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Abstract

Mevalonate is a committed precursor of sterols and other isoprenoids in mammals, yeast, plants and
many other eukaryotes. A key enzyme in the mevalonate pathway of isoprenoid biosynthesis is
HMG-CoA reductase (HMGR), which represents a key regulatory step in mammals and potentially
other organisms, responsible for the reduction of HMG-CoA (3-hydroxy-3-methylglutaryl-CoA). The
classical localisation of this enzyme is within the endoplasmic reticulum (ER) as an integral
membrane protein with a cytosolic facing enzymatic domain. However, the trypanosomatid HMGR
does not fit this description. It is instead localised within the mitochondrion. There is also indication
from genome analyses that in a variety of other microbial eukaryotes HMGR may be present as
soluble, rather than integral membrane protein, but where within cells these in silico-identified
HMGRs localise is not known. The mitochondrial localisation of HMGR in trypanosomatids may be an
adaption to allow the amino acid leucine to be utilised as a major carbon source for sterol
biosynthesis. Leucine breakdown occurs within mitochondria in eukaryotes and results in HMG-CoA
as an intermediate however, due to the organellar separation of these processes in most eukaryotes
leucine cannot be utilised as in trypanosomatids.

In order to investigate a possible adaption to the mevalonate pathway in different divergent
eukaryotes, two organisms and two genes were selected. Squalene epoxidase (SqE), an enzyme near
the end of the pre-squalene section of the mevalonate pathway was investigated in the
trypanosomatid Leishmania tarentolae. The localisation of this enzyme was not clear form past
studies and literature comparisons, being possibly peroxisomal, ER or lipid-body localised.
Homologous recombination via a two-step PCR originated tagging amplicon was utilised, resulting in
an N-terminal green fluorescent protein (GFP) tag for the SqE gene in L. tarentolae cells. These cells
were then analysed using confocal microscopy, and although the homologous recombination
appeared to be successful, the imaging data was too unclear as to provide accurate localisation
information.

Dictyostelium discoideum was the major organism of focus for this study. This is an early diverging
eukaryote, realistically sharing its last common ancestor with the trypanosomes at the very root of
all eukaryotic lineages. The genes of focus in this organism encoded the HMGR isoforms, DdHMGA
and DdHMGB. Myc-tagged synthetic genes for both isoforms were cloned into Dictyostelium-specific
expression vector pDM1039 and transfected into D. Transformed cells, including those also
expressing Red Fluorescent Protein (RFP) targeted to peroxisomes, were analysed by
immunoblotting (to size expressed myc-tagged HMGR proteins) and immunofluorescence confocal
microscopy. DAHMGA was shown to possess a possible peroxisomal localisation while DdAHMGB
showed a punctate possible cytosolic localisation.

Alongside the laboratory studies, computational studies were carried out in order to investigate the
presence or lack of various mevalonate pathway enzymes and their localisation within a wide range
of eukaryotes. In this way | aimed to provide new insight into the organisation and evolution of the
important mevalonate pathway in eukaryotes.
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Introduction

General Introduction

Isoprenoids and isoprenoid-derived compounds are vital end-products of biosynthesis and often
intriguing secondary metabolites in prokaryotes and eukaryotes. The acquisition or production of
these compounds is beginning to appear as varied as the myriad of functions these molecules
occupy. Of significant interest is the evolution of the pathways of isoprenoid synthesis and
subsequent modifications in divergent eukaryotes such as Leishmania tarentolae and Dictyostelium
discoideum, the focus organisms of my study. Study of one of the key enzymes; HMGR, and its
various forms and localisations in currently known eukaryotes may provide insight into how the

compartmentalisation of this pathway evolved in eukaryotes

Isoprenoid Biosynthesis

Isoprenoids: An Introduction

Isoprenoids are also known as terpenoids and encompass an incredibly diverse group of compounds

with a multitude of functions within all known families of life.

One of the most common isoprenoid-derived molecules found within eukaryotes are sterols. Sterols
are found in a wide range of forms in eukaryotes. Cholesterol is the major sterol in mammals and
many other eukaryotes, with numerous functions. For instance, cholesterol acts as a membrane
reinforcement against shear stress in animal cell membrane (Ribeiro et al., 2007), and reduces Na*
and K*ion leakage into the cytosol from sub-cellular compartments (Haines, 2001). Lipid rafts,
primarily composed of cholesterol and sphingolipids act as anchor-points for proteins within the
bilayer structure of cell membranes (Simons and lkonen, 1997). These lipid rafts and their associated
proteins are responsible for initiation of signal transduction pathways involved in cell adhesion,
migration, and cell survival and proliferation (Mollinedo and Gajate, 2015). Cholesterol also acts as a
precursor for the production of steroids (Holst et al., 2004), which act as signalling hormones in most
animals, with insects possessing a unique class of steroid called ecdysteroids (Lafront and Mathieu,
2007). Plants possess a similar class of cholesterol-derived hormones called brassinosteroids (Clouse,
2011). These hormones have similar physiological functions in plants to animal steroids, involved in

lipid rafts, mediating development, growth and stress responses (Valitova et al., 2016). Interestingly
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unlike vertebrates, arthropods and nematode worms are unable to synthesise cholesterol and must

acquire all required sterols from nutrients (Kurzchalia and Ward, 2003).

Some bacteria also produce a class of isoprenoid, sterol-related molecules called hopanoids (Pearson
et al., 2007). These molecules act in much the same way as eukaryote sterols and occupy similar
roles and functions (Mangiarotti et al., 2019). In eukaryotes, sterols are formed through oxygen-
dependent cyclisation of the aliphatic hydrocarbon squalene, whereas hopanoids are formed

through oxygen-independent squalene cyclisation (Belin et al., 2018).

Isoprenoid quinones act as electron and proton carriers on both the respiratory and photosynthetic
electron transport chains (Kruk and Nowicka, 2010). Dolichol, an isoprenoid lipid is utilised in protein
glycosylation in eukaryotes, bacteria and archaea (Aebi, 2013). All isoprenoid molecules are
constituted via the same five-carbon intermediate, isopentenyl pyrophosphate (IPP) (Clomburg et

al., 2019).

There are two major enzyme pathways which are responsible for the production of IPP, the

mevalonate (MVA) pathway and a mevalonate-independent pathway, also called the MEP pathway.

The Different Pathways of Isoprenoid Biosynthesis

There are two major enzyme pathways which are responsible for the production of IPP; the
mevalonate (MVA) pathway and a mevalonate-independent pathway, also called the MEP pathway.
The MVA pathway was the first identified biosynthetic route resulting in the production of the
isoprenoid family of molecules. The MVA pathway for biosynthesis of cholesterol was first
discovered in the 1950s and 1960s resulting in award of Nobel Prize in Physiology or Medicine to
Konrad Bloch and Feodor Lynen for its discovery (Bloch and Katsuki, 1967) (Lynen, 1967).



The MVA Pathway

The MVA pathway is the principle pathway of isoprenoid biosynthesis within eukaryotes and archaea

and is also present in some bacteria (Hoshino and Gaucher, 2018).
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ACETYL-COA

Through the action of HMG-CoA synthase, three molecules of acetyl-CoA are using in the synthesis of
HMG-CoA. HMG-CoA is converted into the key precursor of the MVA pathway; mevalonate. Mevalonate
then goes through two phosphorylation steps and a decarboxylation step before resulting in IPP. IPP is
altered by IPP isomerase to become the IPP-isomer DMAPP. DMAPP is the product of the pathway and a

precursor to isoprenoid synthesis.
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Within the MVA pathway, acetyl-CoA is converted into 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA)
by the enzymes acetocetyl-CoA thiolase and HMG-CoA synthase (HMGS). The product of the HMGR-
catalysed reaction is mevalonic acid, which is then converted into mevalonate-5-diphosphate and

finally into IPP (Miziorko, 2011).

There are three known variants to this route via mevalonate to IPP. The classical pathway is highly
conserved in eukaryotes and involves the phosphorylation of mevalonate 5-phosphate via the
enzyme mevalonate kinase (MK) before conversion into isopentenyl diphosphate (IPP) by the
enzyme diphosphomevalonate decarboxylase (DPMD). This pathway is also utilised by the archaeon
Sulfolobus solfataricus (Nishimura et al., 2013). Other archaea utilise one of two variations on the

classical MVA pathway.

One variation, discovered in the halophile archaea Haloferax volcanii is the conversion of
mevalonate 5-phosphate into isopentenyl phosphate which is then phosphorylated into IPP
(VanNice et al., 2014). This variation, involving isopentenyl phosphate as an intermediate, is also

present in some species within the bacterial genus Chloroflexi (Dellas et al., 2013).

The other variation of the MVA pathway in archaea was discovered in the thermophilic acidophile
Thermoplasma acidophilum. This variation involves bypassing the direct conversion of mevalonate
into mevalonate 5-phosphate, in favour of a stepwise phosphorylation to mevalonate 3-phosphate
by mevalonate 3-kinase followed by a second phosphorylation by mevalonate 3-phosphate 5-kinase.
The mevalonate 3,5-bisphosphate is then converted into isopentenyl phosphate and then into IPP in

the same process as the MVA pathway variant present in H. volcanii (Vinokur et al., 2014).

HMG-CoA Reductase

HMGR is a key enzyme in the MVA pathway and catalyses the rate limiting step in mammals: the
reduction of HMG-CoA into mevalonate (Friesen and Rodwell, 2004). The textbook eukaryotic form
of the enzyme HMGR possesses multiple transmembrane-spanning regions (Xu and Simoni, 2003).
These regions target the enzyme for localisation in the ER membrane with the active site facing the
cytosol. Statins, now famous and widely used for their application in reduction cholesterol in
patients, are a class of drugs that all possess an inhibitory effect on HMGR. This inhibition works by
way of a competitive affinity for the HMG-CoA binding region of the enzyme (Istvan, 2003). HMGR
broadly exists in two different forms, class 1 enzymes and class 2 enzymes (Gophna et al., 2006). The
HMG-CoA binding site is present in both of these classes; however, the sequences show significant

variance between the classes despite little difference between orthologues within the same class
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(Bochar et al., 1999). Class 1 HMGRs are the enzymes found in most eukaryotes and archaea
possessing varying numbers of transmembrane regions in eukaryotes whereas Class 2 enzymes are
soluble and present in the relatively few bacterial taxa that possess an MVA pathway (Istvan et al.,
2000). However, this is not a rule and exceptions exist such as Trichomonas vaginalis which is a
eukaryote but, as a consequence of presumably lateral gene transfer possesses a class 2 soluble

HMGR enzyme (Ginger et al., 2010).

The MEP Pathway: A Non-Mevalonate Pathway

The other major pathway through which isoprenoids are produced, and identified in the 1990s, is to
present in many bacteria and virtually all phototrophs. This pathway is widely known as the MEP
pathway (named for the MEP molecule used as a precursor in the production of IPP) but has also
previously been known as the DOXP pathway. This pathway represents a mevalonate-independent
route of IPP production, utilising different enzymes and intermediate compounds (Rodriguez-
Concepcion, 2004). Cyanobacteria utilise the MEP pathway to produce isoprenoids used in the
production of a wide variety of molecules, including the bacteria-exclusive membrane components,

hopanoids (Pattanaik and Lindberg et al., 2015).

The enzymes of this pathway are localised in the plastids of eukaryotic phototrophic organisms (Ahn
and Pai, 2008) and the pathway is also utilised by many bacteria as the sole method of isoprenoid
biosynthesis (Hoshino and Gaucher, 2018). The presence of this second pathway in eukaryotes is
explained by the endosymbiotic origin of chloroplasts whereby an ancestral heterotrophic
eukaryotic host organism acquired and then entered into a long-lasting symbiotic relationship with a

cyanobacterium (Lange et al., 2000).
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Apicomplexa are a phylum of unicellular eukaryotes in which all are obligate intracellular parasites
all known taxa, with the exception of Cryptosporidium, possess a relic non-photosynthetic
chloroplast (or plastid) called an apicoplast. This plastid was likely obtained via a secondary
endosymbiosis event involving a red alga (Striepen, 2011). The photosynthetic chloroplast that was
obtained through this event lost the pathways and processes required for photosynthesis pathway
as the apicomplexan ancestors adopted pathogenic lives (van Dooren and Striepen, 2013). The
apicoplast now confers essential advantage towards the pathogenicity of these organisms through
the presence of essential apicoplast-localised, plastid specific metabolic pathways. Thus, despite the
loss of the photosynthetic pathway in the apicoplasts, the MEP pathway enzymes utilised by the
endosymbiont were conserved (He et al, 2018) and is indeed the sole essential apicoplast pathway
required by the pathogenic asexual bloodstream stages of the malaria parasite Plasmodium
falciparum. Apicomplexa therefore produce isoprenoids solely using the MEP pathway, localised
within the apicoplast (Kadian et al., 2018). However, some apicomplexans also scavenge isoprenoids

from a host that utilises the MVA-pathway (Imlay and Odom, 2014).

