppress the thermally induced aggregation
of the model substrate malate dehydrogenase (MDH) from porcine heart (Sigma-Aldrich, USA);
the method for this assay was adapted from (Bentley & Boshoff, 2019). The concentration of
MDH was maintained at 0.72 uM, and the concentrations of Hep1 used were 0.36 uM, 0.72 uM
and 1.44 uM in combination and individually; parallel assays were conducted as negative controls
using BSA in place of MDH and another using 0.72 uM EDTA-treated Hep1 in place of Hepl, all
reactions were carried out in assay buffer (100 mM Tris-HCI, 150 mM NaCl, pH 7.5).

The assay was conducted at 48°C in a water bath (Memmert, Germany) for 1 hour, followed by
centrifugation using a microcentrifuge (Eppendorf, Germany) (13,500g, 10 mins, 4°C) to separate
the insoluble and soluble fractions; these were treated and analyzed on a 10 % SDS-PAGE as
previously described in section 3.1.3. Densitometric analyses of the gels were carried out on
ImageJ (NIH, USA) and MDH run individually was used as a comparison to quantify the degree
of solubilization achieved through the addition of Hep1. Each assay was conducted in triplicate,
and three separate experiments were undertaken using independently produced batches of purified

protein.
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3.3.15 The suppression of TomtHsp70 aggregation by TbHep1 using

densitometric analysis

An analysis of TbHepls ability to suppress the thermally induced aggregation of TbmtHsp70 was
conducted, the method for this assay was adapted from Zininga et al. (2017). The concentration of
TbmtHsp70 was maintained at 1 uM, and the concentrations of Hepl used were 0.5 uM, 1 uM, 2
uM and 4 uM, and 1 uM EDTA-treated Hepl was also used; these were run individually and in
combination. The assay was conducted in assay buffer (100 mM Tris-HCI, 150 mM NacCl, pH 7.5)
at 48°C in a water bath (Memmert, Germany) for 1.5 hours, followed by centrifugation using a
microcentrifuge (Eppendorf, Germany) (13,500g, 10 mins, 4°C) to separate the insoluble and
soluble fractions, these were treated and analysed on a 10 % SDS-PAGE as previously described
in section 3.1.3. Densitometric analyses of the gels were carried out on ImageJ (NIH, USA), and
TbmtHsp70 run individually was used as a comparison to quantify the degree of solubilization

achieved

3.4 Results and discussion

3.4.1 Plasmid confirmation via restriction digest

The plasmids used to produce the mtHsp70 orthologues were pET28a(+) and pQE2, which was used
to produce mortalin and TbmtHsp70 respectively. These plasmids were also used for the co-
expression of these orthologues in the presence of their respective Hep1 orthologues. The plasmids
selected for the production of the Hepl orthologues were pQE2 and pQE30, which were used for
the production of HsHepl and TbHepl respectively. The same plasmid was used for the co-
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expression of HsHepl in the presence of mortalin although the use of pACYC-Duet-1 was
implemented for the production of TbHep1 when co-expressed with TbmtHsp70 to avoid an overlap
of antibiotic resistance between the plasmids used. The use of these plasmids allowed the
purification of these proteins using nickel affinity chromatography due to the presence of His-tags
and allowed confirmation of the recombinant protein using a His-probe-based dot blot analysis
following protein production. The plasmid maps were constructed from the sequences obtained from
the National Centre for Biotechnology Information (NCBI) and the plasmid manufacturers with the

maps constructed manually on Microsoft office as seen in Figure 3.1.

Figure 3.1: Plasmid maps and restriction digest analysis of mtHsp70 plasmid constructs: (A) The
plasmid maps of (1) pET28a(+)-Mortalin and (2) pQE2-TbmtHsp70 with the protein coding regions indicated in green, the
antibiotic resistance genes in red, the Lacl genes in blue and the ColE1 ori sequence in yellow with the sites for the restriction
enzymes used for insertion indicated (1) BamHI (198) and Nhel (2993); (2) Kpnl (173) and Hindlll (2147). (B) RE analysis of (1)
pET28a(+)-Mortalin and (2) pQE2-TbmtHsp70 undertaken using insertion restriction enzymes with the single digest lanes labelled
accordingly and the inserts removed via double-digest indicated by white arrows, Xhol was used in place of Kpnl for (B) due to a
shortage of Kpnl, Lane: Ladder represents the 1 Kb DNA marker and Lane: Uncut indicates the undigested plasmid.
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After digestion using restriction endonucleases, an agarose gel electrophoresis was undertaken. The
agarose gel electrophoresis indicated that the plasmid constructs were successfully linearized with
the single digests appearing at 7370 bp for pET28a(+)-Mortalin (Figure 3.1.1B) and 6711 bp for
pQE2-TbmtHsp70 (Figure 3.1.2B). The double digestions were carried out successfully as the
inserts of mortalin and TbmtHsp70 appeared as bands at 2795 bp and 2146 bp respectively. The
remainder of the plasmid constructed following double digestion were located at 4575 bp and 4565
bp for pET28a(+) and pQE2 respectively (Figure 3.1.B). The appearance of the TbmtHsp70 insert
at a high bp number was due to the use of Xkol in place of Kpnl in the confirmation digest due to a
lack of Kpnl. The agarose gel electrophoresis indicated that the linearization of the TbHepl
constructs was carried out successfully with pQE30-TbHepl at 3927 bp (Figure 3.2.1.B) and
pACYC-Deut-1-TbHep1 at 4580 bp (Figure 3.2.2.B).

Figure 3.2: Plasmid maps and restriction digest analysis of TbHep! plasmid constructs: (A) The
plasmid maps of (1) pQE30-TbHep!1 and (2) pACYCDEUT-1-TbHep!1 with the protein coding regions indicated in green, the

antibiotic resistance genes in red, the Lacl genes in blue and the ori sequences in yellow with the sites for the restriction enzymes
used for insertion indicated (1) Kpnl (167) and Nhel (773); (2) BamHI (106) and Hind1lI (712). (B) RE analysis of (1) pQE30-
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TbHepl, (2) pACYCDEUT-1-TbHep1 undertaken using insertion restriction enzymes with the single digest lanes labelled
accordingly and the inserts removed via double-digest indicated by white arrows. Lane: Ladder represents the 1 Kb DNA marker
and Lane: Uncut indicates the undigested plasmid.

The insert fragments were observed at the correct sizes for the TbHepl inserts which appeared at
606 bp (Figure 3.2). The remainder of the double-digested, linearized constructs were observed at
3321 bp and 3971 bp for pQE30-TbHepl and pACYC-Deut-1-TbHepl respectively. These
successful results were also observed when producing the HsHep1 co-expression construct (Figure
3.3).

Figure 3.3: Plasmid map and restriction digest analysis of HsHep1 plasmid construct: (A) Plasmid map
of pQE2-HsHep1 with the protein coding regions indicated in green, the antibiotic resistance genes in red, the Lacl genes in blue
and the ori sequence in yellow with the sites of the restriction enzymes used for insertion (Ndel (140) and Kpnl (677)) indicated.
(B) RE analysis of pQE2-HsHep1 undertaken using insertion restriction enzymes with the single digest lanes labelled accordingly
and the insert removed via double-digest indicated by a white arrow. Lane: Ladder represents the 1 Kb DNA marker and Lane:
Uncut indicates the undigested plasmid.

The agarose gel electrophoresis of pQE2-HsHepl indicated that the linearization was successful
with the construct located at 5262 bp (Figure 3.3.B). The double digest of HsHepl was also
successful with the insert fragment appearing at 537 bp and the remainder of the construct located
at 4725 bp.
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3.4.2 The analysis of recombinant protein production

Protein induction studies were initially carried out to ascertain the optimal protein expression times
for each protein with the aim of producing the most amount of protein that could be purified without
a degradation in quality and to observe the effects that co-expression had on protein production.
SDS-PAGE analysis of the whole cell lysate showed that the overexpression of the proteins was
successfully carried out. With bands appearing at approximately 74 kDa, due to the size and
overexpression of the band this is presumed to be TbmtHsp70 as well as overexpression of a protein
of approximately 75 kDa, which may be mortalin (Figure 3.4 A and B), however, this cannot be
confirmed without western blots using an anti-His probe, these were attempted but the results were

inconclusive and a dot blot was later undertaken to provide a degree of confirmation.
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Figure 3.4: Protein induction studies of recombinantly produced mtHsp70 orthologues: SDS-PAGE
(10 %) analysis of recombinant protein expression displaying (A) Mortalin expression and (B) TbmtHsp70 expression. Lane:
Ladder indicates the Precision plus protein marker, Lane: BL21 indicates the uninduced cells (£. coli BL21(DE3)), Lanes: 1Hr —
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5Hrs indicate the cell samples taken hourly for 5 hours after the addition of IPTG and Lane: O/N indicates samples taken after
overnight expression with labels denoting the location of the recombinant protein being produced at ~ 74 kDa.

