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Abstract

Leishmaniasis is a parasitic infection found in tropical, subtropical and southern European
regions. The Leishmania life cycle is digenic and transitions between the sandfly and human
hosts, which have distinct environmental conditions. Near-constitutive transcription in
kinetoplasts renders gene regulation overwhelmingly post-transcriptional, placing
heightened regulatory emphasis on RNA binding protein function. Modulation of translation
plays a major role in parasite survival and adaptation. Our knowledge of the molecular
mechanisms of translation in Leishmania remains limited, and it is unknown to what extent
the composition of the translational machinery varies throughout the parasite life cycle
Therefore, to expand this knowledge, enrichment strategies for Leishmania ribosomes were
evaluated in order to generate samples suitable for mass spectrometry analysis of
stage-specific ribosome-associated proteins. Immunoprecipitation was employed using
antibodies against ribosomal protein PO (also known as uL10) to capture the ribosomes on
beads, which were subsequently analysed by mass spectrometry. Polysome profiling was
also performed to identify the ideal conditions for RNA digestion to ensure the enrichment
of ribosomes, to isolate both translating and non-translating ribosomes from L. mexicana
promastigote stages and specifically exclude any RNA binding proteins (RBPs) interacting
with an mRNA mid-translation. Further optimisation is required to realise this strategy.
Bioinformatic analyses of mass spectrometry data have enabled comparisons of the
translational machinery between the procyclic (PCF) and the metacyclic promastigotes
(META). This has highlighted differentially abundant proteins involved in specific processes,
which are key to cell regulation, translation and differentiation. It also illustrates how
post-translational modifications (PTM) promote parasitic adaptation; specifically, protein
kinase activity and phosphoregulation in META differentiation and metacyclogenesis. Key
findings from our mass spectrometry include the enrichment of CRK9, RDK2 kinases and

serine/threonine phosphatases in META.
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1. Introduction

1.1 Leishmaniasis - The Disease

Leishmaniasis is a vector-borne disease caused by protozoan Kinetoplastid parasites, from
over 20 different Leishmania species. These parasites are transmitted to humans by the bite
of an infected phlebotomine sandfly, of the Diptera family, Psychodidae genera, subdivided
into Phlebotomus, found in Asia, the Middle East, Africa and Southern European and
Lutzomyia found exclusively in North and South America [1]. Leishmaniasis is the 9th largest
global infectious disease burden and is among the top 10 most neglected tropical diseases,
causing approximately 0.7 - 1 million cases per annum, with 350 million people at risk of

infection [2].

There are three main forms of Leishmaniasis: Visceral leishmaniasis (VL) also known as
kala-azar, cutaneous leishmaniasis (CL) and mucocutaneous leishmaniasis (ML). VL is fatal if
left untreated in over 95% of cases. It is characterised by irregular bouts of fever, weight loss,
enlargement of the spleen and liver, and anaemia. Most cases occur in Brazil, east Africa and
India. An estimated 50,000 to 90,000 new cases of VL occur worldwide annually. It has an
outbreak and mortality potential [3]. ML leads to partial or complete destruction of mucous
membranes of the nose, mouth and throat [4]. CL infections in humans are caused by
several Leishmania species including L. mexicana and L. major, and are characterised by
self-healing skin lesions. This form of Leishmaniasis accounts for about 75% of infections.
[3], [5]. Poor sanitation and infrequent waste removal can become a breeding site for these
sandflies, which will inevitably increase the risk of infection [6]. The disease affects some of
the world's poorest people as it is associated with malnutrition, population displacement,

and weak immune systems.

Additionally, poor living conditions, poor hygiene and limited access to early treatment
increase the chance of severity of the disease, and ultimately, transmission of the parasite.
In disease-endemic countries, preventive measures are limited and safe and effective
treatments are often unavailable. Existing treatments have varying efficacy, serious toxicities

and substantial side effects; only one is suitable for oral administration, and the rest are



administered intravenously or intramuscularly. Therefore, there is an urgent need to find a

new, effective, safe, and accessible treatment for patients [7].