Exceptions to the ‘Typical’ Possession of MVA or MEP Pathways

Although in most photosynthetic organisms both the MVA and MEP pathways are present, there are
some exceptions. Green algae (Chlorophyta) have been shown to lack the MVA pathway altogether,
producing sterols, as well as plastidic isoprenoids, solely using the MEP pathway (Schwender et al.,

2001). This adaption however also required changes in cellular transport in order move IPP from the

chloroplasts into the cytosol for further reactions.

The Apicomplexan Cryptosporidium genus, unlike other Apicomplexa, lack the unique apicoplast
organelle and thus the MEP pathway machinery (Zhu et al., 2000). As mentioned earlier, all
Apicomplexan parasites possess a mechanism for obtaining isoprenoid precursors and products from

the host organisms and through this method Cryptosporidium species obtained necessary molecules.

The pathogenic amoebozoan (and aetiological agent of amoebic dysentery) Entamoeba histolytica
also lacks known enzyme machinery from both the MVA and MEP pathways for the production of
IPP, but possesses a candidate gene for IPP isomerase (a key enzyme in the final stage of both the
MVA and MEP pathway) and farnesyl transferase (a key enzyme in conversion of MVA pathway

products). This could suggest either a novel pathway for the production of IPP or a scavenging
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pathway for the organisms to obtain host IPP (Loftus et al., 2005). Interestingly despite lacking a
gene for HMGR, it has been found that statins (an HMGR inhibitor) provided a synergistic growth
inhibition of E. histolytica when used in conjunction with a farnesyl transferase inhibitor (Probst et
al., 2019). This could again hint towards a currently unknown HMG-CoA binding enzyme present in E.

histolytica and thus a novel isoprenoid biosynthetic pathway.

Peroxisomes and Peroxisomal Targeting

Peroxisome Overview

Eukaryotic cells are distinct from prokaryotes with their wide array of subcellular organelles. These
organelles vary between species with differing evolutionary histories and specialised functions. One
of these varied organelles is the peroxisome. Despite the diversity of functions, the peroxisome and
associated organelles serve in the range of organisms in which they are found, they possess a highly
conserved morphology and mode of biogenesis (Gabaldon et al., 2016). The structure of the
peroxisome is a single membraned compartment with a widely varying contents depending on the

organism.

The biogenesis of peroxisomes can occur via two processes, either de novo creation (budding) of
peroxisomes from the ER or from the division of existing peroxisomes (Smith and Aitchison, 2013). In
bakers’ yeast and model microbial eukaryote S. cerevisiae, de novo peroxisome biogenesis does not
occur in most circumstances with peroxisomes being formed via fission. Only when improper cell
segregation occurs during cell division and the daughter cell is left without peroxisomes is the de
novo pathway utilised (Motley and Hettema, 2007). In a study performed on dendritic cells from
mice, cells were propagated in vitro and observed. It was observed that lamellar structures
connected to the ER formed, with these lamellae possessing known peroxisomal proteins (Geuze et
al., 2003). In another study, a range of mutant strains of S. cerevisiae were created in order to
disrupt and thus elucidate the formation of peroxisomes (Erdmann and Kunau, 1992). Upon
transformation of these mutants with the wild-type genes, peroxisome function was quickly

restored. This again supports the presence of a de novo pathway of peroxisome biosynthesis.

The process of de novo peroxisome biogenesis occurs via vesicular intermediates. Peroxisomal
membrane proteins are first inserted into the ER (van der Zand et al., 2010) before being organised
into inactive sub-complexes. Vesicle budding occurs, creating two separate vesicles each containing

one half of the peroxisomal membrane subcomplexes. These fuse forming a functional peroxisome
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complete with protein import machinery which is then used to import peroxisomally destined

proteins (van der Zand et al., 2012).

The more common process of peroxisome proliferation is the fission of existing peroxisomes. This
process is mediated by the Pex11 family of proteins (Tower et al. 2011). These insert into the
peroxisome membrane, causing an elongation of the structure. A collection of proteins forms the
fission factors, responsible for membrane scission. These include three dynamin-related proteins
(DRP3A, DRP3B and DRP5B) and a membrane receptor for these dynamin-related proteins
(FISSION1) (Pan and Hu, 2011). Dynamin-related proteins or dynamin-like proteins (DLPs) are
GTPases involved in membrane-related events in prokaryotes and eukaryotes including membrane
fusion and scission (Jilly et al., 2018) and involved in endocytosis and cytokinesis in Trypanosoma
brucei (Benz et al., 2017). Some proteins involved in peroxisome membrane scission are also
involved in the proliferation of mitochondria, such as dynamin-related protein 1 (DRP1) also called
DLP1 in mammals (Koch et al., 2005) hinting at conserved fission machinery linked to different
subcellular compartments (Pan and Hu, 2011). Fusion of ER-originated vesicles with mature
peroxisomes carrying a protein called Pex3 is necessary for the proliferation of peroxisomes. Pex3
deficient S. cerevisiae mutants show a complete lack of peroxisome structures (Motley and Hettema,

2007).

Biogenesis of peroxisomes is under the control of proteins known as peroxins encoded by PEX genes.
Peroxins can be separated into three classes based on their role: peroxisome membrane synthesis,
matrix protein import and DLP co-ordinated peroxisome proliferation (Fujiki et al., 2014). The exact
number of encoded PEX genes can vary between organisms, with some proteins conserved and
some absent between the different families of life. In both mammalian cells and yeast, Pex3 and
Pex19 are involved in the targeting of peroxisomal membrane proteins (PMPs) where Pex3 acts as a
docking receptor in the peroxisomal membrane and Pex19 acts as a receptor for the newly
synthesised proteins and targets them to the membrane via a Pex3 receptor (Jansen and van der
Klei, 2019). Interestingly, it has been shown that in pex3 and pex19 mutants of various yeast strains
possess peroxisomes with varying levels of correctly imported PMPs, suggesting Pex3-Pex19
independent pathways for targeting of PMPs (Jansen and van der Klei, 2019). Mammalian cells
possess an extra peroxin responsible for protein import when compared to S. cerevisiae, Pex16.
(Cross et al., 2016). Mammalian Pex16 binds to Pex3 via a receptor site and acts as a chaperone for
the Pex3-Pex19 complex targeting the complex to the peroxisomal membrane. (Matsuzaki and Fujiki,
2008). Mammalian Pex16 has also been seen to be ER-localised as well as peroxisomal, via co-
translational targeting (Kim et al., 2006) where it functions in the targeting of other PMPS to

peroxisomes via the ER (Aranovich et al., 2014). A Pex16 homolog is present in Arabidopsis thaliana
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called SSE1 (Lin et al., 1999). Like mammalian Pex16, SSE1 is localised to both the peroxisome and ER
in equal measure (Karnik and Trelease, 2005) and has been shown to be involved in a similar ER-
peroxisome protein transport pathway via intermediate compartments (Karnik and Trelease, 2007).
Despite the presence of a Pex16 protein in the yeast Yarrowia lipolytica (Eitzen et al., 1997), a Pex16

is homolog is absent in Saccharomyces cerevisiae and all other yeast species (Kiel et al., 2006).

Peroxisomes display a wide range of functions within the organisms in which they appear, which are
dictated by the various enzymes localised within them. Due to this varied nature, there are multiple

sub-categorisations for peroxisomes present in different organisms based on their function.

In mammalian organisms, peroxisomes are widely distributed in almost all cell types with red blood
cells being the only known exception. They are responsible for a range of different functions, but
generally all linked by the theme of lipid metabolism, such as plasmalogen (ether-linked
glycerolipids) synthesis and the B-oxidation of fatty acids (Lazarow, 1987). Peroxisomally located
catalase enzymes are also responsible for the degradation of the oxidative H,0,. Oxidative stress is
effectively reduced within the cell by isolating the H,0, and safely degrading it within the peroxisome

(Fritz et al., 2007).

For example, within higher plants there are three classes of peroxisome. These are glyoxysomes, leaf
peroxisomes and unspecialised peroxisomes whose presence varies dependant on the cell type in
which they are present (Hayashi et al., 2000). The glyoxysomes are responsible for the sole
localisation of an enzyme pathway, a specific pathway of gluconeogenesis in which fatty acids are

converted into succinate.

Protists, in general, provide an interesting insight into the conservation or loss of peroxisomes as an
adaption to different nutrient sources and lifestyles. Apicomplexan parasites including the
Plasmodium genus containing the malaria-causing parasite, completely lack peroxisomes (Schluter et
al., 2006). There is strong evidence that some other apicomplexans (e.g. Toxoplasma gondii and
Eimeria tenella) do however possess peroxisomes. This evidence includes comparative genomics to
detect genes encoding Pex proteins in some apicomplexans (Moog et al., 2017). Life-stage specific
proteomics and transcriptomics indicated upregulation of peroxisome biogenesis proteins and
candidate peroxisomal proteins in tachyzoite, oocyst, and sporozoite stages of a complex life cycle,
suggesting peroxisomes may only be important at certain points in the Toxoplasma life cycle
including those stages which occur in the cat and are not yet possible to reproduce into tractable

culture.
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Glycosomes are class of peroxisome found in trypanosomatids. Much of the glycolytic pathway vital
to the survival of these parasites is localised within glycosomes, with relative levels of glycolytic
enzymes within the compartment varying during the different life stages of the organism. In the
mammalian blood-stream form of T. brucei, 90% of glycosomal proteins are enzymes involved in
glycolysis (Michels et al., 2006). The insect-borne parasites Trypanosoma and Leishmania undergo a
wide range of cellular adaptions to their different hosts during their life cycles. Changes in glycosome
composition are among these changes as the importance of glycolysis for the survival of the cell
varies. When the parasites have transferred into a mammalian host bloodstream, this glucose-rich
environment prompts a change to an exclusively glycolytic metabolism of ATP (Michels et al., 2006).
The trypanosomatid glycosome also houses other enzymatic pathways essential to cell survival. For
instance, trypanosomatids are unable to synthesis purine nucleotides and require salvaged host
nucleotides to survive; key enzymes responsible for interconversion of salvaged purines are localised

to the glycosome (Zarella-Boitz et al., 2004).

Peroxisomal Targeting Signals

Peroxisomes contain no DNA or translational machinery therefore, all proteins destined for this
location must be translated in the cytoplasm and transported into peroxisomes. It was found that a
specific C-terminal motif could determine the transport of proteins to the peroxisome (Gould et al.,
1987). This was termed the peroxisomal targeting signal (PTS1). The original and thus textbook
amino acid sequence was a C-terminal —SKL tripeptide motif i.e., a sequence corresponding to
serine, lysine and leucine at the C-terminal end of the protein that directed peroxisomal import. This
sequence was subsequently found to be slightly variable, where the first serine could be replaced
with cysteine or methionine and the lysine could be replaced by either arginine or histidine. The
leucine was found to be far more conserved than the other amino acids in the motif (Swinkels et al.,

1992).

The PTS1 allows the binding of a polypeptide sequence to the peroxin PEX5. PEX5 binds to PTS1
sequences via a series of repeated 34 amino acid motifs called TPRs at the C-terminal end of the
protein (Gatto et al., 2000). 95% of cellular PEX5 in both yeast and human cells is found in the
cytosol, with the other 5% localised to the peroxisomes (Dodt et al., 1996). This suggest PEX5 is a
cycling receptor, directing proteins to the peroxisome import machinery and then returning to the
cytosol afterwards (Harper et al., 2003). PEX5 proteins within different organisms possess varying

affinity for different variations of the PTS1, perhaps explaining the reason for variable PTS1
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sequences. PEX5 may function based on threshold affinity, where specific PTS1 sequences may
require an affinity over a set threshold in an organism to allow binding (Gatto et al., 2003). There is
also evidence suggesting that residues adjacent to the PTS1 are also involved with PEX5 binding,

constituting a 12 amino acid motif at the C-terminus (Neuberger et al., 2003).

A second set of consensus sequences was found to be necessary for some peroxisomally localised
proteins, albeit a far smaller number than PTS1-containing proteins. They were termed PTS2
sequences. Despite being rarer than PTS1 sequences, PTS2-containing protein peroxisomal export is
no less vital (Legakis and Terlecky, 2001). Like PTS1, PTS2 sequences are consensus sequences being
more varied than PTS1 sequences and possessing different tendencies depending on the organism.
(Kunze et al., 2015). The motif; -(R/K)(L/V/I/Q)XX(L/V/I/H/Q)(L/S/G/A/K)X(H/Q)(L/A/F)- comprises all
known variants of the PTS2 (Petriv et al., 2004). Unlike PTS1 sequences, PTS2 sequences are located
at the N-terminus of proteins and interact with a different peroxin receptor, PEX7. After interaction
with the PTS2 containing protein, PEX7 interacts with another peroxin called PEXSL. This is

responsible for peroxisomal import of the PTS2 containing protein.