The concentrations of both mortalin (Figure 3.4.A) and TbmtHsp70 (Figure 3.4.B) appeared to
increase 1 hour after induction and the concentration increased in each subsequent hour, with the
highest concentration observed in the overnight cultures. It was previously observed that increased
aggregation was encountered when attempting to purify the overnight cultures (data not shown).
The optimal expression time for the mtHsp70 orthologues was therefore determined to be three

hours. The expression of the Hep1 orthologues was then carried out (Figure 3.5)

Figure 3.5: Protein induction studies of recombinantly produced Hepl orthologues: SDS-PAGE (10 %)
analysis of recombinant protein expression displaying (A) HsHep1 expression and (B) TbHep! expression. Lane: Ladder indicates
the protein marker, Lane: BL21/M15 indicates the uninduced cells (E. coli BL21(DE3) and E. coli M15[pPRP4] cells respectively),
Lanes: 1Hr — 5Hrs indicate the cell samples taken hourly for 5 hours after the addition of IPTG and Lane: O/N indicates samples
taken after overnight expression with labels denoting the location of the recombinant protein being produced at ~ 18 kDa.

The expression of HsHep1 was successfully carried out in E. coli BL21(DE3) cells (17 kDa) (Figure

3.5.A). Expression was observed an hour after induction using IPTG; the concentration increased
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until the third hour; the overnight culture had a reduced concentration (Figure 3.5.A). These results
determined the optimal expression time for the H. sapien Hepl orthologue to be 3 hours which was
similar to that of HsHep1 in previous studies (Dores-Silva et al., 2013). The expression of TbHep1
was successfully carried out in E. coli M15[pPRP4] cells (16 kDa) (Figure 3.5.B) and was observed
from the first-hour post-induction using IPTG. The concentration of TbHep! increased until the 3™
hour of expression. Similar to the production of HsHepl the overnight culture had a reduced

concentration and the third hour after induction was determined to be the optimal expression time

(Figure 3.5.B). The co-expression of mortalin and HsHep1 was carried out in E. coli BL21(DE3)
cells (~ 74 kDa) (Figure 3.6.A).
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Figure 3.6: Protein induction study of mtHsp70 co-expressed with Hepl: SDS-PAGE (10 %) analysis of
recombinant protein expression displaying (A) Mortalin co-expressed with HsHep1 and (B) TbmtHsp70 co-expressed with
TbHepl. Lane: Ladder indicates the protein marker, Lane: BL21 indicates the uninduced E. coli BL21(DE3) cells, Lanes: 1Hr —
5Hrs indicate the cell samples taken hourly for 5 hours after the addition of IPTG and Lane: O/N indicates samples taken after
overnight expression with stars denoting the location of the recombinant protein being produced.
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Expression of mortalin was observed prior to induction and the presence of HsHep1 was observed
from the first-hour post-induction with IPTG (~ 18 kDa). The concentration of both proteins
increased in concentration until the fourth hour (Figure 3.6.A) and decreased in the 5 hour and
overnight cultures. The optimum expression time was determined to be 4 hours due to this being
the peak concentration of mortalin. The co-expression of TbmtHsp70 was successfully carried out
in E. coli BL21(DE3) cells (~ 74 kDa) (Figure 3.6.B). A protein of ~ 16 kDa could be observed one-
hour post-induction with IPTG; however, the concentration remained remarkably low with the
highest concentration observed in the overnight culture, this was due to the use of the pACYCDeut-
1 plasmid, which has a low copy number. The concentration of TbmtHsp70 appeared to remain
constant after 3 hours post-induction using IPTG, however, the overnight culture had the highest
concentration. The optimal expression time for the TbmtHsp70 co-expression was determined to be

3 hours post-induction due to the high concentration of TbmtHsp70 present.

3.4.3 Solubility studies of the mtHsp70 orthologues

The self-aggregating property of mtHsp70 orthologues results in the purification of the protein
requiring the presence of Hep!l or treatment using detergents. Treatments using N-lauryl sarcosine
and urea have previously been shown to disrupt aggregate formation and allow the solubilization of
insoluble proteins and aggregates; however, their inclusion disrupts tertiary protein structures,
retaining only secondary structures and rendering most proteins non-functional (Khabiri et al., 2013;
Pandey & Singh, 2012). To produce and purify soluble mtHsp70, various experiments were
conducted using varying concentrations of urea, N-lauryl sarcosine and guanidine chloride to
identify what concentrations could be used to solubilize TbmtHsp70 and mortalin (data not shown).
A concentration of 3 % N-lauryl sarcosine was determined to be the most effective solubilization
agent (Figure 3.7), with urea and guanidine chloride displaying little effect unless present in high

concentrations of 5 M and 3 M, respectively.
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Figure 3.7: The effect of N-lauroyl sarcosine treatment and co-expression with TbHep1 on the

solubility of TbthSp701 SDS-PAGE (10 %) analysis of TbmtHsp70 solubility studies. Lane: Ladder indicates the protein
marker, Lane: WC indicates the whole cell before treatment and centrifugation, Lane: Supernatant is the supernatant or soluble
fraction after centrifugation and Lane: Pellet represents the insoluble fraction. Untreated lanes indicate mtHsp70 expressed with no
Hepl1 or detergent present. 3 % sarcosyl treated lanes indicate mtHsp70 treated with 3 % N-lauroyl sarcosine and Co-Expressed
lanes indicate cultures in which mtHsp70 was co-expressed with Hepl.

The E. coli BL21(DE3) cell cultures were harvested 3 hours after induction using IPTG. The first
culture was untreated while the second was treated using N-lauroyl sarcosine to a final concentration
of 3 %. These cells were treated with lysozyme and ruptured via freeze-thawing followed by
sonication and centrifugation to remove the cell debris and separate the soluble fraction of protein
content. TbmtHsp70 was found to be insoluble with a significant amount of the protein located in
the insoluble pellet fraction (~ 74 kDa) (Figure 3.7 Lane Untreated Pellet), this resembled the results
observed in the solubility study conducted on mortalin (~ 74 kDa) (Figure 3.8 Lane Untreated
Pellet). Treatment using 3 % lauroyl sarcosine solubilized a portion of TbmtHsp70 (Figure 3.7 Lanes
3 % Sarcosyl Treated). The proportion of TbmtHsp70 solubilized was lower than that observed after
similar treatments conducted on the cultures used to express mortalin (Figure 3.8 Lanes 3 % Sarcosyl
Treated). Following this, comparisons were made by carrying out the same procedure using H.

sapien orthologues (Figure 3.8).
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Figure 3.8: The effect of N-lauroyl sarcosine treatment and co-expression with HsHep1 on the

SOlubﬂity of mortalin: SDS-PAGE (10 %) analysis of TbmtHsp70 solubility studies. Lane: Ladder indicates the protein
marker, Lane: WC indicates the whole cell before treatment and centrifugation, Lane: Super is the supernatant or soluble fraction
after centrifugation and Lane: Pellet represents the insoluble fraction. Untreated lanes indicate mtHsp70 expressed with no Hepl or
detergent present. 3 % sarcosyl treated lanes indicate mtHsp70 treated with 3 % N-lauroyl sarcosine and co-Expressed lanes
indicate cultures in which mtHsp70 was co-expressed with Hepl.

The co-expression of TbmtHsp70 with TbHepl increased the solubility of TbmtHsp70 compared
with the supernatant of TbmtHsp70 expressed alone (Figure 3.7 Lane Untreated Supernatant and
Co-Expressed Supernatant) with a large portion of TbmtHsp70 present in the soluble fraction. The
effect on solubility was similar to that of 3 % N-lauryl sarcosine despite the low concentration of
expressed TbHepl; however, a large portion of TbmtHsp70 was still observed within the pellet
(Figure 3.7 Lanes 3 % Sarcosyl Treated and Co-Expressed). Similar results were observed in the
solubilization of mortalin with the co-expression solubilizing to the same degree as 3 % N-lauryl
sarcosine treatment as indicated by the presence of mortalin in the supernatant fraction (Figure 3.8
Lanes 3 % Sarcosyl Treated Supernatant and Co-Expression Supernatant). These results suggest that
TbmtHsp70 may be insoluble upon expression in the absence of Hepl and produced in a more

soluble form when co-expressed in the presence of Hepl.
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3.4.4 The purification of His-tagged mtHsp70 and Hep1 orthologues

The purification of the Hepl and mtHsp70 orthologues was undertaken using nickel-affinity
chromatography which uses the affinity the amino acid histidine has for nickel ions to purify proteins
with a C-terminal His-tag via the chelating of the protein and binding to agarose beads (Petty, 2001).
The solubility studies undertaken indicated that themtHsp70 orthologues were insoluble upon
expression, the purification of the mtHsp70 was therefore undertaken with the inclusion of 3 % N-
lauroyl sarcosine to solubilize the protein (Figure 3.9).
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Figure 3.9: The purification of His-tagged mtHsp70 orthologues: SDS-PAGE (10 %) analysis of samples
collected during His-Tag bead-based purification with (A) displaying the purification of mortalin and (B) TbmtHsp70. Lane:
Ladder indicates the protein marker, Lane: FT indicates the flowthrough, Lanes: W1, W4 indicate the initial and final (fourth) wash,
Lanes: E1 — E4 indicate the four elution steps and Lane: Beads indicates a sample of the beads taken after the 4th elution.
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Factors previously shown to prevent or reverse aggregate formation include the presence of ATP or
co-chaperones, a reduction in temperature and substrate binding (Benaroud;j et al., 1996). ATP (2
uM) was therefore used in the first two wash steps of the mtHsp70 purifications to reduce the
presence of aggregates and maintain the chaperone in a closed state to reduce contaminating proteins

which can be bound by Hsp70 and co-purified.