1.2 Leishmania - The Parasite and the Cell Biology

Leishmania. spp are flagellated unicellular, digenetic parasites and have a eukaryotic cellular
organisation. The shape and structure of the parasite are intricately related to their
pathogenicity and their virulence. The parasite has a complex life cycle, characterised by
multiple promastigotes and one amastigote (AMA) form (Figure 1) [8]. During the
promastigote stages, including both procyclic (PCF) and metacyclic (META) promastigotes,
the body of the parasite is an elongated spindle with a singular flagellum. The PCF
promastigotes are highly polarised cells that possess several single-copy organelles with
defined subcellular locations. The generation of viable progeny is heavily dependent on the
precise control of the replication and segregation of organelles in the parasite [9]. The META
promastigotes have the same elongated shape as the PCF promastigotes, however, they are
slightly shorter body, but have a longer flagellum, as this stage is the most motile stage and
requires a lot of swimming. The AMA stage takes upon a reduced form, it becomes a more
spherical shape and has a short immotile flagellum which protrudes from the flagellar
pocket. Some studies suggest that this flagellum is used for sensory functions [10]. This
dramatic change in the cell shape results in the minimisation of the cell surface-to-volume
ratio and therefore reduces the area over which the cell is exposed to the harsh
environment. Both forms of the parasite contain a nucleus and a single large DNA-containing
mitochondria (kinetoplast), which is one of the factors that make kinetoplasts different from

classic eukaryotes.
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Figure 1: The structure of a Leishmania parasite, with both morphologies. Promastigotes on the left, with an

elongated shape and amastigotes on the right, with a more spherical shape [8].



1.3 The Life Cycle of Leishmania
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Figure 2: The Leishmania life cycle. This image was taken from the cdc.gov website. This depicts the life cycle of
Leishmaniasis, and how it can move from one host to another. Starting in the sandfly and then being

transmitted to humans, it cycles back with different forms in each stage of its life cycle.

The Leishmania parasites are digenic and have evolved to differentiate and multiply in two
vastly different host environments. Promastigotes undergo various morphological forms
within the sandfly, starting with the procyclic form, which is highly replicative in the
abdominal gut then progressing into the highly mobile and infectious metacyclic form. The
metacyclic form is characterised by a substantial decrease in every type of RNA, protein and
lipid turnover [11]. Nutritional stress promotes the differentiation of virulent META,
rendering them quiescent as they have a reduced translation rate and have the appearance
of stress granules that store stalled ribosomes [12]. The META is in the lumen of the anterior
midgut and foregut, ready for transmission to the mammalian host during a subsequent
blood meal [13], [14]. Upon transmission of the META promastigotes to the mammalian

host, the promastigotes are rapidly phagocytosed by tissue macrophages and, initially, are



contained within the phagosomes that later develop into the phagolysosomes (Figure 2).
The promastigotes then differentiate into amastigotes and proliferate within the acidic
phagolysosome compartment. The AMA life stage within the mammalian host may be
persistent for several months or years, resulting in disease. These environments in the hosts
would normally digest, degrade or destroy foreign pathogens, yet these parasites have been
able to adapt and have developed resistant mechanisms to evade digestion enzymes in the
sandfly and innate immune responses in mammalian animals [15], [16]. The parasite
requires precise coordination of gene regulation to survive distinct environments, through
changes in temperature and pH between the different hosts. This is achieved through a
series of morphological, metabolic and proteomic changes carefully regulated by gene

expression, which is heavily dependent on the translational machinery of the parasite.

1.4 Translational Machinery

Ribosomes are translational machinery that are among the largest and most dynamic
molecular machinery. Ribosomes are crucial for protein synthesis, predominantly for the
process of translation, which are finely coordinated to enable cell growth, proliferation and
differentiation. Eukaryotic ribosomes are 80S ribosomes (Figure 3) made up of a large
subunit (60S) that contains the 28S, 5.8S, and 5S rRNAs and roughly 45 proteins, and a small
subunit (40S) that is made up of an 18S rRNA and about 30 proteins [17]. Ribosomes have
universally conserved core compositions, but outside the core ribosome composition, there
is great variability in ribosome-associated proteins [18], which is the subject of this thesis,
specifically in the species, L. mexicana. Ribosome variability in Leishmania is of particular
interest due to the parasite’s life cycle stages and how the parasite can be highly replicative
in one life cycle stage and be quiescent in the sequential life cycle stage. Quiescence is a
reversible cellular transitory growth pause when they enter a state of dormancy during
replication, but they retain the capacity to revert back to a proliferative state. This drastic
change is of interest to understanding the parasite, figuring out what mechanisms and
molecules are involved, in addition, how they can survive and evade such extreme and
drastic environments. This is essential as it enables organisms to respond effectively to

stressors or changes in nutrient availability [19]. Understanding how ribosomal proteins



contribute to these transitions may offer new insights into the parasite’s survival

mechanisms.