Dictyostelium discoideum

An interesting organism to consider, regarding the evolution and divergence of the biosynthesis of
isoprenoids with eukaryotes is Dictyostelium discoideum. The Dictyostelid class of organisms belongs
to the large taxonomic group Amoebozoa, a monophyletic group with a diverse range of organisms
(Cavalier-Smith et al., 2015). The Amoebozoa are a sister-group to all opisthokonts (that group of
organisms that include fungi, animals and a variety of protists, including choanoflagellates). A widely
held view is that the common ancestor of extant amoebozoan protists diverged from other
organisms at a very early point in eukaryotic evolution (Burki et al., 2020). Due to this early
divergence in highly conserved biosynthetic pathways, some light could be shed on early eukaryotic
adaptions and help elucidate the ancestral state of the metabolic pathway organisation in the first
eukaryotes. This, of course applies to the pathway of isoprenoid biosynthesis and the origins of the

various localisations of the enzymes of this pathway.

Dictyostelium discoideum serves as a popular model organism for eukaryotic cell differentiation and
development due to a complex life cycle that incorporates multicellularity. (Huber, 2016). Thus,
when in its vegetative amoebal state, D. discoideum feeds on bacteria. If prey sources in the
environment (aerobic leaf litter on the forest floor) begin to deplete, Dictyostelium adopts a social

lifestyle. This includes aggregation of 100,000s of cells guided by cAMP-lead signalling, thereby

19



forming a large mobile slug. Eventually, cells begin to form a stalk and at the head of the stalk a
fruiting body from which spores are released to begin new D. discoideum colonies in areas where
bacterial prey are present (Escalante and Vincente, 2000). During this stage of the lifestyle, cells
begin to terminally differentiate into the various roles required for final fruiting body formation. This
lifecycle exhibits similar processes to those carried out in multicellular organisms, such as cell
migration, adhesion and cAMP signalling (Loomis, 2015). This hints to a key position in the
phylogenetic tree, with the last common ancestor of social-amoeba such as D. discoideum being an
early adopter of a multicellular lifestyle (Heidel et al., 2011). The Dictyostelium genome takes the

form of 6 gene-dense chromosomes, encoding ~12,500 proteins in total (Eichinger et al., 2005).

Leishmania tarentolae

A second organism used in this study was Leishmania tarentolae. It is a parasitic protist belonging to
the large genus Leishmania. Although L. tarentolae is considered non-pathogenic to humans, various
other species of the genus Leishmania are responsible for the disease leishmaniasis. Transmission of
the parasite between people (or other animals) is typically vector-mediated. The vectors for
Leishmania are female sandflies from the genera Phlebotomus and Lutzomyia with the female
requiring her bloodmeal specifically for egg maturation (Akhoundi et al., 2016). L. tarentolae
specifically infects reptiles and is thought to be non-pathogenic to humans. However, an intriguing
study performed on a 300-year-old Brazilian mummy showed molecular signatures of L. tarentolae
which raises the possibility of survival and replication of L. tarentolae cells within human
macrophages and to allow systemic infection (Novo et al., 2015). Leishmania belongs to the
Trypanosomatidae family within the order Kinetoplastida and phylum Euglenozoa. These protists
are, like the Amoebozoa, also considered to be descended from an early-branching eukaryotic
ancestor and together with a wide variety of related unusual protists belong to a wider group of
protist organisms known as the Excavata. Organisms within Leishmania and the related genus
Trypanosoma have been shown to possess interesting adaptions to the mevalonate pathway of

isoprenoid biosynthesis.

The HMGR enzymes in both Trypanosoma cruzi and Leishmania major have been shown to possess
interesting characteristics in a range of studies. One study isolated an HMGR gene from T. cruzi that
was found to be smaller than other eukaryote HMGR enzymes and lacked the N-terminal ER
membrane-spanning domains. An enzyme activity assay was also carried out in this study after

fractionating T. cruzi cells, which showed 95% of HMGR activity was present in the cytosolic fraction
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suggesting a soluble cytosolic HMGR form (Pefia-Diaz et al., 1997). Leishmania major was found to
possess a similar HMGR to the T. cruzi enzyme. This enzyme again showed similarity to the C-
terminal regions (containing the catalytic domains) of HMGR enzymes from many other eukaryotes,
but again lacked the N-terminal membrane-spanning region that would normally anchor the enzyme
in the ER membrane (Pena-Diaz et al., 1997). A further study on HMGR in both trypanosomatids
determined a mitochondrial localisation for these enzymes. These enzymes possessed an N-terminal
mitochondrial signal, when removed resulted in accumulation of the enzyme in the Leishmania
cytosol. This study also introduced T. cruzi HMGR into S. cerevisiae, where it was also localised in the

mitochondria (Pefia-Diaz et al., 2004).

In experiments performed on Leishmania mexicana, a variety of Cis-labelled molecules were used to
determine the preference of carbon sources for isoprenoid biosynthesis. It was found that although
the usual isoprenoid precursor of mevalonic acid, acetyl-CoA was used, the amino acid leucine was
utilised at a far higher rate (Ginger et al., 1999). These studies were then expanded by investigation
of leucine and acetate usage as precursors in the biosynthesis of isoprenoids among various
Leishmania species and Trypanosoma cruzi. It was shown that the Leishmania species utilised
leucine more than acetate in varying quantities and the T. cruzi utilised some leucine but used
mainly acetate as a carbon source for sterol biosynthesis (Ginger et al., 2000). This again highlights
adaptions in the MVA pathway involving varying localisations and target molecules of enzymes

within the pathway.

The remaining enzymes of the mevalonate pathway of isoprenoid biosynthesis in Leishmania are
thought to occupy varying compartments in a similar fashion to other eukaryotes (Souza and
Rodrigues, 2009). Some of the localisations of these enzymes are thought to be known in Leishmania
such as farnesyl pyrophosphate synthase in the cytosol (Ortiz-Gémez et al., 2006). However, some
localisations are less certain with squalene synthase being shown to possess both a PTS1 and a PTS2
(Opperdoes and Szikora, 2006) and dual peroxisomal/mitochondrial localisation being reported
(Urbina et al., 2002). Even less certain is the localisation of squalene epoxidase which follows
squalene synthase in the isoprenoid biosynthetic pathway. Considering this, L. tarentolae squalene

epoxidase was chosen as a target protein for investigation in this study.

Aims and Objectives

To attempt to determine the intracellular localisation of two different isoforms of HMGR found

within D. discoideum. Another major aim is to carry out an analysis of the presence of peroxisomal
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targeting signals and transmembrane spanning regions found with the two isoforms and other
enzymes in the MVA pathway of D. discoideum and other eukaryotes. And finally, an analysis of the
general organisation of the early reactions of the MVA pathway and the presence of lack of enzymes

within a diverse range of protists.

Materials and Methods

Bioinformatic Queries

BlastP

NCBI BlastP (Altschul et al., 1990, States and Gish, 1994) was used as part of a bioinformatic study
aimed at identifying the presence of orthologues of the HMGR, HMGS and HMG-CoA lyase (HMGL)
and their associated isoforms from D. discoideum. cDNA sequences (obtained with thanks to Dr.
Jason King of The University of Sheffield) were used to conduct the queries for all three genes and
their isoforms. The “Expect Threshold” (E-value) of 1 was utilised for these searches, allowing for a

wide range of sequences to be obtained in consideration of the wide range of organisms included

UniProt
The UniProt database (UniProt Consortium, 2019) was utilised for searching for more divergent
examples of the MVA pathway enzymes. These may possess limited identity to, or exceed the E-

value cut-off for, the D. discoideum reference sequences.

HMGR Mitochondrial Localisation Prediction
Three different mitochondrial localisation prediction software were used for this study: MitoProt Il

(Claros and Vincens, 1996), Predotar (Small et al., 2004) and TargetP 1.1 (Emanuelsson et al., 2000).
HMGR sequences for the organisms of interest were entered into the prediction software. The
prediction outcomes were recorded and divided into low, medium and high probabilities of

mitochondrial localisation.

Dictyostelium discoideum Culturing

Growing Dictyostelium discoideum

Dictyostelium discoideum cells (generously donated by Dr Jason King from the University of
Sheffield) were grown in 10 ml liquid HL-5 media in petri dishes at 22°C, with cultures being sub-
passaged when an approximate density of 3x10° cells/ml was reached. Cells were counted using a
Bright-Line hemocytometer (Sigma-Aldrich, US) and the density was calculated per millimetre. The

sub-passage was carried out every two days at a 1:10 dilution. ‘HL-5 media with glucose’ was used
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(Formedium, UK), with 35.5g of the powdered medium dissolved in 1L of water. When sub-culturing,
care was taken in order to displace amoebae from their adhered position on the bottom of the petri-

dish; this was done by using 10ml pipettes to draw up and then release the overlying medium.

Freezing Dictyostelium discoideum

Dictyostelium discoideum can be stored for up to 2 years at -80°C. One confluent (~3x10° cells/ml)
dish can be used to make four dense 250ul aliquots of cells. The cells first needed to be
resuspended, as done when passaging by washing the bottom of the plate with the liquid media
already in the plate. This dislodged adhered cells from the surface of their plate. The 10ml of liquid
HL-5 media was then transferred to a 50ml Falcon tube, which was centrifuged at 500 x g for 2
minutes in a bench-top swing out centrifuge. A freezing medium comprised of 45% HL-5 media, 45%
BSA and 10% DMSO (Sigma-Aldrich) was then prepared and kept on ice. The supernatant from
harvested cultures was discarded, and the cell pellet resulting from centrifugation re-suspended in
1ml of the freezing medium. This was then divided into four separate 250ul aliquots in Nalgene™
System 100™ Cryogenic Vials (Thermo Fisher Scientific, US) and kept at -20°C for 2 hours before

longer term storage at -80°C.

Thawing Dictyostelium discoideum Cells

Frozen cells were taken and thawed quickly in a 37°C water bath until only a small amount of frozen
material was left in the tube to ensure the temperature within the cryovial was below 4°C. This
reduced stress on the cells from DMSO. These cells were then transferred to a petri-dish containing
10ml of normal HL-5 media. These cells were allowed to stand for 60 minutes at room temperature.
The cells typically adhered to the bottom of a petri-dish within the first 15 min, and the additional
time allowed the cells to acclimatise before a media change. A change into fresh HL-5 media was
done to remove DMSO. The cells were left for 24 hours before antibiotics were added for selection;
10l of 50mg/ml Hygromycin B (Sigma-Aldrich, US) and 10ul of 50mg/ml of Gibco™ Geneticin™
Selective Antibiotic (G418 Sulphate) (Thermo-Fisher Scientific, US).

Dictyostelium discoideum DNA Manipulation

Electroporation of Dictyostelium discoideum
3ml of resuspended cells taken from a confluent dish (3x10° cells/ml) were centrifuged at 2,000 x g

for 2 mins. The supernatant was discarded and the pelleted cells were resuspended in 400ul of ice
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cold E-buffer (10mM Potassium phosphate, 50mM sucrose). This was prepared for 5 samples, ready

for transfection with the following plasmids, as displayed in Table 1.

Table. 1 The different samples of D. discoideum cells after electroporation
D. discoideum cells were split into five samples and transfected with different combinations of plasmids. +
indicates the sample was transfected with this plasmid, -- indicates that they were not.

D. discoideum Plasmids

Transfectants 1039+DdHMGA 1039+DdHMGB | PTS1-RFP Plasmid

1 + - +
2 -- + +
3 + -- --
4 -- + --
5 -- -- +

Plasmid DNA was added into the respective electroporation cuvettes (5ul of a 100ng/ul solution)
(Bio-Rad). The electroporation was carried out using a Gene Pulser Xcell electroporation system (Bio-
Rad) with an additional 5 ohm resistor. Electroporations were done with a capacitance of 3uF and a

voltage of 1.2kV.

The cells were then transferred to 10ml of standard HL5 media in a petri dish. 24 hours later, 10ul of
50mg/ml Hygromycin B (Sigma-Aldrich, US) was added to the cells transfected with the PTS1-RFP
plasmid. 10l of 50mg/ml of Gibco™ Geneticin™ Selective Antibiotic (G418 Sulphate) (Thermo-Fisher
Scientific, US) was added to the cells transfected with either of the pDM 1039 plasmids. Both drugs

were added to the cells that were transfected with both plasmids.