Four washes were carried out, followed by four elution steps using a 250 mM imidazole
concentration in the elution procedures of the mtHsp70 orthologues. Both mtHsp70 orthologues had
small amounts of protein in the initial wash step but appeared to be absent from the final wash step
of TbmtHsp70 (Figure 3.9B Lanes: W1 and W4) and mortalin (Figure 3.9A Lanes: W1 and W4). A
low concentration of contaminating protein was observed in all elution steps for both mortalin and
TbmtHsp70 (Figure 3.9, lanes E1 — E4). These amounts were reduced relative to previous

experiments in which ATP was not included (data not shown).

MtHsp70 was observed bound to the beads for the purification of both orthologues (~ 74 kDa)
although these were less prevalent within the beads used to purify TbmtHsp70 (Figure 3.7.B Lane:
Beads) than that of mortalin (Figure 3.7A Lane: Beads). The use of increasing imidazole
concentrations was ineffective; however, the use of 3 % N-lauroyl sarcosine successfully facilitated
the purification of both mtHsp70 orthologues, despite the bead-bound proteins an adequate amount

of protein was routinely obtained (> 5 uM).

A similar procedure was carried out for the Hepl orthologues (Figure 3.10), four washes were
carried out, these were followed by four elution steps undertaken using a 250 mM imidazole
concentration in the elution procedure of the Hepl orthologues. Solubility studies which were
previously undertaken indicated that TbHep1 resembled HsHepl and was soluble upon expression
(data not shown), this allowed a native purification to be undertaken without the need for N-lauroyl

sarcosine.
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Figure 3.10:The purification of His-tagged Hepl orthologues: SDS-PAGE (10 %) analysis of samples
collected during His-Tag bead-based purification with (A) displaying the purification of HsHepl and (B) TbHep!l. Lane: Ladder
indicates the protein marker, Lane: FT indicates the flowthrough, Lanes: W1, W4 indicate the initial and final (fourth) wash, Lanes:
E1 — E4 indicate the four elution steps and Lane: Beads indicates a sample of the beads taken after the 4th elution.

Low concentrations of protein, which is most likely TbHep1 (Figure 3.10B Lanes W1 and W4) and
HsHepl (Figure 3.10A Lanes W1 and W4), were observed in the final wash step. TbHep1 was eluted
with the largest amount observed in the first elution step, followed by decreasing amounts in the
subsequent elutions with small amounts of TbHep1 evident in the final elution (Figure 3.10B Lanes
E1 — E4) and beads post-elution (Figure 3.10B Lane Beads). HsHepl was observed in all elutions
(Figure 3.10A Lanes E1 — E4), with the majority present in the first two elution steps and a low
concentration observed in the beads post-elution (Figure 3.10A Lane Beads). No additional proteins

co-purified with Hepl and a high degree of purity was achieved.
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3.4.5 The purification of mtHsp70 orthologues co-expressed with

Hsp70 escort protein 1

The purification of mtHsp70 after co-expression with Hepl was undertaken using nickel-affinity
chromatography to purify the His-tagged recombinant proteins. The solubility studies conducted on
the mtHsp70 orthologues indicated that both mortalin and TbmtHsp70 were soluble when co-
expressed with HsHepl and TbHep1 respectively (Section 3.3.3), allowing purification under native
conditions. ATP (2 uM) was added to the first two wash steps to reduce protein contamination by
maintaining the mtHsp70 chaperones in a closed state and reducing the concentration of co-eluted

Hepl in the elution steps (Figure 3.11).
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Figure 3.11: The purification of His-tagged mtHsp70 co-expressed with Hepl: SDS-PAGE (10 %)
analysis of samples collected during His-Tag bead-based purification with (A) displaying the purification of mortalin co-purified
with HsHep1 and (B) displaying the purification of TbmtHsp70 co-purified with TbHepl. Lane: Ladder indicates the protein
marker, Lane: FT indicates the flowthrough, Lanes: W1, W4 indicate the initial and final (fourth) wash, Lanes: E1 — E4 indicate the
four elution steps and Lane: Beads indicates a sample of the beads taken after the 4th elution.
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Four wash steps were undertaken, followed by four elutions conducted using 250 mM imidazole.
Low concentrations of mortalin (Figure 3.11A Lanes W1 and W4) and TbmtHsp70 (Figure 3.11B
Lanes W1 and W4) were observed in the initial wash step and neither orthologue was observed in
the final wash step. Low concentrations of contamination were observed in the initial two mortalin
elutions (Figure 3.11A Lanes E1 and E2) with no contamination evident in the TbmtHsp70 elutions
(Figure 3.11B Lanes E1 and E2). The amount of bead-bound protein post-elution was reduced in the
co-expressions with a larger proportion observed within the beads used to purify mortalin (Figure
3.11A Lane Beads) than that of the beads used to purify TbmtHsp70 (Figure 3.11B Lane Beads).
Despite the presence of bead-bound protein, large amounts of TbmtHsp70 (> 30 uM) and mortalin
(> 20 uM) were routinely obtained. Western analysis was attempted to confirm the presence of
recombinant protein and ensure that Hepl did not bind to Hsp70 after elution, but the western blot

procedures were unsuccessful

The co-expression of TbmtHsp70 with TbHep1 has allowed the production and elution of soluble
TbmtHsp70 in a manner similar to the H. sapien orthologue. This resembles previous observations
made with other Hep1 orthologues such as those from S. cerevisiae (Sichting et al., 2005), H. sapiens
(Zhai et al., 2008), L. braziliensus (Dores-Silva et al., 2017), C. reinhardtii (Willmund et al., 2008)
and A. thaliana (Kluth et al., 2012). TbmtHsp70 has therefore resembled other orthologues which
require the presence of Hepl to remain soluble. As with previous observations, this is likely due to
Hepl acting as a co-factor, ensuring the correct folding upon expression and forming temporary
complexes to reduce the instances of hydrophobic regions causing self-aggregation. These results
provide initial evidence that TbmtHsp70 requires TbHep1 to function as documented in previous

orthologues.

3.4.6 Dot blot analysis of purified proteins

Dot-blot analysis of purified protein was undertaken to confirm the presence of His-tagged
recombinant proteins. The presence of His-tagged recombinant proteins was detected using an anti-

mouse Ig, HRP conjugated antibody (Figure 3.12).
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Figure 3.12: Dot-blot analysis of His-tagged proteins: (A) Dot blot of purified proteins immunostained with a
mouse-Ig based His-probe and a HRP-conjugated anti-mouse goat secondary antibody using a H2O2/luminol based substrate kit
with each protein labelled accordingly, Mt70 represents mtHsp70, samples (-‘ve) and (+’ve) represents lysozyme (1 mg/mL) and

cytosolic TbHsp70 respectively. (B) Negative control was carried out using the same protein samples as (A) and immunostained
using only the HRP-conjugated secondary antibody.

The positive control (+’ ve) used was a cytosolic His-tagged Hsp70 from 7. brucei previously
documented in (Bentley & Boshoff, 2019). The negative control (-* ve) used was lysozyme and
indicated that the protein did not have a His-tag. The same proteins were dotted onto a second
membrane and treated using the same methodology but without the addition of a primary antibody.
The lack of signal on this membrane indicated that the HRP-conjugated secondary antibody could
not produce a signal when the primary antibody was absent (Figure 3.12B). The presence of the His-
tag was confirmed for all recombinant proteins with each sample of the 7. brucei and H. sapien
orthologues producing a signal with no signal produced by the negative control (Figure 3.12A). This
method was capable of detecting the presence of His-tagged proteins; however, it was not capable
of determining if Hepl co-purified with mtHsp70 and provides no reliable data regarding the

concentration of the protein samples produced.

3.4.7 TbHep1 suppressed TbmtHsp70 aggregation

95



TbmtHsp70 aggregated at 45°C while TbHepl appeared to remain soluble; similar results were
observed for mortalin and HsHep1 (Dores-Silva et al., 2015). This allowed a comparison of the
ability of TbHepl to suppress the thermally induced aggregation of TbmtHsp70 in relation to the
suppression of mortalin aggregation using HsHep1 placed under similar conditions (Figure 3.13). In
previous studies, 340 nm readings of Hepl thermal aggregation conducted in the absence of
mtHsp70 were subtracted from the corresponding concentration of Hepl in the presence of 1 uM
mtHsp70 to allow comparisons of only mtHsp70 aggregation (Dores-Silva et al., 2017). This has
previously been confirmed as a viable approach and has allowed basic characterization of Hepl
orthologues before further analytically based assays were conducted (Sichting et al., 2005; Zhai et
al., 2008; Dores-Silva et al., 2017).