Preparation of pDM 1039 Expression Plasmid
pDM 1039 is an untagged extrachromosomal plasmid designed as an expression vector for
Dictyostelium discoideum (Veltman et al., 2009). It includes two selection genes, ampicillin for

selection in E. coli and G418 for selection in Dictyostelium.
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50ul of E. coli XL1-Blue competent cells (Agilent) were used in a standard heat-shock method of
transformation with 0.5ul of purified pDM 1039. The plasmid DNA was added to the cells after
thawing from -80°C. This mixture was then incubated on ice for 30 minutes. The heat shock was
performed at 42°C for 45 seconds. Another incubation step on ice was performed for 3 minutes.
These cells were then grown on an ampicillin-containing agar petri dish for selection. Plasmid DNA

was then extracted from these cells using a Thermo Scientific™ GenelET Plasmid Miniprep Kit.
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Figure 3. Map of the pDM 1039 plasmid used for transformation of Dictyostelium discoideum.
Includes the origin of replication sequences for both E. coli and D. discoideum, G418 and ampicillin
selection markers and the expression cassette.

Sub-cloning DAHMGR isoforms into pDM 1039 plasmids
Synthetic gene constructs encoding each isoform of D. discoideum HMGR (DdHMGA and DdAHMGB)
were sourced. Each synthetic gene used an endogenous (AT-rich) coding sequence except for

recoding across two Xbal recognition sites in DAHMGA and one Xbal recognition site in DAHMGB and

the additional presence of a C-terminal epitope double-myc tag and then a stop codon. These
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synthetic genes were prefixed with a Bglll recognition site and finished (downstream of the stop-
codon) with a Spel recognition site. The Bglll and Spel sites were to facilitate directional cloning into
Bglll-Spel-digested pDM 1039. Following gel extraction of Bglll-Spel digested inserts and vector,
ligation reactions were then carried out using T4 ligase (Roche) and transformed into competent E.
coli. Nanodrop spectrophotometry was used to measure the concentration of insert and vector DNA

prior to ligation.

From the transformation of competent E. coli, colonies were picked from overnight plates and grown
overnight at 37°C in liquid LB media broth with ampicillin (100pug/ml). Plasmid DNA was isolated
from these bacterial growths using a Thermo Scientific™ GenelET Gel Extraction Kit. In this way, two
constructs were prepared for transfection of Dictyostelium: p1039A (pDM 1039 + DdHMGA) and
1039B (pDM 1039 + DdHMGB). Plasmids prepared by mini-prep were analysed for the presence of

cloned insert via diagnostic digests with Bglll and Spel and also sequenced using ABI technology.

Fusion PCR-based GFP tagging of L. tarentolae SqE

In order to identify the localisation of the enzyme squalene epoxidase within the organism
Leishmania tarentolae a Fusion PCR-based approach (Dean et al., 2015) was used in an attempt to
express LtSqQE with a GFP sequence was inserted at the C-terminal GFP tag from its endogenous
chromosomal C-terminal GFP tag from its endogenous chromosomal location. In this approach,

partially open reading frame (ORF) for SqE and intergenic sequence are amplified alongside GFP

Table 2. Primers used for the replication of homology flanks for L. tarentolae squalene epoxidase and the
pPlotvl NeonGreen Blast plasmid.

DNA Sequence Forward Primer Reverse Primer Nested Primer

N-terminal squalene ttccatcaagggctatgttgg gaggccgacaggcettgegttgtttg ggttggcaaacagtttgaagg
epoxidase homology

flank (ORF):

C-terminal squalene tgagcggcatctatttctttcagg cacagacgtgtatatgtgtcc actccttaacagacgtaacagg
epoxidase homology

flank (UTR):

pPlotvl NeonGreen ttccggttccggttctaage aagccaactaaatgggcactcg -
Blast:

coding sequence and a selectable marker gene for integration in the L. tarentolae genome via
homologous recombination. In order to achieve the construct for transfection and homologous
recombination into the Leishmania genome a specially developed Fusion PCR protocol was used

(Dean et al., 2015). This construct features two 500bp homology flanks for the squalene epoxidase
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gene, alongside a pPlot plasmid sequence consisting of a GFP gene and a Blastocidin resistance
cassette. The fusion PCR protocol required a significant period of optimisation and required multiple

attempts to successfully create the correct gene construct.

PCR to Create a Tagging Amplicon for Leishmania tarentolae

Amplification of pPlot and Homology Flanks for LtSqE

A PCR reaction was carried out using Phusion® High-Fidelity DNA Polymerase to amplify both
homology flanks for the squalene epoxidase gene and the C-terminal tagging pPlot plasmid. This
reaction involved an annealing temperature of 65.1°C and an extension time of 35 seconds. This
reaction resulted in an amplified sample of the plasmid, but no successful amplification of either of

the homology flanks.

PCR to Create SqE Homology Flanks

Another protocol was required to achieve the amplification of the two 500bp homology flanks for
the gene squalene epoxidase gene to allow homologous recombination. The two homology flanks
include an ORF sequence that will occupy the N-terminal region of the tagging amplicon and an UTR

sequence that occupy the C-terminal region.

This reaction used a lower annealing temperature at 48°C and an extension time of 7 seconds. This
reaction successfully amplified the SQE ORF sequence however, untranslated region (UTR) sequence

was unfortunately unsuccessful.

Table 3. Reaction mixture for the second PCR attempt, amplifying the ORF and UTR sequences for the squalene
epoxidase gene.

Component Volume
H20 16ul
dNTPS 0.4ul
5X Phusion Green HF Buffer 4ul
Phusion DNA Polymerase 0.2ul
Forward primer (1:10) 0.5ul
Reverse primer (1:10) 0.5ul
Leishmania tarentolae 2ul
genomic DNA

Table 4. Thermocycling conditions for the second PCR attempt, amplifying the ORF and UTR sequences for the
squalene epoxidase gene.

Cycle Step Temperature Time Cycles
Denaturation 94°C 15s
Annealing 55°C 30s 30
Extension 68°C 7
3

27



A second attempt was carried out to amplify the SqE UTR sequence, using the same reaction mix and
a lower annealing temperature at 46°C. Two reaction mixtures were made up (Table. 3), one with
normal forward and reverse primers and one with the forward and nested primers for the UTR. The
mixture with the nested primer used resulted in amplification of the sequence while the other did

not.

First Attempt at Fusion PCR protocol

The purpose of the second round of PCR is to create a single tagging amplicon, composed of both of
the homology flanks and the pPlot plasmid (complete with a GFP region and Blastocidin resistance
cassette) between them (Dean et al., 2015). Leishmania tarentolae cells could then be transfected
with this cassette and the pPlot sequence would be introduced at the C-terminus of the squalene

epoxidase gene via homologous recombination.

Table 5. Reaction mixture for the first Fusion PCR protocol, involving the GFP containing pPlotvl and the SgE gene.

Component Volume Time added

H.0 37.7ul Start

pPlotvl sequence 1.7ul (20ng) Start

SqE ORF sequence 1.3ul (20ng) Start

SqE UTR sequence 3.3ul (20ng) Start

dNTPS 1l Start

5X Phusion Green HF Buffer Sul Start

Phusion DNA Polymerase 0.5ul After first annealing step
SqE ORF nested primer 1pl At the start of the 6"
(B_ORF_Ltsqge) denaturation step
SqE UTR nested primer 1pl At the start of the 6
(UTR3n_Ltsqe) denaturation step

Table 6. Thermocycler conditions for the first Fusion PCR protocol, involving the GFP containing pPlotvl and the SqE
gene.

Cycle Step Temperature Time Cycles

Initial Denaturation 94°C 2 mins 1

Annealing 55°C 3 mins 1

Extension 68°C 3 mins

Denaturation 94°C 30 secs 30 cycles
Annealing 55°C 3 mins

Final Extension 68°C 7 mins 1
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Final attempt at creating the Fusion tagging amplicon

Previous attempts failed to produce significant amounts of the correct Fusion DNA sequence, with
varying annealing temperatures in the previously mentioned PCR protocol and MgCl,. The first step
determined to resolve this was to use a specialised genomic DNA (gDNA) purification system, to
improve the quality of the L. tarentolae template gDNA. A different DNA polymerase was used in the

following protocols.

Leishmania genomic DNA purification

Leishmania tarentolae gDNA was purified using the Promega Wizard SV Genomic DNA Purification
System (Promega, USA). 10ml of L. tarentolae cells were taken at a culture density of ~10’ cells/ml
and pelleted in a centrifuge at 312 x g for 10 minutes. After discarding the supernatant, the pellet
was suspended in 1ml of phosphate-buffered saline (PBS). This was then centrifuged in a bench-top
microfuge at 3463 x g for 3 minutes. The supernatant was again discarded and 150ul of lysis buffer
from the Wizard SV Genomic DNA Purification System was added to the pellet and after suspension
the sample was added to a Wizard SV Minicolumn assembly. This sample was then spunina
microfuge at 16,259 x g for 3 minutes and the collection tube was emptied. 650l of Column Wash
Solution (with ethanol) was added to the column before another spin in the centrifuge at 16,259 x g
for 1 minute and the collection tube was emptied before being replaced. This step was repeated 4
times before a final spin at 16,259 x g for 2 minutes to dry the binding matrix. The Wizard SV
Minicolumn was then taken from the collection tube and placed into a 1.5ml Eppendorf tube. 250ul
of nuclease-free water was added to the column and incubated for 2 minutes at room temperature.
The Wizard SV Minicolumn assembly was then spun in a centrifuge at 16,259 x g for 1 minute. This
causes the DNA sample to elute into the Eppendorf tube, which was then stored at -20 until being

used in later PCR protocols.
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New round of PCR amplifications of Fusion amplicon components

A new round of PCR protocols were devised, attempting to amplify all necessary homology flank
sequences in a single PCR protocol. The newly purified Leishmania template gDNA was also used.
Included in this PCR run were primers for amplifying ORF and UTR sequences not just for the
squalene epoxidase gene but also ORF and UTR sequences for both the mevalonate kinase gene
(MK) and the isovaleryl dehydrogenase gene (IVDH). MK is a thought to be localised within the
peroxisome (Carrero-Lerida et al., 2009) and IVDH is a known mitochondrial matrix enzyme (Shen et
al., 2009). These can serve as reference signals when imaging Leishmania cells with tagged squalene

epoxidase enzymes when attempting to determine the enzymes localisation.

The pPlotV1 sequence was also amplified using the same protocol and mixture as above, however

with a slightly different annealing temperature of 63°C and a longer extension time of 1 minute

Table 7. Reaction mixture for the second round of PCR, involving the GFP containing pPlotvl and the SqE, MK and
IVDH genes.

Component Volume
H,0 11|.L|
dNTPS 0.5ul
5X Phusion Green HF Buffer aul
Phusion DNA Polymerase 0.2ul
Forward primer (1:10) 1ul
Reverse primer (1:10) 1ul
Leishmania tarentolae 2ul
genomic DNA

Table 8. Thermocycler conditions for the second round of PCR, involving the GFP containing pPlotvl and the SqE, MK
and IVDH genes.

Cycle Step Temperature Time Cycles
Initial Denaturation 98°C 30s 1
Denaturation 98°C 10s 10
Annealing 62°C 30s 30
Extension 72°C 15s 30
Final Extension 72°C 10 min 1

Fusion cassette PCR using squalene epoxidase ORF and UTR sequences
The samples of SqE ORF and UTR and the pPlotV1 sequence were measured using a NanoDrop

spectrophotometer to determine the concentration of DNA in each sample.
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The Fusion PCR protocol requires 20ng of each previously amplified sequence to be carried out. This

was measured (Table 9.) before being added in the correct concentration for a final Fusion PCR

reaction (Table. 10).

Table 9. Sequences obtained via the second round of PCR reactions were measured to determine the DNA

concentration.

Sample DNA concentration (ng/ul)
SqE ORF 14.9

SqE UTR 6.1

pPlotvl 11.5

Table 10. Reaction mixture for the second Fusion PCR protocol, involving the GFP containing pPlotv1 and the SqE

gene.
Component Volume Time added

H.0 37.7ul Start

pPlotvl sequence 1.7ul (20ng) Start

SqE ORF sequence 1.3ul (20ng) Start

SqE UTR sequence 3.3ul (20ng) Start

dNTPS 1l Start

Expand High Fidelity PCR Sul Start

system 10X buffer

Expand High Fidelity PCR 0.5ul After first annealing step
system DNA polymerase

SqE ORF nested primer 1pl At the start of the 6
(B_ORF_Ltsqge) denaturation step

SqE UTR nested primer 1pl At the start of the 6

(UTR3n_Ltsqe)

denaturation step

Table 11. Thermocycler conditions for the second Fusion PCR protocol, involving the GFP containing pPlotvl and the

SqE gene.

Cycle Step Temperature Time Cycles

Initial Denaturation 94 2 mins 1

Annealing 55 3 mins 1

Extension 68 3 mins

Denaturation 94 30 secs 30 cycles
Annealing 55 3 mins

Final Extension 68 7 mins 1

A Fusion tagging amplicon was only produced for the squalene epoxidase gene as time constraints

prevented the production of constructs for the MK and IVDH genes. However, as ORF and UTR



sequences were partially produced for these genes, with slight variation this method could also be

applied to those genes.

MitoTracker™ Deep Red FM and ER-Tracker™ Red for Visualisation of Mitochondria

and the ER in D. discoideum

In order to allow visualisation of the mitochondria and ER in D. discoideum, MitoTracker™ Deep Red
FM and ER-Tracker™ Red (Invitrogen) were used. These stains were both used on different cultures
of D. discoideum due to possible signal overlap during fluorescence microscopy but the method for

utilisation of both is the same.

D. discoideum cultures at an approximate density of 3x10° cells/ml were used for this method.
Cultures for both myc-tagged DdHMGR isoforms were used, with separate cultures used for
MitoTracker™ Deep Red FM and ER-Tracker™ Red, so four in total. 5ul of the 1mM stock solution of
either MitoTracker™ Deep Red FM or ER-Tracker™ Red was added to the 10ml of HL-5 media in the
D. discoideum culture petri-dish and left for one hour at 22°C. The D. discoideum cells were then
resuspended in fresh HL-5 media and left for a further 1 hour at 22°C. These cells can then be used

for slide preparation and immunofluorescence as seen below.

Preparation of slides and immunofluorescence

1ml of D. discoideum cells were taken from the cultures at confluent densities (3x10° cells/ml) and
pelleted in a centrifuge (385 x g for 3 minutes). After discarding the supernatant, the pelleted cells
were resuspended in PBS (Melford) After two PBS washes, 50ul of the cells were added to Thermo

Scientific™ SuperFrost™ glass slides and were fixed in 3.7% paraformaldehyde (PFA) (Alfa Aesar).

For the D. discoideum control cultures that did not require immunofluorescence to image (wild-type
and PTS1-RFP transfected cultures) and the L. tarentolae cultures, VECTASHIELD (Vector

Laboratories) with 4',6-diamidino-2-phenylindole (DAPI) was added, followed by a glass cover slide.

For the cultures that required immunofluorescence, an additional step was required. Firstly, the
slides are incubated with 50pl of blocking buffer for 1 hour (200ml PBS, 0.05% Tween 20 (Melford),
100mg BSA). Then anti-myc mouse primary antibody (ab18185) (Abcam) was diluted to 1:50 in
blocking buffer before being added to the slide and allowed to incubate for 1 hour. After 3 x 5 min
washes in PBS, the goat anti-mouse IgG FITC-conjugated antibodies (Merck Millipore) diluted to

1:200 in blocking buffer were added and again an incubation step of 40 minutes was allowed.
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Twelve types of D. discoideum slides were prepared. This included three slides featuring wild-type D.
discoideum cells, with slides treated with primary antibodies only, secondary antibodies only and no
antibody treatment. Slides were made up of D. discoideum cells transfected with; 1039+HMGA and
the PTS1-RFP plasmid, 1039+HMGA and the PTS1-RFP plasmid, 1039+HMGA only and 1039+HMGB
only. These slides were treated with both primary and secondary antibodies. The remaining four
slides were cells transfected with 1039+HMGA or 1039+HMGB and incubated with MitoTracker™
Deep Red FM or ER-Tracker™ Red (Invitrogen). These slides were also treated with both primary and

secondary antibodies.

Two Leishmania tarentolae slide types were prepared; a wild-type control and cells transfected with

the GFP-tagged squalene epoxidase.

Immunoblotting

SDS-PAGE (Sodium dodecyl sulphate-polyacrylamide gel electrophoresis) was used to separate cell
lysate samples from wild type D. discoideum and D. discoideum transfected with either 1039+HMGA
or 1039+HMGB. An 8% resolving gel was used made using 9.3ml of H,0, 5.3ml of 30%
Acrylamide/Bis Solution (Bio Rad), 5ml of 1.5M Tris, 200ul of 10% SDS, 200l of 20% ammonium
persulphate and 12ul of TEMED (Tetramethylethylenediamine). The 5% stacking gel constituted 2.7
H20, 670ul of 30% Acrylamide/Bis Solution (Bio Rad), 500ul of 1.0M Tris, 40ul of 10% SDS, 40ul of
20% ammonium persulphate and 4ul of TEMED.

For immunoblots proteins were transferred from gels onto Immuno-Blot® PVDF Membrane (Bio-
Rad) following a standard Immunoblotting protocol. Membranes were probed using an anti-myc
mouse antibody in a 1:50 dilution in PBS-Tween 20 containing 5% powdered, skimmed milk for one
hour, followed by goat anti-mouse IgG conjugated with horse radish peroxidase antibodies diluted

(Abcam) in a 1:1000 dilution in PBS-Tween 20 containing 5% powdered milk for a further one hour.
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Results

Preparation of D. discoideum Plasmids Encoding HMGR Isoforms

As a first step to expressing epitope-tagged HMGR isoforms in D. discoideum PCR was used in an
attempt to amplify coding sequences for DAHMGA and DdHMGB. Unfortunately, these initial
attempts at amplification of the HMGR isoforms failed, due to the AT rich nature of Dictyostelium
protein-coding genes (Rosengarten et al., 2015) either making it difficult to design primers that
allowed full length coding sequences to be amplified or allowing Taq polymerases to progress
through AT-rich HMGR coding sequences. To address this problem, synthetic genes were designed
that also coded, in frame, a tandem myc-epitope tag at the end of each coding sequence (Thermo

Scientific).

The two genes encoding myc-tagged HMGR isoforms were each subcloned into Bglll-Spel digested
pDM 1039 (Veltman et al., 2009) for transfection into D. discoideum and expression of recombinant
gene. To confirm the sub-cloning of each HMGR insert into pDM 1039 diagnostic digests were

carried out on purified mini-prep plasmids.

The diagnostic digests carried out are shown in Table 12 together with indication of the expected
sizes of DNA fragments that would be evident following DNA agarose gel electrophoresis. These
digests included the release of HMGA or HMGB insert, but also included digests that took advantage
of restriction sites unique to DAHMGA (Kpnl, Hindlll, Ncol) or DAHMGB (EcoRV). In this way | could
be more confident of cloning each similarly sized ORF into pDM 1039 prior to sending promising
looking plasmids for DNA sequencing to confirm the presence of HMGR inserts. The results of DNA

agarose gel electrophoresis following restriction digestion are shown in Figure 4.

Table 12. Predicted fragment sizes for both of the insert+plasmid combinations with a range of restriction enzymes.

Plasmid + Insert and size of fragment(s) (BP)
Restriction Enzyme 1039 + DdHMGA 1039 + DdHMGB

Kpnl 8740 -
Hindlll 1188, 7552 -
Ncol 1531, 7209 -
Xhol 314, 8426 314, 8348
EcoRV - 8662
Bglll+Spel 1749, 6991 1671, 6991
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HMGA HMGA HMGA HMGA HMGA

Kenl Mol N Ynol  Blli+Spel Figure 4. Agarose gel electrophoresis of DNA

fragments of HMGR isoform insert + 1039 plasmid
after incubation with a range of restriction
enzymes.

The sequences of insert and plasmid are known and
thus the restriction sites. The predicted sizes for
these fragments are given in Table 12.

Uncut Uncut  EcoRV  Hindlll Hindlll Xho! Bglll + Spel
HMGA HMGB HMGB HMGB HMGA HMGB HMGB

-

Immunoblot analysis of HMGA::myc and HMGB::myc expression in Dictyostelium

discoideum

Following the electroporation of pDM 1039 plasmids encoding DdAHMGA::myc or DAHMGB::myc and
selection of stable transformants with G418, cell lysates were prepared to confirm expression of
HMGR isoforms at the expected molecular mass. Amoebae from each transformed culture
(DdHMGA+1039 and DdHMGB+1039) and wild type amoebae were collected for lysate preparation.
Lysates were prepared by re-suspending amoebae pellets in boiling SDS-PAGE loading buffer for 3
min. From the Immunoblots shown in Figure 5, the primary anti-myc antibody detects protein of the
predicted mass for both at the correct sizes predicted for each myc-tagged HMGR isoform. However,
the band for DdAHMGA was significantly less pronounced than that of DdHMGB (Fig. 6); since an
equal amount of protein was loaded for SDS-PAGE from each transformed culture the Western blot
suggested DAHMGA::myc was expressed at a lower level than DdHMGB::myc. Additionally, despite a
greater amount of total protein in the loaded wild-type cell lysates (Fig. 6), there are few visible
bands on the immunoblot suggesting successful targeting of the DdJHMGR isoforms (Fig. 5).
Additional bands may be due to non-specific binding of either of the antibodies or post-
translationally modified proteins in the case of the higher molecular weight bands and

proteolytically degraded fragments in the case of the lower molecular weight bands.
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Figure 6. An SDS-PAGE of lysate of three different
cultures of D. discoideum stained with Coomasie
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Blue.

- - WT refers to wild-type cells. A is D. discoideum cells
Fn.gurc.a 5. An Immunoblot analysis of D. transformed with the myc-tagged DdHMGA. B is D.
discoideum cells. discoideum cells transformed with the myc-tagged
WT refers to wild-type cells. Ais D. DJHMGB

discoideum cells transformed with the myc-
tagged DdHMGA. B is D. discoideum cells
transformed with the myc-tagged DAHMGB.
The asterisks mark correctly sized DdAHMGA
and DdAHMGB bands.

Confocal microscopy analysis of DAHMGA::myc and DdHMGB::myc localisation

The possible reason underlying the presence of two HMGR isoforms in D. discoideum could perhaps
be elucidated by identification of their site of intracellular localisation in amoebae. In an attempt to
resolve this, D. discoideum cells transformed with either of the two myc-tagged HMGR isoforms
were analysed via immunofluorescence. In addition to D. discoideum cells subject to expression of a
single ectopic gene (either DAHMGA::myc or DdAHMGB::myc), additional transformations were
carried out to obtain amoebae that expressed either DAHMGA or DdHMGB plus a peroxisome-
targeted variant of red fluorescent protein (PTS1-RFP). For indirect immunofluorescence detection
of DAHMGA::myc or DAHMGB::myc, a FITC-conjugated secondary monoclonal antibody was used to

detect primary anti-myc monoclonal antibody.

36



Figure 7a: D. discoideum cells
transformed with a myc-
tagged DdHMGA and a PTS1-
linked RFP.

Fluorescence microscopy
images of the same cell
showing red fluorescence for
the PTS1-linked RFP, green
for the FITC conjugated
secondary antibodies bound
to anti-myc primary
antibodies and blue for the
DAPI stain applied to the live
Dictyostelium cells.

Figure 7b: D. discoideum cells
transformed with a myc-
tagged DdAHMGB protein, and
a PTS1-linked RFP.
Fluorescence microscopy
images of the same cell
showing red fluorescence for
the PTS1-linked RFP, green
for the FITC conjugated
secondary antibodies bound
to anti-myc primary
antibodies and blue for the
DAPI stain applied to the live
Dictyostelium cells.

The myc-tagged DAHMGA expressing amoebae (Fig. 7a) showed a punctate signal for both the PTS1-
RFP and DdAHMGA::myc. This punctate signal for DAHMGA::myc did not resemble the ER to which
eukaryotic class | HMGR is classically localised (Xu and Simoni, 2003). Instead, there was good co-
localisation between the myc-tagged DdHMGA protein and PTS1-RFP strongly suggestive of
peroxisomal localisation for the former. The myc-tagged DdAHMGB amoeba also showed a punctate

signal for both the indirect immunofluorescent detection of DAHMGB::myc and the direct
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fluorescence of PTS1-RFP. However, in these amoebae there was little indication of extensive
overlap between the two signals suggesting no evidence of co-localisation between the DdHMGB
and the PTS1-linked RFP (Fig. 7b). The patterns of fluorescence appeared similar to those acquired
in a study concerning immunofluorescence microscopy of a D. discoideum PTS2-linked enzyme
acetoacetyl-CoA thiolase (Isezaki et al., 2015). Wild-type cells show little native red or green

fluorescence, indicating a successful transformation of the two HMGR isoforms in the other cultures

(Fig. 8).

Figure 8: Wild-type D.
discoideum cells incubated
with the same primary and
secondary antibodies as the
experimental cells.
Fluorescence microscopy
images of the same cell
showing red fluorescence for
the PTS1-linked RFP, green
for the FITC conjugated
secondary antibodies bound
to anti-myc primary
antibodies and blue for the
DAPI stain applied to the live
Dictyostelium cells.