Figure 3.13: The suppression of thermally induced mtHsp70 aggregation: (A) Endpoint values of mortalin
aggregation in the presence of increasing amounts of HsHep1. (B) Endpoint values of TbmtHsp70 aggregation in the presence of
increasing amounts of TbHep1. Endpoint values indicate the change in 340 nm readings over the course of the assay with readings
of Hep1 alone using the same concentrations subtracted to observe only mtHsp70 aggregation. These results were consolidated
from 3 separate assays.

The presence of 0,5 uM HsHepl decreased mortalin aggregation by ~ 25 % and aggregation was
reduced in a dose-dependent manner with 4 uM of HsHepl resulting in 65 % prevention of

aggregation of mortalin (Figure 3.13A). These results correspond with observations made in
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previous studies which describe HsHepl showing increasing effectiveness in a dose dependent
manner (Dores-Silva et al., 2013). The presence of 0,5 uM TbHepl decreased TbmtHsp70
aggregation by ~ 75 %, indicating that it was more effective than other studied orthologues.
However, the amounts of aggregation suppression varied in subsequent doses, indicating that the

orthologue did not suppress aggregation in a dose dependent manner.

Inconsistencies were increasingly observed in the TbHepl controls at concentrations beyond 0,5
uM. TbHep1 absorbance readings increased with concentration to a greater degree than the HsHepl
controls which indicated that TbHepl may be self-aggregating in a dose-dependent manner. The
possible self-aggregation of TbHepl produces considerable variation and an inconsistent reduction
in TbmtHsp70 aggregation values in a manner which did not resemble data seen in the H. sapien
orthologues (Figure 3.13B). This variation may indicate that the spectrophotometric approach may
not be applicable to the study of this orthologue. The bioinformatic analysis undertaken using
Alphafold may provide further evidence, with the N-terminal a-helical structures described in

Chapter 2 possibly being involved in the formation of oligomers.

To confirm if TbHepl suppresses the thermally induced aggregation of mtHsp70, a second assay
was generated using a method derived from MDH aggregation assays using heating at 45 °C
followed by SDS-PAGE and densitometric analyses undertaken instead of absorbance readings
Figure 3.14). Using this method, ratios between the soluble supernatant and insoluble pellet fractions
of TbmtHsp70 were made over a range of Hepl concentrations and compared with the values

generated using TbmtHsp70 alone, which was used to represent 100 % aggregation.
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Figure 3.14: Densitometric analysis of TbmtHsp70 aggregation: (A) The aggregation of TbmtHsp70 displayed
as a proportion of 100 % aggregation in the absence TbHep1. (B) An SDS-PAGE (12 %) displaying the solubilization of
TbmtHsp70 from the insoluble pellet (P) into the soluble supernatant fraction (S) in the presence of increasing amounts of TbHepl.
(C) A comparison of solubility between 1 uM of TbHepl (1 uM) and 1 uM EDTA-treated TbHep1 (1 uM (E)) after thermal
aggregation in the presence of 1 uM TbmtHsp70.

This method provided more reliable data which indicated that TbHep1 does suppress the thermally

induced aggregation of TbmtHsp70 in a dose-dependent manner with the presence of 0,5 uM
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TbHepl decreasing the aggregation of TbmtHsp70 by approximately 25 % (Figure 3.14A). The
lowest values were observed in the presence of 4 uM TbHepl which reduced aggregation by
approximately 50 %. The formation of a complex between TbHepl and TbmtHsp70 may be
occurring as the negative controls undertaken displayed a higher concentration of TbHepl within
the insoluble pellet fraction in the absence of TbmtHsp70, suggesting that the presence of
TbmtHsp70 may reduce TbHep1 aggregation (Appendix A10).

Unfortunately, the use of this method and the inconsistency of the light scattering assay provided no
standard data to allow comparisons with TbHep! treated with EDTA and prevented analysis of the
effects of EDTA treatment on the activity of TbHep1. However, the densitometric analysis of 1 uM
EDTA-treated TbHepl did exhibit a larger portion of insoluble TbHepl within the pellet in
comparison to 1 uM of untreated TbHep1 when in the presence of 1 uM TbmtHsp70 (Figure 3.14C).
These results provide preliminary evidence that suggests the structure of this orthologue does rely

on the zinc-ion localized within the zf-DNL as described in previous studies of Hep1 orthologues.

3.4.8 TbHep1 does not affect the thermally induced aggregation of

malate dehydrogenase

The ability of TbHepl to suppress the thermally induced aggregation of proteins other than
TbmtHsp70 was analyzed using MDH as a model substrate. MDH is a ubiquitous protein within the
plant and animal kingdoms and is often used to study the effectiveness of a chaperone when
suppressing protein aggregation (Goloubinoff et al., 1999; Basha et al., 2004; Botha et al., 2007). In
studies of co-chaperones such as Hepl, MDH is used to demonstrate the specificity of a co-
chaperone to the client chaperone and whether it can suppress the aggregation of other proteins

(Dores-Silva et al., 2013).

MDH was found to aggregate at 48°C, while TbHep1 at concentrations ranging between 0,30-1,44
uM produced minor aggregation. This allowed an assessment of the specificity of TbHepl by

comparing this activity to HsHep1, which has previously been observed to reduce MDH aggregation
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(Dores-Silva et al., 2013). This method was carried out using densitometric analysis, using this
method, ratios between the soluble supernatant and insoluble pellet fractions of MDH were observe.
These were then compared to readings generated using the same concentration of MDH exposed to
the same environment, but in the presence of Hep1 at a range of concentrations. The values generated
using MDH alone, was used to represent 100 % aggregation as described in Dores-Silva et al. (2013)

(Figure 3.15).

Figure 3.15: The suppression of thermally induced malate dehydrogenase aggregation by Hepl: The
aggregation of MDH displayed as a proportion of 100 % aggregation in the absence of Hepl with (A) indicating HsHep1 and (B)
showing TbHep1. With the lower table indicating the concentrations used. These results are the product of 3 separate assays.

TbHep! had no effect on the aggregation of MDH over the range of concentrations used (Figure
3.15B); this contrasted with HsHep1, which indicated that MDH was solubilized by approximately
25 % at a concentration of 1,44 uM (Figure 3.15A), resembling results previously generated in other
HsHepl studies (Dores-Silva et al., 2021). This resembles previous studies of orthologues derived
from other protozoan parasites such as P. falciparum and L. braziliensis which could not suppress
the aggregation of MDH (Nyakundi et al., 2016; Dores-Silva et al., 2017). The observations made
regarding possible complex formation between TbmtHsp70 and TbHep1, in which the presence of

TbmtHsp70 may have reduced TbHepl aggregation, were not observed in these experiments as
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TbHepl aggregated in similar concentrations regardless of the presence of MDH. This observation
may indicate that TbmtHsp70 and TbHep1 form a complex in a manner that does not occur between

TbHep!l and MDH.

3.4.9 Conclusion

The T. brucei orthologue of mtHsp70 shares the property of self-aggregation described in other
orthologues and requires the actions of TbHepl to be produced in a soluble form. TbHepl is also
capable of suppressing the thermally induced aggregation of TbmtHsp70 although this orthologue
is less effective than HsHep1 with a maximum of ~ 50 % reduction in TbmtHsp70 aggregation when
4 uM of TbHepl was present with 1 uM of TbmtHsp70, while HsHepl decreased mortalin
aggregation by ~ 65 % at this ratio.

TbHepl is unable to affect the aggregation of the model substrate MDH, no reduction in aggregation
was observed whilst HsHepl was capable of reducing MDH aggregation by ~ 25 % when 1,44 uM
HsHep1 was present with 0,72 uM of MDH. The effect that the loss of the zinc-ion within the zf-
DNL has on the functionality of TbHepl could not be confirmed. However, densitometric
observations could be made which suggested a loss of TbHep!1 structural integrity when the zinc-
ion was chelated using EDTA due to the increased concentration of insoluble TbHep1 following

aggregation assays relative to untreated TbHepl.

TbHepl aggregation may suggest that the orthologue oligomerizes, a characteristic which has only
been observed in the orthologues derived from P. falciparum which has unique arginine repeats and
HsHepl at high concentrations greater than 2 mg/mL and these orthologues were observed
functioning as monomers (Nyakundi et al., 2016; Dores-Silva et al., 2021). The oligomerization

state at which TbHep1 operates therefore required further investigation.
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Chapter 4: Conclusions and future work

To ensure that the eradication of 7. brucei is complete and lasting, an understanding of the
organism's life cycle is required. Knowledge of the quiescent form that the parasite adopts is required
to ease transmission between vectors, respond to medications and adapt to adverse conditions; this
is particularly important in preventing remission cases and eradicating the parasite within reservoirs
(Njiokou et al., 2006, 2010). The mitochondrion of kinetoplasts is essential for the viability of the
organisms and is particularly crucial to the cell cycle pathways which govern the differentiation of
parasitic species within the class (Fenn & Matthews, 2007; Quintana et al., 2021). MtHsp70 has
been shown to play a central role in multiple cell cycle pathways within other organisms and may
undertake similar processes within 7. brucei. The chaperone also plays a critical role in other
mitochondrial functions; these include acting as a motor to provide the driving force to the TIM
complex during pre-protein translocation (Bohnert et al., 2007), maintenance and formation of the
complexes involved in the electron transport chain (Herrmann et al., 1994; Bottinger et al., 2015)
and maintenance of mtDNA (Herrmann et al., 1994). MtHsp70 is also crucial to properly folding
and maintaining mitochondrial proteins (Pfanner & Geissler, 2001; Young et al., 2001). MtHsp70
often operates in tandem with the chaperonin pathways (Hsp60) (Kaul, et al., 2006). The central role
of the mitochondria and mtHsp70 has made it a candidate for drug targeting in treating other parasitic

protozoa, such as P. falciparum (Zininga et al., 2015).