Wild-Type

To further elucidate the nature of the punctate signal of both tagged HMGR isoforms, myc-tagged
DdHMGA and DdAHMGB transformed cells were incubated with both MitoTracker™ Deep Red FM

(Invitrogen™) and ER-Tracker™ Red (Invitrogen™)

A punctate signal can be seen for the MitoTracker™ Deep Red FM, suggesting a correct
mitochondrial fluorescence signal for both sets of cells incubated with the stain. It can be seen that
for both sets of cells, there is no obvious co-localisation between the stained mitochondria and

either the myc-tagged DdHMGA (Fig 9a) or DAHMGB (Fig. 9b).
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Figure 9a: D. discoideum
cells transformed with a
myc-tagged DdHMGA and
incubated with
MitoTracker™ Deep Red FM.
Fluorescence microscopy
images of the same cell
showing red fluorescence for
the MitoTracker™ Deep Red
FM, green for the FITC
conjugated secondary
antibodies bound to anti-myc
primary antibodies and blue
for the DAPI stain applied to
the live Dictyostelium cells.

Figure 9b: D. discoideum
cells transformed with a
myc-tagged DdHMGB
protein, and incubated with
MitoTracker™ Deep Red FM.
Fluorescence microscopy
images of the same cell
showing red fluorescence for
the MitoTracker™ Deep Red
FM, green for the FITC
conjugated secondary
antibodies bound to anti-myc
primary antibodies and blue
for the DAPI stain applied to
the live Dictyostelium cells.

The cells incubated with ER-Tracker™ Red show a poor fluorescence for the stain, with no visible ER
structure (Fig. 10a and Fig. 10b). This suggested that the staining process was not successful within
the timeline of my project. However a similar punctate distribution of FITC-detected DdHMGA::myc

or DAHMGB::myc was seen in both sets of cells as in previous samples.
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Figure 10a: D. discoideum
cells transformed with either
a myc-tagged DdAHMGA, and
incubated with ER-Tracker™
Red.

Fluorescence microscopy
images of the same cell
showing red fluorescence for
the ER-Tracker™ Red stain,
green for the FITC conjugated
secondary antibodies bound
to anti-myc primary
antibodies and blue for the
DAPI stain applied to the live
Dictyostelium cells.

Figure 10b: D. discoideum
cells transformed with either
a myc-tagged DAHMGB
protein, and incubated with
ER-Tracker™ Red.
Fluorescence microscopy
images of the same cell
showing red fluorescence for
the ER-Tracker™ Red stain,
green for the FITC conjugated
secondary antibodies bound
to anti-myc primary
antibodies and blue for the
DAPI stain applied to the live
Dictyostelium cells.



Leishmania tarentolae cells transformed with a GFP-tagged squalene epoxidase

enzyme

A PCR-derived construct was created, allowing for the insertion via homologous recombination of a

GFP ORF upstream of LtSqE. This would allow for the detection via fluorescence microscopy of the

(Neon-green) GFP-tagged SqE. A ZEISS confocal microscope was used to visualise the fluorescence

and capture images for analysis. DAPI staining highlighted the DNA in both the nucleus and the

kinetoplast, an identifying characteristic of Trypanosomatids (Sunter and Gull, 2017) (Fig. 11). There

is a degree of native green fluorescence for the wild-type L. tarentolae cells, however this is less than

the fluorescence presented by the cells transformed with the GFP-tagged SqE (Fig. 11).

Tagged SqE

SqE-linked GFP

Wild Type
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SqE-linked GFP

Figure 11. L. tarentolae
cells transformed with
the artificial Fusion
tagging construct and
wild type L. tarentolae
cells.

Fluorescence
microscopy images of
both L. tarentolae cells
transformed with the
squalene epoxidase
(SqE) tagging amplicon
and wild-type cells. The
green fluorescence is
the SqE linked GFP, and
the blue fluorescence is
the DAPI stain applied
to live L. tarentolae cells
taken using the same
exposure and settings.



Overall, the fluorescence microscopy of the L. tarentolae shows no conclusive evidence of successful
translation of the GFP-tagged SqE despite the amoebae imaged surviving the necessary ampicillin

selection.

Phylogenomic distribution of the Early Enzymes of the Mevalonate Pathway in

Microbial Eukaryotes

One of the first steps of the bioinformatic study was to identify principally within a range of
microbial eukaryotes key enzymes within the MVA pathway of isoprenoid synthesis: HMGR, HMGS
and HMGL. The presence or lack of these enzymes is in itself informative and can help in
understanding relationships between and within clades. The organism of focus for much of the
experimental work, Dictyostelium discoideum, was found to possess two isoforms for each of HMGR
and HMGS. In order to determine both the presence and possible isoforms of these key enzymes in a
range of other eukaryotic organisms, sequence-based searches were carried out. The online
software NCBI BLAST (Altschul et al., 1990, States and Gish, 1994) and EUPathDB (Aurrecoechea et
al., 2017) were used to gather this data. This data can be seen in Table 13, including details of the
protists included in the survey. Most taxa in the list were found to possess a single HMGR form. In
the eukaryotic organisms, this is likely the typical ER bound, cytosol facing form (Friesen and
Rodwell, 2004). However, in plants there is typically more than one gene, with Arabidopsis thaliana
possessing two (Antolin-Llovera et al., 2011). These genes can be alternatively spliced to produce a

larger number of isoforms, but Table 13 shows only the two fully transcribed proteins.

The HMGR enzymes in plants have been shown to possess dual localisation to both the ER and
cytosol, shown using GFP tagging (Leivar et al., 2005). The other two Archaeplastida chosen for this
study are red algae species, Cyanidioschyzon merolae and Galdieria sulphuraria. Cyanidioschyzon
merolae does not appear to possess an HMGR enzyme but has preserved the other two enzymes
that have involvement in this pathway. The loss of HMGR in this species suggests a loss of the MVA
pathway for isoprenoid biosynthesis, instead favouring the conserved MEP pathway (Qiu et al.,
2016). The species possesses an HMGS (HMG CoA synthase) enzyme, but this protein has multiple
functions within eukaryotes including serving as a rate limiting step in the production of ketone
bodies (Shimazu et al., 2010). HMGL is also present, suggesting a preservation of leucine catabolism.
Galdieria sulphuraria however, appears to have preserved the HMGR and HMGS enzymes,
suggesting utilisation of the MVA pathway. This is interesting considering both Cyanidioschyzon
merolae and Galdieria sulphuraria both form a monophyly within the Cyanidiales (Yoon et al., 2002),

suggesting either a separate loss of the MVA pathway by C. merolae than that of the other red algae
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categorised by (Qiu et al., 2016), or a reacquisition of the MVA pathway in G. sulphuraria. The
former alternative is more likely. For the two animal species analysed, the range and number of
enzymes present is as expected. Both Homo sapiens and Mus musculus is known to utilise the MVA
pathway. Both these organisms possess two isoforms of HMGS; orthologues of both isoforms have
also been isolated and characterised in rats (Ayte et al., 1990). One isoform, HMGS-1, functions with
the MVA pathway and the other is involved within the production of ketone bodies (Cotter et al.,
2014).

Blastocystis hominis, a member of the stramenopiles, interestingly, according to the searches done,
was found to possess two isoforms of HMGR. The presence of HMGR is also supported by a study
showing a prevention of isoprenoid synthesis via the MVA pathway when statins were introduced
being the inhibitor of HMGR (Basyoni et al., 2018). Interestingly, there is a lack of HMGS in
Blastocystis hominis, raising the question of the carbon source for the MVA pathway with a

possibility of leucine catabolism as seen in some trypanosomes (Ginger et al., 2000).

Pythium and Phytophthora species did not appear to possess significantly similar enzymes to D.
discoideum as BlastP queries utilising the D. discoideum reference sequences produced no similar
proteins below the E-value cut-off. However additional searches were made using the UniProt
database in order to determine the presence of possible MVA pathway enzymes. These were
included as percentage similarity to D. discoideum is not the only criteria of interest in this study,
and the presence of MVA pathway enzymes in and of themselves are of sufficient interest. Most of
the Phytophthora species possess one of each of the enzymes. Phytophthora cactorum,
Phytophthora kernoviae and Phytophthora parasitica show no HMGL enzyme, however this may
simply reflect absence from draft, rather than complete genomes. Interestingly, the three
Phytophthora species lacking HMGL are each from different subclades (in the case of P. cactorum
and P. parasitica) or from a different clade all together (in the case of P. kernoviae) (Yang et al.,
2017). P. cactorum, P. parasitica and P. infestans are all grouped within different subclades within
clade alongside a number of other species. As HMGL is present in P. infestans but not in the other

two species mentioned, suggests multiple gene loss events for each of these species.

The species Phytophthora nicotianae and Phytophthora infestans possess two copies of HMGL and
HMGS respectively. Saccharomyces cerevisiae possess two isoforms of both HMGR and HMGS, with
each of these isoforms being involved in the MVA pathway of isoprenoid synthesis (Broker et al.,
2018). D. discoideum itself appears to possess two isoforms of both HMGR and HMGS and is known
to utilise the MVA pathway (Kasahara et al., 2004), in which at least one of the isoforms of each

enzyme must function. Information regarding the localisation of the HMGR isoforms has been
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gathered as part of this project. The problem with considering this information alone is that
although some of the missing enzymes may be genuinely informative, there is always the possibility
that in some less well studied organisms, this apparent absence is due instead to the enzyme not yet

being identified.

Table 13. The presence of each of the enzymes of interest (HMGR, HMGS and HMGL) is shown for a
selection of different species.

1 indicates presence of one isoform of the enzyme and 2 indicates the presence of two. —indicates that this
enzyme has not been identified within the organism. Highlighted black organisms were found to possess
these enzymes via UniProt searches, but sequences exceeded the E-value cut-off when using the D.
discoideum reference sequences.

List of different organisms and the presence of enzymes related to the mevalonate pathway of
isoprenoid synthesis

Organism HMG-CoA Reductase HMG-CoA Synthase HMG-CoA Lyase
Amoebozoa
Dictyostelium discoideum 2
Acanthamoeba castellanii 1 1
Stramenopiles

Pythium insidiosum
Phytophthora cactorum
Phytophthora kernoviae

Phytophthora sojae

Phytophthora megakarya
Phytophthora parasitica

Phytophthora infestans ——_

1 1
1 1
1 1
1 1
1 1
1 1

[N
N

Thalassiosira pseudonana 1 1
Phaeodactylum 1 1 -
tricornutum
Blastocystis hominis 2 - -
Alveolates
Tetrahymena thermophila - 1 -
Paramecium tetraurelia 1 1 -
Excavata
Trypanosoma brucei 1 1 1
Naegleria gruberi 2 1 -
| Animalia | | | |
Homo sapiens 3 2 1
Mus musculus 2 2
I Fungi I I I |
Saccharomyces cerevisiae 2 2 -
Histoplasma capsulatum 1 - -
(Strain G186AR)
Histoplasma capsulatum 1 1 1
(Strain H88)
| Archaeplastida |
Arabidopsis thaliana 2 1 1
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Cyanidioschyzon merolae - 1 1

Galdieria sulphuraria 1 1 -
Bacteria
Pseudomonas mevalonii 1 - 1

Determination of Mitochondrial Localisation of HMG-CoA Reductase Enzymes Using

Prediction Software

One of the major focuses of this study is to attempt to determine localisation of various isoforms of
enzymes within the MVA pathway of isoprenoid synthesis. To this end, a study was performed on
the HMGR enzymes from a range of organisms, including the two isoforms within Dictyostelium
discoideum. The study itself used three different prediction programs, MitoProt Il (Claros and
Vincens, 1996), Predotar (Small et al., 2004) and TargetP 1.1 (Emanuelsson et al., 2000). This was
done in order to increase the reliability of the results and allow further confidence in drawing
conclusions from results. These programs search sequences for Transit Peptides, in this case
Mitochondrial Transport Peptides (mTP) (Emanuelsson et al., 2007). These sequences are very
variable, but never include acidic amino acids and contain high proportions of alanine, arginine and
serine (von Heijne et al., 1989). Dictyostelium discoideum showed moderate potential for
mitochondrial localisation for one of the isoforms and very unlikely mitochondrial localisation for the
other. As seen from these predictions, T. brucei shows mitochondrial localisation for HMGR. This
information is supported by studies performed on the enzyme in this organism, which through
elimination of the mitochondrial localisation sequence caused cytosolic accumulation of the enzyme
(Pefia-Diaz et al., 2004). The results from several of the organisms highlight the possible unreliability
of using such software. For example, the enzymes for the two strains of Histoplasma capsulatum
showed a wide range of predictions, from very low to very high so it is difficult to draw any
conclusions for those particular organisms. Blastocystis hominis shows a very low prediction for
mitochondrial localisation for HMGR1 and a very high probability of mitochondrial localisation for
HMGR2, which appears similar to the probabilities seen for the HMGR isoforms of Dictyostelium
discoideum. For the Phytophthora genus, the HMGRs for all species selected were not predicted to

be mitochondrial by any of the software used.
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Table 14. The software Mitoprot Il, Predotar and TargetP 1.1 were used to predict mitochondrial localisation of

HMGR enzymes from various species.

White and * dictates low (<0.3), grey and ** moderate (>0.3 and <0.7) and black and *** high (>0.7) probability of

mitochondrial localisation.

Organism and Enzyme

Probability of export to the mitochondria

MitoProt Il Predotar TargetP 1.1
Dictyostelium discoideum 0.8516%** 0.49** 0.416**
HMGR B (XP_643058.1)
Dictyostelium discoideum 0.0224* 0.00* 0.009*
HMGR A (XP_646489.1)
Phytophthora cactorum 0.0587* 0.00* 0.044*
HMGR (RAW37381.1)
Phytophthora kernoviae 0.0495* 0.00* 0.032*
HMGR (RLN20925.1)
Phytophthora sojae HMGR 0.0368* 0.00* 0.070*
(EGZ20536.1)
Phytophthora megakarya 0.0399* 0.00* 0.054*
HMGR (OWZ01501.1)
Phytophthora infestans 0.1386* 0.07* 0.080*
HMGR (XP_002897124.1)
Thalassiosira pseudonana - - 0.155%*
HMGR (XP_002289576.1)
Phaeodactylum tricornutum - - 0.078*
HMGGR (XP_002185302.1)
Blastocystis hominis HMGR 1 - - 0.041%*

(XP_012897778.1)

Blastocystis hominis HMGR 2
(XP_014528476.1)

Paramecium tetraurelia
HMGR (XP_001438919.1)

0.9579***

0.8543***

0.85***

0.903%**

0.732%**

Trypanosoma brucei brucei 0.4331%* 0.01* 0.105%*
HMGR (XP_845571)
Naegleria gruberi HMGR - 0.15* 0.657**
(XP_002670914.1)
Naegleria gruberi HMGR 0.1438* 0.01* 0.233*
(XP_002668160.1)
Acanthamoeba castellanii 0.9890%*** 0.71%*** 0.969***
HMGR 1 (ELR17548.1)
Acanthamoeba castellanii 0.0168* 0.00* 0.068*
HMGR 2 (ELR15390.1)
Homo sapiens HMGR 1 0.2128* 0.29* 0.281*
(NP_001351116.1)
Homo sapiens HMGR 2 0.1162* 0.29* 0.281*
(NP_001124468.1)
Homo sapiens HMGR 3 0.0409* 0.00* 0.620**
(XP_011541661.1)
Mus musculus HMGR 1 0.1449* 0.30* 0.281*
(NP_001347094.1)
Mus musculus HMGR 2 0.1916* 0.01* 0.240*
(NP_001347095.1)
Saccharomyces cerevisiae 0.4131%* 0.624**

$288C HMGR (NP_013636.1)

0.74%** ‘




Saccharomyces cerevisiae 0.7843%** 0.67** 0.323**
$288C HMGR 2
(NP_013555.1)
Histoplasma capsulatum 0.1833* 0.19* 0.799***
Strain G186AR HMGR
(EEH10959.1)
Histoplasma capsulatum 0.3278%** 0.20* 0.793***
Strain H88 HMGR
(EGC45925.1)

Arabidopsis thaliana HMGR 1 0.1636* 0.03* 0.432%**
(AAA76821.1)
Arabidopsis thaliana HMGR 2 0.2252* 0.01* 0.295*
(NP_179329.1)
Galdieria sulphuraria HMGR 0.0813* 0.00* 0.010*
(EME29007.1)
Pseudomonas mevalonii 0.1001* 0.17* 0.453**
HMGR (AAA25837.1)

Localisation of the Enzymes of the MVA Pathway of Isoprenoid Biosynthesis

In eukaryotes lacking the MEP pathway, the synthesis of isoprenoids is reliant solely on the
mevalonate pathway, which produces dimethylallyl pyrophosphate (DMAPP). The DMAPP can then
be used in order to produce squalene. There are nine enzymes that carry out this process in
eukaryotes. The localisation of these various enzymes varies between organisms. Localisation of
enzymes within a particular organelle can have significant effects on its function and efficiency, as
certain molecules are unavailable or available in lesser concentrations within different organelles.
The original theory claimed that the enzymatic reactions with this pathway took place in the cytosol
and the ER (Kovacs et al., 2007). However, a range of more recent evidence has been produced that

claims peroxisomal localisation for many of the enzymes within the pathway.

A study was carried out, analysing the sequences of these enzymes from a selection of different
organisms. This study aimed to gather information regarding the localisation of enzymes in the MVA
pathway within different organelles. TrypTag.org (Dean et al., 2017), was used to collect localisation
information for T. brucei (Table 15). This study used fluorescent protein tags placed at either the N-

or C-terminus of a target protein before being analysed and imaged.

Important sequences to consider in regard to this study are the peroxisomal transport sequences
(PTS1 and PTS2). PTS1 is a C-terminal consensus sequence, consisting of three amino acids
(S/A/C)(K/H/R)(L/M) (Kovacs et al., 2002). The PTS1 is found in most known peroxisomally localised
proteins. PTS2 is a nine amino acid consensus sequence (R)-(A/L/Q/1)-X5-(H)-(I/L/F) (Wang et al.,
2008). This sequence is less common than the PTS1, and present in less proteins known to be
peroxisomal localised (Brocard and Hartig et al., 2006). Both of these sequences can be used as an

indicator for peroxisomal localisation, but total confidence cannot be placed in this as presence or
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lack of PTS sequences does not necessarily always determine protein localisation. A survey was
performed on 37,080 genes from L. major, T. brucei and T. cruzi with consensus PTS1 and PTS2

sequences being identified (Opperdoes and Szikora, 2006) (Table 16).

The HMGR enzyme was predicted at one point to be glycosomal, in both T. brucei and L. major.
These conclusions were based on sub-cellular fractionation experiments, but which can be prone
cross-contamination of target organelles with other sub-cellular compartments. However, a similar
pattern of peroxisomal localisation has been predicted in both these organism for mevalonate kinase
(Carrero-Lerida et al., 2009). After this step in the pathway, for both L. major and T. brucei all other
reactions take place outside of peroxisomes, with the further enzymes being predicted as either
cytosolic or ER localised. In contrast, the enzymes mevalonate diphosphate decarboxylase and
isopentenyl-diphosphate delta isomerase were predicted to be cytosolic for the all of the other

organisms were a prediction was made.

Table 15. Localisation of the enzymes that function as part of the MVA pathway in T. brucei

Localisations obtained from TrypTag.org (Dean et al., 2017) based upon fluorescent microscopy of T. brucei amoeba
using N-terminal and C-terminal fluorescent tagging proteins. NT* indicates the amoeba imaged were tagged at the N-
terminus of the protein in auestion. CT* refers to tagging occurring at the C-terminus.

Enzymes in the Mevalonate | Localisation within T. brucei

Pathway
HMG-CoA synthase NT*- Cytoplasm
CT*- Mitochondrion
HMG-CoA reductase CT*-Kinetosome
Mevalonate kinase NT*-Glycosome

CT*- Cytoplasm
Phosphomevalonate kinase | -

Mevalonate diphosphate NT*- Cytoplasm

decarboxylase CT*- Cytoplasm

Squalene synthase NT*- Cytoplasm

Squalene epoxidase NT*- Cytoplasm
CT*-ER

48



Table 16. Presence of PTS1 or PTS2 in enzymes in the mevalonate pathway of isoprenoid biosynthesis.
Presence of PTS1 or PTS2 taken from Opperdoes and Szikora (2006) survey of 37,080 proteins from L. major, T. brucei
and T. cruzi for presence of consensus PTS sequences.

Peroxisomal Targeting Sequence Present
Enzymes in the

Mevalonate Pathway L. major T. brucei T. cruzi

HMG-CoA reductase - - -
Mevalonate kinase PTS1, PTS2 PTS1, PTS2 PTS1, PTS2

Phosphomevalonate - - -
kinase
Mevalonate diphosphate PTS1 PTS1 PTS1
decarboxylase
Isopentenyl-diphosphate PTS1 - PTS1
delta-isomerase
Squalene synthase PTS1 - -

Discussion

Aims and Objectives

To investigate the intracellular localisation of two different isoforms of HMGR found within D.
discoideum. Another major aim is to carry out an analysis of the presence of peroxisomal targeting
signals and transmembrane spanning regions found with the two isoforms and other enzymes in the
MVA pathway of D. discoideum and other eukaryotes. Finally, an analysis of the general organisation
of the early reactions of the MVA pathway and the presence of lack of enzymes within a diverse

range of protists.

Preparation of the Dictyostelium discoideum plasmids

The plasmid used for transformation of the D. discoideum cells was pDM1039, a plasmid created by
Veltman et al. comprising; an Escherichia coli replication region, replication regions, selection
sequences and a protein expression region in Dictyostelium. The restriction sites chosen for both the
inserted DdAHMGR isoforms and the D. discoideum plasmid were for the restriction enzymes Bgl/ll and
Spel. Initially, this process was met with multiple setbacks with a range of differing PCR protocols
and optimisation attempts providing no solution to the problem of HMGR gene amplifications. This
highlights the difficulty with AT-rich genomes in regard to PCR (Dhatterwal et al., 2017). These
attempts were abandoned in favour of obtaining synthetic genes, which also allowed insertion of

restriction sites for controlled directional insertion of each of the HMGR isoforms into the expression
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plasmid. After further introduction of these enzymes to the plasmid-insert vector (and then
subsequently analysing these samples via electrophoresis), two bands can be seen on the agarose
gel (Fig. 4). These two bands correspond to the separate DdHMGR inserts and the plasmid. This
shows that the correct insert has been ligated into the plasmid. After subsequent incubation with a
range of restriction enzymes with known restriction sites in both DdHMGR isoforms and the plasmid,
the fragments all show expected sizes based on prediction for the two DAHMGR isoforms and the

plasmid (Fig 4. Table 12.).

Localisation of Two Different Isoforms of HMGR in Dictyostelium discoideum Based

Upon Fluorescence Microscopy

Based upon the fluorescence microscopy evidence obtained in this study DAHMGA appears to
possess a degree of peroxisomal localisation, where FITC tagged enzyme co-localised with an RFP
attached to a PTS1 sequence (Fig. 7a). In contrast to this, DAHMGB appears to not possess co-
localisation with the PTS1-RFP (Fig. 7b).

Analysis of the amino acid sequences of DAHMGA shows no obvious N-terminal PTS2 sequence, but
a possible weak PTS1 sequence. Nine amino acids from the C-terminus of DAHMGA the peptide KSHL
is present. The tripeptide SHL is similar to the classic SKL PTS1, with one positively charged amino
acid traded for another. SHL has been shown to be a putative peroxisomal targeting domain in
plants, enhanced by the presence of a basic amino acids such as two Arginine residues. (Ma and
Reumann, 2008). It was also shown that as only one basic amino acid is present adjacent to this
tripeptide, it may be too weak to serve as an effective peroxisomal targeting signal, however this
may not eliminate the possibility of a peroxisomal localisation for DAHMGA. Interestingly, the same
study also found that a PTS1 can be modulated by the presence of several acidic residues resulting in

a cytosolic destination for the protein.

There has been some evidence of protein localisation within the peroxisome in absence of a PTS1 or
PTS2 signal. This has been shown to occur in a number of ways. It has been shown that the enzyme
A3,A2-enoyl-CoA isomerase (Ecilp) can form a complex with a PTS1 containing enzyme with 50%

identity (Dcilp) in order to induce transport into the peroxisome via Pex5p (Yang et al., 2001).

The S. cerevisiae peroxisome protein acyl-CoA oxidase (Pox1p) lacks a PTS1 yet still interacts with the

peroxisome import protein Pex5p. It does this via an internal binding site, in contrast to the usual C-
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terminal PTS1 site (Klein et al., 2002). Other proteins have shown the ability to localise within

peroxisomes without the presence of PTS1 or PTS2 sequences.

Alcohol oxidase in methylotrophic yeast normally contains a PTS1 but when artificially removed, the
enzyme continues to associate with Pex5p and localise within peroxisomes as shown via
immunocytochemical analysis which shows similar punctate appearance to the immunofluorescent
analysis for DAHMGA (Fig. 7a). Interestingly, when the PTS1 binding region of Pex5p is also removed,
alcohol transport is unaffected suggesting an alternate binding mechanism for this protein (van der

Klei and Veenhuis, 2006).