T. brucei has three genes that code for mtHsp70 (A, B and C); these genes are identical and are the
product of gene duplication within 7. brucei (Louw et al., 2010). However, T. brucei mtHsp70
requires further biochemical characterization. This is required to confirm if the orthologue bares the
same properties observed in other orthologues. Previous studies of mtHsp70 orthologues have been
slowed by difficulties regarding the aggregation of mtHsp70 upon expression, which prevented
purification without treatment using detergents or solvents, which resulted in the abrogation of
activity. MtHsp70 within yeast was found to require the presence of Hepl to be expressed in a
soluble form while maintaining functionality and the absence of Hepl abrogated cellular viability

(Szklarz et al., 2005; Sichting et al., 2005). Hep1 was later found to be necessary to the folding of
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mtHsp70 and the abrogation of mtHsp70 self-aggregation, which has made the protein essential to
the functionality of the chaperone (Sichting et al., 2005; Blamowska et al., 2012).

This study investigated the biochemical properties of TbmtHsp70 to discern if the orthologue
maintains the properties of aggregation and an examination of TbHep1 to observe if the orthologue
could maintain TbmtHsp70 in a functional and soluble state as previously described in other
orthologues. The recently described Alphafold modelling program was also implemented to allow
an examination of conserved regions and residues implicated in the aggregation properties of
TbmtHsp70. This would also allow the production of TbmtHsp70 and TbHep1 models, which have
previously been elusive due to the aggregation of mtHsp70 orthologues and the availability of only

the zf-DNL of Hep1 from the yeast orthologue (Tim15¢) (Momose et al., 2007).

Sequence analysis indicated that TbmtHsp70 maintained the residues implicated in aggregation
properties and was likely to possess this characteristic suggesting that it may require interaction with
TbHep! to maintain structural and functional integrity. TbHep1 shared little similarity outside the
zinc finger domain with other orthologues and had a larger C-terminal than other aligned orthologues
apart from the Hepl orthologue from L. braziliensis. The tetracysteine motif found to be required
for Hepl functionality and structure was maintained in TbHep! and indicated that it operates in a
similar manner. These results suggest that the orthologues shared the characteristics previously

identified in other orthologues, with TbmtHsp70 requiring TbHep1 for its expression and activity.

In vitro analysis confirmed that TbmtHsp70 aggregated when heterologously expressed in E. coli
cells. Several treatments using detergents successfully solubilized TbmtHsp70 and allowed
purification of the chaperone. Soluble TbmtHsp70 was produced when co-expressed with TbHepl1,
indicating that Hepl1 is required for the correct folding and maintenance of TbmtHsp70. Preliminary
aggregation assays did indicate that Hep1 was capable of reducing the aggregation of non-functional
TbmtHsp70 solubilized through chemical treatments. These results indicate that the 7. brucei
orthologues may resemble the typical mtHsp70 properties previously described and requires the
actions of TbHep1 to be produced in an active form. These findings in this study can confirm that
TbHepl acts as a co-factor which prevents the self-aggregating tendency of TbmtHsp70 and
maintains it in a functional state. Further work should be undertaken using size exclusion

chromatography and isothermal titration calorimetry (ITC) to identify the oligomeric state of
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TbmtHsp70 in the presence of Hepl and if it resembles the monomeric form observed in other

orthologues (Palleros et al., 1993).

When studying the suppression of thermally induced TbmtHsp70 aggregation, TbHep1 was not seen
to operate similarly to orthologues previously described in other studies. Initially, this was suspected
to be a result of assay conditions. However, extensive alterations to the assay conditions and
troubleshooting did not affect the results obtained, which indicated that TbHepl aggregated in a
dose-dependent manner. It appeared to be more susceptible to aggregation than HsHepl.
Densitometric analysis was undertaken, which allowed the analysis of TbmtHsp70 aggregation
separate from TbHep1 aggregation, which was not possible during spectrophotometric-based assays
adapted from previous studies of this interaction. This allowed confirmation of the ability of TbHep1
to suppress thermally induced TbmtHsp70 aggregation, although it did not explain why TbHepl
aggregated at such low concentrations. Aggregation has also been observed in the H. sapien
orthologue, although this was only at high concentrations (2 mg/mL) and the orthologue was shown
to operate in a monomer form (Dores-Silva et al., 2021). Future work must be undertaken to
investigate the folding characteristics of TbHep1 using ITC and circular dichroism (CD) analysis,
as this would provide information on the structure of TbHepl under varying conditions of stress.
Investigations into what oligomeric state TbHep1 operates in using ITC, as described in Dores-Silva
etal. (2021), would also allow investigations into how similar the operations of TbHep1 and HsHep1

are to one another.

TbHepl was incapable of suppressing MDH thermal aggregation, suggesting that the TbHepl
interaction was more specific than that observed within orthologues such as HsHep1 (Dores-Silva
et al., 2021). However, future work must be undertaken using other aggregation-prone model
proteins, such as citrate synthase and rhodanese, to confirm this. If the specificity of TbHepl for
TbmtHsp70 can be confirmed, then the inhibition of this interaction may be a promising target for

pharmaceuticals due to TbmtHsp70s reliance on TbHepl.

Due to the inconsistencies within the spectrophotometrically based data, the ability of EDTA to
abrogate the functions of TbHep1 via removal of the zinc ion could not be confirmed as it has been
in the study of other Hepl orthologues. This was due to the addition of TbHepl readings to
TbmtHsp70 aggregation readings when using TbHepl that wasn’t treated with EDTA, thereby
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preventing the generation of a standard to compare with EDTA-treated TbHepl. However, a
collapse in the structure of the orthologue could be confirmed as EDTA-treated TbHepl was
observed aggregating to a greater degree relative to the native TbHepl when exposed to
temperatures of 48°C, with no portion remaining in the soluble fraction. Future work must be
undertaken to confirm that the abrogation of TbHep1 functionality also occurs with the removal of
the zinc-ion. The lack of western blot confirmation is the largest issue experienced in the
biochemical analyses of the protein, while dot-blots have provided a degree of confirmation this is
far less reliable and this issue needs to be addressed to examine if the results of this study are

maintained in other studies which are capable of western confirmation.

The phylogenetic analyses indicate that the most closely related orthologues to TbHep1 are HsHep1
and LbHep1 and share a sequence identity of 43.7 and 33.3 %, respectively, and TbHepl-LbHep1
sequence identity is similar to that of HsHep1-LbHep1 which is 34.9 %. Previously the extended C-
terminal of HsHepl was theorized to play a role in the stimulation of mtHsp70 ATPase activity;
however, LbHep!1 lacks this region but maintains the co-chaperoning activity (Dores-Silva et al.,
2017). Future work should also be undertaken to observe if co-chaperoning activities are present
within TbHepl, such as the stimulation of TbmtHsp70 ATPase activity, which has been observed
in the HsHep1 and LbHep1 orthologues (Zhai et al., 2008; Dores-Silva et al., 2017). If this ability is
shared in TbHepl, an investigation into the influence of the extended N-terminal region of these
orthologues may be warranted as they share this characteristic, and there is considerable sequence
similarity between the two in this region. Cell-based microscopy studies should also be undertaken
to investigate the possibility of TbHepl being localized outside of the mitochondrion, as has been

observed with HsHepl (Dores-Silva et al., 2021).

Observations of the relationship of TbHep1 to the extensive JDP network of 7. brucei indicate that
the orthologue’s closest phylogenetic relationship is J23, otherwise known as PAM23. This type-III
JDP unique to kinetoplasts functionally replaces PAM18, found in other organisms and provides the
ATPase stimulation to mtHsp70 bound to the TIM complex. This stimulation is required in the
translocation of preproteins via the presequence pathway. The close evolutionary relationship may
provide insight into the theory that Hepl orthologues may operate as a ‘fractured’ JDP, providing
the zinc finger domain to type-III JDPs that lack the domain (Burri et al., 2004). STRING analysis

did not correlate with these results; however, as described by Kénel et al. (2020), this is likely a
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failure of bioinformatic characterization brought about by a lack of data on the J23 protein and the
current role that PAMI18 plays within kinetoplast organisms. This result must be investigated in
future work, possibly via observations of TbmtHsp70 ATPase activity stimulation via J23 in the
presence and absence of TbHepl with the use of peptide substrates to observe if TbHepl plays a
role in substrate delivery as theorized by Burri et al., (2004). Studies should also be conducted on
the PAM18 protein within 7. brucei to ascertain the current function it plays that has resulted in
kinetoplasts maintaining the protein despite the functional replacement of J23 within the PAM
complex. These results provide compelling evidence that using 7. brucei as a model organism in
studying heat shock machinery may be beneficial as structures may be more specialised to particular

activities, providing insight into specific interactions (Folgueira et al., 2007).