Following the input of DAHMGR sequences into three different mitochondrial targeting prediction
programs (Mitoprot Il, Predotar and TargetP 1.1), DdAHMGA in D. discoideum showed a low
probability of mitochondrial export based upon all the software used (Table 14). Based upon this, it
is unlikely that DAHMGA is a mitochondrial enzyme. The punctate appearance of the DdAHMGA seen
using immunofluorescent analysis (Fig. 7a) can then not be explained by a mitochondrial localisation
and further suggests a peroxisomal localisation. Comparable patterns of punctate distribution were
seen in a study imaging enzymes with known PTS1 and PTS2 sequences (Nuttall et al., 2012), further

supporting DAHMGA peroxisomal localisation.

The resulting probability given for the mitochondrial targeting prediction software for DAHMGB in D.
discoideum showed moderate to high for all software use (Table 14). The sequence for DAHMGB in
D. discoideum also contains no apparent PTS2 sequence. The sequence does however possess the
peptide RSHL, 27 amino acids from the C-terminus. In the study in which the tripeptide nature of the
PTS1, the PTS1 signal was found to be the last 3 residues in the 550 amino acid long firefly luciferase
protein (Gould et al., 1989). This is similar to the possible PTS1 in DAHMGA, however it is further
from the C-terminus of the peptide which may interfere with its function as a PTS1. DdHMGB also
shows a punctate signal when analysed using immunofluorescence (Fig.7b), which in combination
with the software prediction, weak possible PTS1 and lack of obvious co-localisation with the PTS1-

RFP suggests a mitochondrial localisation for the HMGR B isoform in D. discoideum.

Leishmania tarentolae cells transformed with a GFP-tagged squalene epoxidase

enzyme

Construction of the GFP-tagging amplicon was fraught with many problems due to both the two-step

nature of the PCR protocol required to create the tagging amplicon and the required size of
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homologous regions for effect recombination. In yeast, two 80bp length homologous regions are
required for high efficiency gene recombination (Hua et al., 1997). However, this is not the case for
Leishmania which was shown to require far larger regions of homology, greater than 200bp in length
(Dean et al., 2015). During this study, the two flanking homologous regions were 393bp in length.
When combined with the two-step PCR protocol utilised to produce the tagging amplicon (Dean et

al., 2015) this created significant optimisation problems during the study.

Considering this, the immunofluorescence images obtained (Fig. 11) do not give much information
regarding the localisation of the GFP-tagged squalene epoxidase. However, there is a range of data
including PTS1 and PTS2 sequence prediction and immunofluorescence assays on the enzymes
within the mevalonate pathway including squalene epoxidase for Leishmania major a cousin of L.
tarentolae. The study performed by Opperdoes and Szikora in 2006 analysed PTS1 and PTS2
sequences in 37,080 genes and the results of this prediction for MVA pathway enzymes were used

and displayed in Table 15.

Two studies used a combination of immunofluorescence and digitonin permeabilization to
determine mitochondrial localisations for both HMGR (Pefia-Diaz et al., 2004) and HMGS (Carrero-
Lerida et al., 2009) in L. major and T. brucei. Mevalonate kinase (MK), another MVA pathway enzyme
was found to be a glycosomal enzyme in both L. major and T. brucei (Carrero-Lerida et al., 2009).
Interestingly, these localisations differ from those based upon sequence prediction displayed in
Table 15 and those obtained by Opperdoes and Szikora in 2006. If the mitochondrial localisations are
correct, this creates the possibility for multiple differing localisation across groups of Eukaryotes.
Mammalian cells possess a peroxisomal isoform and an ER-localised isoform, Leishmania possesses a
mitochondrial HMGR and Dictyostelium possess a peroxisomal isoform. Alternately, MK was found

to be glycosomal and is similarly peroxisomally localised in mammalian cells (Kovacs et al., 2007).

Studies performed on Leishmania using labelled substrates showed interesting use of precursors for
isoprenoid biosynthesis (Ginger et al., 2001 and Ginger et al., 2000). These studies showed the usage
of both leucine and acetate as carbon sources for the production of sterols. The enzyme 3-
methylglutaconyl-coenzyme-A hydratase functions in the catabolism of the amino acid leucine into
HMG-CoA and was found to be located at the mitochondrial matrix (de Lima Stein et al., 2017). This
HMG-CoA could then be utilised by the HMGR enzyme within the same mitochondrial compartment.
The utilisation of acetate agrees with the mitochondrial presence of HMGS, as acetate can be used in
the formation of acetyl-CoA which is utilised by HMGS to create HMG-CoA. Acetyl-CoA is regularly

transported into the mitochondria (Shi and Tu, 2015). This combination of enzymes and substrates
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localised within the mitochondria could allow more energy efficient isoprenoid biosynthesis,

requiring less membrane transport.

The importance on the positioning of the GFP in relation to the target protein can have a significant
impact on the protein, with possible disruption to the normal localisation of the protein. This is
highlighted in the localisation data from Table 15 in T. brucei (Dean et al., 2017), where different
placements of the GFP at either N- or C-terminus resulted in different localisations for the same
enzyme. This is most likely due to a localisation signal that requires positioning at the peptide
terminus, being blocked by the GFP. Examples include the N-terminal signal sequence required for
Signal Recognition Particle-related ER protein transport (Akopian et al., 2013) and the C-terminal
PTS1. This would also be the case for the C-terminal GFP tag for LtSqE used in this study, requiring
further tagging with an N-terminal GFP to validate possible localisation results and fully elucidate

any leader sequences required for correct targeting.

The Importance of Early-Branching Eukaryotes in the Whole Eukaryotic Phylogenetic

Tree

The focus of this study was the determination of possible alternate localisations of enzyme isoforms
involved in a heavily conserved biosynthetic pathway in eukaryotes. Any interesting localisations
within either D. discoideum or L. tarentolae would be made more significant due to the positioning
of both of these organisms in the eukaryote phylogenetic tree. Any difference to the localisation of
mevalonate pathway enzymes could elucidate the nature of the original acquisition of the MVA

pathway, adaptions to confer enhanced pathogenicity or additional functions of the enzyme.

D. discoideum belongs to the Amoebozoan group, which represents one of the earliest branching
lineages from the last common ancestor of all eukaryotes (Eichinger et al., 2005). This position
particularly highlights any adaptions to enzyme pathways, especially those as conserved as the MVA
pathway of isoprenoid biosynthesis. This early separation from organisms that would become
ancestors to all opisthokonts allows for comparison and identification of genetic divergence
between these two lineages. D. discoideum represents a particularly interesting Amoebozoan
example based upon its distinct lifestyle and extensive information regarding its genome. As
mentioned, the MVA pathway of isoprenoid is well conserved being found with slight variance in
archaea, eukaryotes and some bacteria which raises the question of where the pathway originated
and how it is present in all these lineages. Interestingly, one of the major variations between these

lineages regarding the MVA pathway is the two classes of HMGR with class 1 present largely in
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eukaryotes and archaea, and class 2 largely present in bacteria. This variation leads to three separate
hypotheses for the origin of the MVA pathway. The first being evolution within the last common
ancestor of eukaryotes and archaea followed by horizontal gene transfer to the various bacterial
lineages that possess the MVA pathway. The second involving the same origin of the pathway, but a
horizontal gene transfer event to the ancestor of all bacterial lineages followed by gene loss events
for the ancestors of bacterial lineages that now do not possess the MVA pathway. The final
hypothesis is the evolution of the MVA pathway in the cenancestor of archaea, eukaryotes and
bacteria with gene loss event and adaptions occurring later accounting for the variations across the

families of life (Lombard and Moreira, 2011).

Leishmania tarentolae belongs to the Trypanosomatids, themselves belonging to the monophyletic
Euglenozoa. The Euglenozoa group despite being a monophyletic group possess species with a
widely varying niche and lifestyle, for example the photosynthetic euglenids and the parasitic
kinetoplastids (to which L. tarentolae belongs) (Zakrys et al., 2017). The Excavata were a super group
to which the Euglenozoa were thought to belong (Hampl et al., 2009) and has since been
reconsidered and split into three different groups; Discoba (including the kinetoplastids),
metamonads (including malawimonas) (Heiss et al., 2018) and the remaining CRuMS found to be

related via molecular taxonomies but possessing varying morphologies (Keeling and Burki, 2019).

Both the Discoba and Amoebozoans can then be seen to represent early divergences in the
eukaryotic tree of life. Importantly, the last common ancestor of D. discoideum and L. tarentolae was
also the last common ancestor of all extant eukaryote lineages and the root of all eukaryotic life on
Earth. This particularly highlights any similarities these organisms possess in regard to the
localisation of mevalonate pathway enzymes, in contrast to other eukaryotes. The question can be
raised as to the origin of the peroxisomal isoforms of HMGR and squalene epoxidase; obtained via
the last common ancestor of all eukaryotes and adapted to a dual ER and peroxisomal localisation by
the Opisthokont ancestor or adapted to solely peroxisomal in unrelated events in both the

Kinetoplastids and Dictyostelium.
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Figure 12. Phylogenetic tree of eukaryotes.

A schematic tree of life for eukaryotes based on a phylogenomic data obtained from a range of studies, supported by
morphological information (Keeling and Burki, 2019).

A possible peroxisomal localisation for the HMGR isoform DdHMGA is very interesting when put into
the context of previously known peroxisomal MVA pathway enzymes in other eukaryotes. Two
studies that investigated human (Kovacs et al., 2007) and both human and Chinese hamster ovarian
cells (Olivier et al., 2000) found the MVA pathway enzymes to be spread across various organelles
(mitochondria, ER, peroxisomes and the cytosol) with some disagreements regarding several enzyme
localisations. However, both studies have a feature in common; that throughout the MVA pathway,
precursor molecules were moved across organelle membranes multiple times in the pre-squalene

steps of the process. Importantly the first study (Kovacs et al., 2007) found the HMGR enzyme to be

dual localised at the ER and the peroxisomes.
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Farnesyl diphosphate synthase (FDPS) is a mevalonate pathway enzyme downstream of the DMAPP
precursor to squalene. This enzyme was found to contain a PTS2 and was localised at the
peroxisomes in D. discoideum via immunofluorescence studies (Nuttall et al., 2012). Interestingly,
FDPS-GFP constructs lacking the complete PTS2 were shown to also localise at the peroxisomes with

a reduced efficiency suggesting alternate mechanisms similar to those mentioned earlier.

Additional Work and Comments

Following on from the research carried out in this study, there is much additional research do be
done on the topic in order to further elucidate the findings. Critically, an attempt at greater
optimisation of the various methods already utilised in the study would give more confidence to
current data. A clearer signal could be obtained for the ER-Tracker™ Red study, with a repeat of the

cell incubation stage with the dye. This could give a clearer indication of non-ER localised DdHMGR.

Although it can be determined through immunoblotting and immunofluorescent whether the
isoforms of HMGR are being translated, there is no insight into the relative levels of transcription.
Further work could include qPCR investigation of D. discoideum cells at different time points and in

different growth conditions in order to monitor the levels of transcription of the HMGR isoforms.

The green fluorescence in GFP-tagged squalene epoxidase Leishmania tarentolae appeared greater
than in the wild-type cells (Fig. 11) which is an indication of correctly transfected cells. However,
using the immunofluorescence imagery, the signal is not clear enough to accurately determine the
localisation of the GFP-tagged SqE. Despite the successful replication of an ORF for MK and a UTR for
IVDH, due to time constraints additional PCR reactions were not carried out to obtain the remaining
ORF and UTR sequences. MK is a known peroxisomal enzyme and IVDH is a known mitochondrial
matrix enzyme, thus allowing L. tarentolae cell transfected with tagging amplicons for these genes to

serve as positive indicators for a peroxisomal or mitochondrial localisation pattern.

Cellular fractionation studies would provide further data concerning subcellular localisation of the
enzymes of interest in this study. There is range of potential commercial organellar markers
available that allow determination of successful isolation of the desired organelle, such as Anti-
Calreticulin antibody [EPR3924] - ER Marker, Anti-ATP5A antibody [15H4C4] - Mitochondrial Marker
(ab14748) and Recombinant Anti-Catalase antibody [EP1929Y] - Peroxisome Marker (ab76024)
(abcam). Mechanical fractionation of trypanosomes can be difficult as the amoebae possess a layer

of microtubules beneath the plasma membrane, preventing easy disruption of the plasma
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membrane without enough force to disrupt other organelles and isolation of the complete
mitochondrion is difficult due to the size and branching structure (de Souza and Cunha-e-Silva,
2003). A solution to these problems is the use of digitonin for selective permeabilization of plasma
membranes based upon varying concentrations, which can allow isolation of the mitochondrion (Lai

et al., 2012) and permeabilization of peroxisomes (Rondon-Mercado et al., 2017).
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