The release of the Al-driven Alphafold modelling program provided a means of examining the entire
structure of TbHep1. Previously, only the NMR-derived structure of the zinc finger domain from S.
cerevisiae, Tim15c, has been available to model Hepl orthologues (Momose et al., 2007). This has
hampered the bioinformatically based analysis of structures which may be of interest to Hepl
operations, such as the extended C-terminal of HsHep1, which is suspected to impart the ability to
stimulate the ATPase domain of mortalin (Zhai et al., 2011). Using this new program, the extended
N-terminal of TbHepl could be analysed. The model indicated the presence of a-helical structures
within this region, which are not present in HsHep1; these may act as an oligomerization point for
the orthologue. The presence of these structures and inconsistent results of the biochemically based
assays may suggest that TbHep1 operates in a unique manner when compared to HsHep1 and other
orthologues. Future work must be undertaken to confirm this biochemically. If these results are
maintained, it may provide an avenue by which the TbHep1-TbmtHsp70 interaction within 7 brucei

can be targeted without interfering with this interaction between host orthologues.

Following the use of Alphafold in identifying a possible structure impairing the biochemical
characterization of TbHepl, an investigation of mtHsp70 was undertaken to observe if the program
could shed light on how residues previously implicated in the self-aggregation of the chaperone may
impart the property. Models of non-aggregating Hsp70, such as DnaK, have been produced via
peptide-fusion studies and the implementation of cysteine mutations which lock the orthologue in a
desired state to allow the production of a model (Grindle et al., 2021; Wang et al., 2021). This has

provided insights into how Hsp70 operates; however, it has not permitted investigations into how
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conserved residues, such as the GVFEV motif and the linker region, cause mtHsp70 orthologues to

self-aggregate.

Alphafold allowed investigations into the GVFEV motif and linker regions. These indicated that the
replacement of the lysine (K) of the KTFEV motif of DnaK with glycine (G) might prevent the
formation of bonds to a region buried between the subdomains of lobe II within the NBD, thereby
reducing bond stress in the linker region and possibly allowing aggregation to take place. This must
be investigated in future work; studies have already indicated that replacing the GVFEV motif with
the one found in DnaK abrogated the self-aggregating property of Sscl in yeast (Blamowska et al.,
2010). However, if the replacement of the glycine residue with lysine is shown to abrogate the self-
aggregation of mtHsp70, the range of implicated residues can be reduced from a motif to a single
residue. This would also provide valuable observations regarding the validity of Alphafold-produced

models when identifying critical residues in protein structures.

Another observation made using Alphafold was that all aggregating orthologues have a conserved
LEI sequence located parallel to the GVFEV motif, which forms multiple bonds between the two
(Appendix A11 and A12). However, in Sscl, the glutamic acid (E) has been altered to aspartic acid
(D), disrupting the sidechain bonds between the GVFEV motif and the LDI residues of Sscl
(Appendix A13). Since mutation studies of the GVFEV motif have only been conducted using Sscl,
this may warrant a repeat of the experiment carried out in Blamowska et al. (2010) using an
alternative mtHsp70 to confirm that the abrogation of aggregation is consistent across multiple
orthologues. This may be necessary as the glutamic to the aspartic acid alteration within Sscl may
have resulted in the removal of a bond contributing to the aggregation brought about by the GVFEV
motif that has been missed due to the unique evolutionary progression of this S. cerevisiae

orthologue.

When Alphafold is combined with several secondary structure prediction tools, such as the
consolidated Quick2D program, this can amount to a powerful way of rapidly characterizing proteins
that lack models derived from other methods, such as NMR and X-ray crystallography. An example
is the structure of TbHepl; in previous studies, Hepl orthologues, even that of LbHepl from the
Trypanosomatida order, have exhibited similar properties and structures. The difficulties

experienced in characterizing TbHepl as a result of unique structural additions which are not
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available to previous modelling techniques indicate that this new technology may be a crucial
addition, providing information which can significantly reduce laboratory costs in both time and

expenses.

This new technology will need to be confirmed, the results can differ significantly from previously
determined protein structures, and further experimentation is required to elucidate the causes
between these differences. Initially it must be investigated whether Alphafold has provided a more
accurate view of protein folding than the previous NMR-determined structures with particular
emphasis on Tim15c¢. This will require comparative studies to be undertaken by those specialized in
NMR procedures who are more versed in the positives and negatives of NMR protein structure
analysis; preferably, any investigation can be conducted in conjunction with the programmers
behind DeepMind technology to elucidate where these differences have originated and thereby

contribute to the development of this new bioinformatic tool.

Alphafold is still in its infancy and is expected to be improved in subsequent iterations. Of particular
interest would be the ability to include small molecules such as ATP and peptide substrates so that
different states of proteins like Hsp70 could be examined. The ability to alter the virtual environment
that the protein is theoretically folded in to observe what effects differing pH, salt concentrations
and temperature alterations can bring about would also be fascinating. Future work must be devoted
to confirming the results of this program; however, its development and release to the general public

is appreciated, and developments in this technology will be monitored with great interest.

This study has provided initial confirmation regarding the idea that TbmtHsp70 shares the property
of aggregation common to other mtHsp70 orthologues, it has also been shown that this property is
abrogated in the presence of TbHepl, indicating that the solubilizing interaction with Hepl is
maintained. TbHepl was seen to operate less effectively than HsHepl, however, it may act in a
unique manner when compared to other orthologues. This requires further examination because if
this mechanism is significantly different to that of the H. sapien orthologue, this may provide a new
drug target for the treatment of HAT. Further work into this field will be closely followed as this

may represent a new approach to targeting parasite-derived diseases and multiple forms of cancer.
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A Appendices
A1 Bioinformatic sequence data

A11 Genomic and amino acid sequences
Homo Sapien:

HsHepl (NP_001074318.1):

CDS:

ATGCTGCGGACTGCGCTGCGCGGCGCGCCGAGGTTGCTGAGTCGCGTGCAGCCCCGG
GCGCCCTGCCTGAGGCGGCTGTGGGGCCGCGGGGCCCGTCCAGAGGTCGCGGGGAGG
CGGCGGGCCTGGGCCTGGGGCTGGCGGCGCTCAAGCTCCGAGCAGGGGCCGGGGCCC
GCGGCGGCTCTGGGGCGCGTGGAGGCGGCGCACTACCAGCTCGTCTACACCTGCAAG
GTCTGCGGGACTAGGTCCTCCAAGCGCATCTCCAAGCTGGCCTATCACCAAGGCGTGG
TCATTGTGACCTGCCCCGGCTGCCAGAACCACCATATCATCGCTGACAACCTGGGCTG
GTTCTCGGACCTGAATGGGAAGAGAAATATCGAAGAGATCCTGACGGCCAGAGGCGA
GCAGGTGCACCGTGTGGCGGGCGAGGGGGCCCTGGAACTGGTTCTGGAGGCTGCAGG
GGCCCCCACATCCACTGCAGCTCCGGAAGCGGGTGAGGATGAGGGTCCCCCCAGCCC
TGGCAAGACGGAGCCGAGCTGA

Amino acid sequence:

MLRTALRGAPRLLSRVQPRAPCLRRLWGRGARPEVAGRRRAWAWGWRRSSSEQGPGPA
AALGRVEAAHYQLVYTCKVCGTRSSKRISKLAYHQGVVIVTCPGCQNHHIIADNLGWES
DLNGKRNIEEILTARGEQVHRVAGEGALELVLEAAGAPTSTAAPEAGEDEGPPSPGKTEPS

Mortalin (AAH00478.1)
CDS:

GGAGCGCTTGTTTGCTGCCTCGTACTCCTCCATTTATCCGCCATGATAAGTGCCAGCCG
AGCTGCAGCAGCCCGTCTCGTGGGCGCCGCAGCCTCCCGGGGCCCTACGGLCCGLCCCG
CCACCAGGATAGCTGGAATGGCCTTAGTCATGAGGCTTTTAGACTTGTTTCAAGGCGG
GATTATGCATCAGAAGCAATCAAGGGAGCAGTTGTTGGTATTGATTTGGGTACTACCA
ACTCCTGCGTGGCAGTTATGGAAGGTAAACGAGCAAAGGTGCTGGAGAATGCCGAAG
GTGCCAGAACCACCCCTTCAGTTGTGGCCTTTACAGCAGATGGTGAGCGACTTGTTGG
AATGCCGGCCAAGCGACAGGCTGTCACCAACCCAAACAATACATTTTATGCTACCAA
GCGTCTCATTGGCCGGCGATATGATGATCCTGAAGTACAGAAAGACATTAAAAATGTT
CCCTTTAAAATTGTCCGTGCCTCCAATGGTGATGCCTGGGTTGAGGCTCATGGGAAAT
TGTATTCTCCGAGTCAGATTGGAGCATTTGTGTTGATGAAGATGAAAGAGACTGCAGA
AAATTACTTGGGGCGCACAGCAAAAAATGCTGTGATCACAGTCCCAGCTTATTTCAAT
GACTCGCAGAGACAGGCCACTAAAGATGCTGGCCAGATATCTGGACTGAATGTGCTT
CGGGTGATTAATGAGCCCACAGCTGCTGCTCTTGCCTATGGTCTAGACAAATCAGAAG
ACAAAGTCATTGCTGTATATGATTTAGGTGGTGGAACTTTTGATATTTCTATCCTGGAA
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ATTCAGAAAGGAGTATTTGAGGTGAAATCCACAAATGGGGATACCTTCTTAGGTGGG
GAAGACTTTGACCAGGCCTTGCTACGGCACATTGTGAAGGAGTTCAAGAGAGAGACA
GGGGTTGATTTGACTAAAGACAACATGGCACTTCAGAGGGTACGGGAAGCTGCTGAA
AAGGCTAAGTGTGAACTCTCCTCATCTGTGCAGACTGACATCAATTTGCCCTATCTTA
CAATGGATTCTTCTGGACCCAAGCATTTGAATATGAAGTTGACCCGTGCTCAATTTGA
AGGGATTGTCACTGATCTAATCAGAAGGACTATCGCTCCATGCCAAAAAGCTATGCA
AGATGCAGAAGTCAGCAAGAGTGACATAGGAGAAGTGATTCTTGTGGGTGGCATGAC
TAGGATGCCCAAGGTTCAGCAGACTGTACAGGATCTTTTTGGCAGAGCCCCAAGTAA
AGCTGTCAATCCTGATGAGGCTGTGGCCATTGGAGCTGCCATTCAGGGAGGTGTGTTG
GCCGGCGATGTCACGGATGTGCTGCTCCTTGATGTCACTCCCCTGTCTCTGGGTATTGA
AACTCTAGGAGGTGTCTTTACCAAACTTATTAATAGGAATACCACTATTCCAACCAAG
AAGAGCCAGGTATTCTCTACTGCCGCTGATGGTCAAACGCAAGTGGAAATTAAAGTG
TGTCAGGGTGAAAGAGAGATGGCTGGAGACAACAAACTCCTTGGACAGTTTACTTTG
ATTGGAATTCCACCAGCCCCTCGTGGAGTTCCTCAGATTGAAGTTACATTTGACATTG
ATGCCAATGGGATAGTACATGTTTCTGCTAAAGATAAAGGCACAGGACGTGAGCAGC
AGATTGTAATCCAGTCTTCTGGTGGATTAAGCAAAGATGATATTGAAAATATGGTTAA
AAATGCAGAGAAATATGCTGAAGAAGACCGGCGAAAGAAGGAACGAGTTGAAGCAG
TTAATATGGCTGAAGGAATCATTCACGACACAGAAACCAAGATGGAAGAATTCAAGG
ACCAATTACCTGCTGATGAGTGCAACAAGCTGAAAGAAGAGATTTCCAAAATGAGGG
AGCTCCTGGCTAGAAAAGACAGCGAAACAGGAGAAAATATTAGACAGGCAGCATCCT
CTCTTCAGCAGGCATCATTGAAGCTGTTCGAAATGGCATACAAAAAGATGGCATCTGA
GCGAGAAGGCTCTGGAAGTTCTGGCACTGGGGAACAAAAGGAAGATCAAAAGGAGG
AAAAACAGTAATAATAGCAGAAATTTTGAAGCCAGAAGGACAACATATGAAGCTTAG
GAGTGAAGAGACTTCCTGAGCAGAAATGGGCGAACTTCAGTCTTTTTACTGTGTTTTT
GCAGTATTCTATATATAATTTCCTTAATTTGTAAATTTAGTGACCATTAGCTAGTGATC
ATTTAATGGACAGTGATTCTAACAGTATAAAGTTCACAATATTCTATGTCCCTAGCCT
GTCATTTTTCAGCTGCATGTAAAAGGAGGTAGGATGAATTGATCATTATAAAGATTTA
ACTATTTTATGCTGAAGTGACCATATTTTCAAGGGGTGAAACCATCTCGCACACAGCA
ATGAAGGTAGTCATCCATAGACTTGAAATGAGACCACATATGGGGATGAGATCCTTCT
AGTTAGCCTAGTACTGCTGTACTGGCCTGTATGTACATGGGGTCCTTCAACTGAGGCC
TTGCAAGTCAAGCTGGCTGTGCCATGTTTGTAGATGGGGCAGAGGAATCTAGAACAA
TGGGAAACTTAGCTATTTATATTAGGTACAGCTATTAAAACAAGGTAGGAATGAGGCT
AGACCTTTAACTTCCCTAAGGCATACTTTTCTAGCTACCTTCTGCCCTGTGTCTGGCAC
CTACATCCTTGATGATTGTTCTCTTACCCATTCTGGAATTTTTTTTTTTTTTAAATAAAT
ACAGAAAGCATCTTGAAAAAAAAAAAAAAAAAA

Amino Acid:

MISASRAAAARLVGAAASRGPTAARHQDSWNGLSHEAFRLVSRRDYASEAIKGAVVGID
LGTTNSCVAVMEGKRAKVLENAEGARTTPSVVAFTADGERLVGMPAKRQAVTNPNNTF
YATKRLIGRRYDDPEVQKDIKNVPFKIVRASNGDAWVEAHGKLYSPSQIGAFVLMKMKE
TAENYLGRTAKNAVITVPAYFNDSQRQATKDAGQ
ISGLNVLRVINEPTAAALAYGLDKSEDKVIAVYDLGGGTFDISILEIQKGVFEVKSTNGDTF
LGGEDFDQALLRHIVKEFKRETGVDLTKDNMALQRVREAAEKAKCELSSSVQTDINLPYL
TMDSSGPKHLNMKLTRAQFEGIVTDLIRRTIAPCQKAMQDAEVSKSDIGEVILVGGMTRM
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PKVQQTVQDLFGRAPSKAVNPDEAVAIGAAIQGGVLAGDVTDVLLLDVTPLSLGIETLGG
VFTKLINRNTTIPTKKSQVFSTAADGQTQVEIKVCQGEREMAGDNKLLGQFTLIGIPPAPR
GVPQIEVTFDIDANGIVHVSAKDKGTGREQQIVIQSSGGLSKDDIENMVKNAEKYAEEDR
RKKERVEAVNMAEGIIHDTETKMEEFKDQLPADECNKLKEEISKMRELLARKDSETGENI
RQAASSLQQASLKLFEMAYKKMASEREGSGSSGTGEQKEDQKEEKQ

T.brucei:
TbHepl (Tb927.3.2300)
CDS:

ATGCTCCACACAGTGAGCGAGTTGGCGATGCGCAGGTGTTTGTGCCTGCGTGGCTTTC
GTCCTCAGGTGGCGGTAAGCGCCCTTGGCATTGATTTACGGAGTTGTGGCGTGCGCTT
TTGCGCATCGAAGCCTCCTGGGATTCATTTGACTCAGCGTACGTCCGAGGGCCCGGTC
AGCGATGACCCCAGGCGGGGTGCTGTGAGGAACAATATCGAGGAGTTGGTAAAGAAT
CTCTCAGAGGAGGACCAAAGATTAATTCTCAGCGCTCTGCAGGATCCAGAGGCGCAA
CCCAGTTCGAAGATGGGTGGCCCTGGAATAGGCACAAAAACAGGTGACATGGTTGCG
GCGTTCACGTGTGGGCAGTGTGAACATCGTATGGTCAAGAGGTTTAGCAAACATGCTT
ACACAAAAGGTATTGTAATTGTTCAGTGTCCCTCTTGTGAAGTGCGACATCTACTCGC
CGACAACCTTGGCTGGTTTGTGGATGGGGCCAAGAACGTTGAAGAAATGCTCCGCGA
AAAAGGCGATTCTTTTATTCGTGTGGGTAATGATTATCAAGTTGAACCGACTAGTGTT
GGGACTGAGCGCGACGGTAATAATAACTGA

Amino acid sequence:

MLHTVSELAMRRCLCLRGFRPQVAVSALGIDLRSCGVRFCASKPPGIHLTQRTSEGPVSDD
PRRGAVRNNIEELVKNLSEEDQRLILSALQDPEAQPSSKMGGPGIGTKTGDMVAAFTCGQ
CEHRMVKRFSKHAYTKGIVIVQCPSCEVRHLLADNLGWFVDGAKNVEEMLREKGDSFIR
VGNDYQVEPTSVGTERDGNNN

TbmtHsp70 (Tb927.6.3740)
CDS:

ATGTTGGCCCGTCGTGTATGCGCACCCATGTGCCTGGCGTCTGCCCCGTTTGCGCGGT
GGCAGTCATCGAAGGTAACTGGTGACGTGATTGGTATTGATTTGGGTACGACATACAG
TTGTGTTGCAGTAATGGAAGGTGACCGGCCACGCGTACTTGAGAATACAGAGGGTTTC
AGGACGACACCGTCTGTGGTTGCGTTCAAAGGACAGGAAAAACTTGTTGGCCTTGCA
GCGAAACGTCAGGCGATTACGAACCCACAGTCGACATTCTTCGCGGTGAAACGGCTG
ATTGGTCGTCGCTTCGATGATGAGCACATCCAACACGACATCAAGAATGTGCCCTACA
AGATTATTCGGAGCAATAATGGTGATGCGTGGGTGCAAGATGGGAATGGGAAGCAAT
ACTCACCTTCACAAGTTGGTGCATTCGTACTTGAGAAGATGAAGGAAACGGCAGAAA
ACTTCCTGGGACGCAAAGTATCTAACGCTGTGGTGACGTGCCCCGCGTACTTCAATGA
CGCGCAACGTCAGGCAACGAAGGATGCCGGTACGATTGCTGGACTGAATGTGATCCG
TGTTGTGAATGAACCGACTGCTGCTGCACTGGCATATGGCTTGGACAAAACGAAGGA
CAGCTTAATTGCCGTGTATGATCTTGGTGGTGGAACATTTGATATCTCCGTACTTGAA
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ATTGCCGGAGGTGTTTTTGAGGTAAAGGCAACGAATGGCGACACTCACCTTGGTGGA
GAAGACTTTGATCTCTGCCTCTCTGATCACATTCTGGAGGAATTCCGCAAGACATCTG
GAATTGACTTGAGCAAGGAGCGGATGGCACTGCAGCGTATTCGTGAGGCTGCAGAAA
AGGCGAAGTGTGAACTTTCGACGACGATGGAGACGGAGGTAAACCTTCCGTTTATCA
CAGCTAACCAGGACGGAGCGCAGCACGTGCAGATGATGGTGAGCCGCAGCAAGTTTG
AGTCCCTTGCTGATAAGCTCGTACAACGTTCACTTGGACCGTGCAAGCAATGCATCAA
GGACGCTGCTGTTGACCTGAAGGAAATCTCTGAGGTTGTGCTTGTTGGTGGTATGACG
CGTATGCCAAAGGTTGTGGAGGCTGTGAAGCAGTTCTTCGGTCGCGAACCGTTCCGTG
GTGTGAACCCTGACGAGGCCGTTGCACTGGGTGCTGCAACACTTGGTGGTGTTCTCCG
TGGTGATGTGAAGGGTCTTGTATTGCTTGACGTTACACCACTATCACTTGGAATCGAA
ACACTTGGTGGTGTCTTCACACGTATGATTCCCAAGAACACAACAATCCCGACGAAGA
AGAGTCAAACCTTCTCAACTGCTGCGGACAACCAAACACAGGTCGGAATCAAAGTGT
TCCAAGGGGAACGAGAAATGGCATCTGACAACCAAATGATGGGTCAGTTTGACCTCG
TTGGAATTCCTCCTGCACCACGCGGTGTACCACAAATTGAGGTGACATTTGACATTGA
TGCTAATGGTATTTGTCACGTAACTGCGAAGGACAAGGCAACTGGGAAAACACAGAA
CATCACCATTACTGCTCATGGTGGGTTGACGAAGGAGCAGATCGAGAACATGATCCG
CGACTCTGAGATGCACGCTGAAGCTGACCGTGTGAAGCGGGAGCTTGTGGAAGTGCG
TAACAATGCTGAGACTCAGGCTAACACTGCTGAGCGACAACTGACGGAATGGAAGTA
CGTGACGGACGCTGAGAAGGAGAATGTGCGTACCCTTTTGGCTGAACTTCGCAAGGT
GATGGAGAATCCAAACGTGACGAAGGATGAACTGTCGGCTTCTACTGACAAACTGCA
AAAGGCAGTGATGGAATGTGGTCGCACGGAGTACCAACAGGCGGCAGCAGCGAACA
GCGGTAGCTCTGGTAGCAGCAGCACAGAAGGTCAGGGTGAGCAACAACAGCAGCAG
GCATCTGGTGAAAAGAAGGAGTAA

Amino acid sequence:

MLARRVCAPMCLASAPFARWQSSKVTGDVIGIDLGTTYSCVAVMEGDRPRVLENTEGFR
TTPSVVAFKGQEKLVGLAAKRQAITNPQSTFFAVKRLIGRRFDDEHIQHDIKNVPYKIIRSN
NGDAWVQDGNGKQYSPSQVGAFVLEKMKETAENFLGRKVSNAVVTCPAYFNDAQRQA
TKDAGTIAGLNVIRVVNEPTAAALAYGLDKTKDSLIAVYDLGGGTFDISVLEIAGGVFEVK
ATNGDTHLGGEDFDLCLSDHILEEFRKTSGIDLSKERMALQRIREAAEKAKCELSTTMETE
VNLPFITANQDGAQHVQMMVSRSKFESLADKLVQRSLGPCKQCIKDAAVDLKEISEVVLV
GGMTRMPKVVEAVKQFFGREPFRGVNPDEAVALGAATLGGVLRGDVKGLVLLDVTPLS
LGIETLGGVFTRMIPKNTTIPTKKSQTFSTAADNQTQVGIKVFQGEREMASDNQMMGQFD
LVGIPPAPRGVPQIEVTFDIDANGICHVTAKDKATGKTOQNITITAHGGLTKEQIENMIRDSE
MHAEADRVKRELVEVRNNAETQANTAERQLTEWKYVTDAEKENVRTLLAELRKVMEN
PNVTKDELSASTDKLQKAVMECGRTEYQQAAAANSGSSGSSSTEGQGEQQQQQASGEKK
E
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A 1: The secondary structure prediction of the SBD of TbmtHsp70 using Quick2D: Secondary

structures are indicated by the key provided with a box used to display the a-helix rich SBDa subdomain.
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A 2: Lysine bonds to NBD within DnaK: The Alphafold model of DnaK displaying the linker and KTFEV motif
region. The network of bonds of interest between the lysine side chain of the KTFEV motif and a region buried within the NBD is
indicated by an arrow.

A 3 : Bonds between linker region and KTFEV motif within DnaK with Lysine bonds to NDB

present: Pymol imaged model with the linker and KTFEV motif indicated in red with the bonds between the two displayed as
dashed red lines. Bonds between the lysine side chain and the NBD region are shown in blue.
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A 4 : Alphafold model of Tim15 (Zim17): Alphafold model of Tim15 created to illustrate the position of zf-DNL o-
helical structure displayed above the tetra-cysteine binding pocket described as perpendicular to the tetracysteine area in previous
models.

A 5: Alphafold model of TbHep! indicating confidence ratings of a-helical structures: The confidence
ratings are displayed in the key to the right of the figure with one of the a-helical structures represented as confident ( 70 — 90 %)
while the second structure is indicated in yellow (50 — 70 %)
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A 6: Secondary structure prediction of TbHep1 using Quick2D: Secondary structures are indicated by the key
provided with a box used to display the region of interest where Alphafold suggests a-helical structures may be present
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A 7 : Secondary structure prediction of LbHep1 using Quick2D prediction tools: Secondary structures
are indicated by the key provided with a box used to display the region of interest where 7. brucei may have a-helical structures.
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A 8: HsHepl phylogenetic analysis with H. sapien JDPS: The phylogenetic analysis of HsHep1 with H. sapien

JDPs obtained from NCBI with HsHep1 indicated by a green box. Phylogenetic trees are the result of consensus amongst 1000
bootstrap iterations using a maximum likelihood statistical method following a poission distribution carried out on MEGA11.
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A 9: String data indicating the putative interactions of TbHep1 (Q582U3): The evidence for each
interaction in indicated by the legend to the right of the String mind map and the proteins represented by each node are listed below,
alongside the provided uniprot number. The protein PAM18 is denoted by the Uniprot code Q5YN2 although the protein is
described as uncharacterized. All information for the figure was provided by STRING (Szklarczyk et al., 2021).
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A 10: A comparison of the degree of TbHep1 aggregation in the presence and absence of the

TbmtHsp70 client protein: SDS-PAGE displaying the aggregation of TbHepl in the presence of (A) TbmtHsp70 and (B)
MDH with S representing the soluble supernatant fraction and P representing the insoluble pellet fraction and the respective
proteins labelled and the concentration of TbHep1 indicated in uM above the appropriate pair of lanes.
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A 11: Bonds between LEI residues and the GVFEV motif within TbmtHsp70: Alphafold model

displaying the GVFEV motif and LEI region of TbmtHsp70. The glutamic acid residues interacting between the linker region and
the LEI motif of interest are indicated by arrows with the network of bonds displayed in light blue.

A 12: Bonds between LEI residues and GVFEV motif within Mortalin: Alphafold model displaying the
GVFEV motif and LEI region of mortalin. The glutamic acid residues interacting between the linker region and the LEI motif of
interest are indicated by arrows with the network of bonds displayed in light blue.
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A 13: Bonds between LDI residues and GVFEV motif within Sscl: Alphafold model displaying the GVFEV
motif and LDI region of Ssc1. The glutamic and aspartic acid residues interacting between the linker region and the LDI motif of
interest are indicated by arrows with the bond between the two displayed in light blue.
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