Structure of Ribosomes

ribosome mRNA

Large subunit tRNA binding sites

80 Sribosome

Small subunit mRNA binding site
40S

Figure 3: Overview of the 80S ribosome structure, consisting of the 60S (green) and 40S (blue) subunits, with

their tRNA binding sites: A, P, E - aminoacyl, peptidyl and exit. Images created using Biorender.com

1.5 Translation in Eukaryotes

Translation, also known as protein synthesis, is a fundamental biological process in which the
genetic code contained in messenger RNA (mRNA) is decoded to direct the polymerisation
of amino acids. In eukaryotes, translation is highly regulated and is mediated by the
ribosome. The complex interplay of ribosomal subunits, initiation and elongation factors,
and mRNA ensures that translation proceeds accurately and efficiently. From the formation
of the pre-initiation complex to the precise addition of amino acids during elongation and
eventual termination, each step is meticulously regulated to ensure gene expression
integrity at the protein level. Translation occurs in three stages: initiation, elongation and
termination. Initiation starts with the 40S subunit. The ribosome consists of three tRNA
binding sites (Figure 3): the A site where incoming aminoacyl tRNA enters carrying specific

amino acids corresponding to the mRNA codon (and rejects non-cognate tRNAs), the P site
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where peptide bonds form between amino acids and the E site where the tRNA exits after

delivering the amino acid [20]. These sites are important for protein synthesis.

The process of translation begins with the assembly of the translation machinery which
requires several initiation factors elF1, elF1A and elF3 that bind to the 40S ribosomal
subunit, these factors prime the ribosome for translation. A critical step of the initiation
involves the attachment of the charged initiator tRNA (Met-tRNAI™") which binds to the
small ribosomal subunit at the P site [95]. This binding is mediated by the initiation factor
elF2 which is bound to a guanosine triphosphate (GTP) [21]. Together, this comprises the
43S pre-initiation complex. This complex is further stabilised by elF5B which is also
GTP-bound. The mRNA that is ready to be translated is often modified for efficient
recognition by the ribosome. The mRNA molecules have a 7-methylguanosine (m7G ) cap at
the 5’ end and a poly(A) tail at the 3' end. The elF4F complex, (comprising elF4E, elF4A and
the scaffold elF4G) interacts directly with the mRNA. elF4E binds to the m7G cap and elF4G,
whilst poly(A) binding protein (PABP) binds to both the poly(A) tail and elF4G, thus
circularising the mRNA. elF4A is an ATP-dependent RNA helicase, which aids the ribosome in
resolving secondary structures in the mRNA [95]. The 43S pre-initiation complex binds to the
MRNA, forming the 48S complex. This complex moves along the mRNA chain toward its
3'-end, in a process known as 'scanning’, to search for the AUG start codon [100]. Upon
recognition of the start codon, GTP is hydrolysed and the initiation factors bound to the 40S
subunit dissociate. The 60S ribosomal subunit is then recruited for the 80S ribosome

complex, once this is formed elongation can begin [96], [97].

Elongation is the stepwise addition of amino acids to the growing polypeptide chain, driven
by the elongation factor GTPases eEF1la and eEF2. eEFla delivers the charged
aminoacyl-tRNA to the A site of the ribosome [95]. The anticodon of the tRNA must match
the mRNA codon in the A site, ensuring the correct amino acid is incorporated into the
polypeptide chain. Once the correct tRNA is in place, eEFla hydrolyses GTP, releasing the
tRNA for accommodation into the peptidyl transferase centre in the 60S subunit, and the
ribosome catalyses the formation of a peptide bond between the peptidyl-tRNA in the P site
and the aminoacyl-tRNA in the A site [95], [98]. As a result, the growing peptide chain is

transferred to the tRNA in the A site. Following this, the ribosome spontaneously adopts a
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rotated state, and reverse rotation is facilitated by eEF2 binding and GTP hydrolysis, allowing
it to translocate along the mRNA by one codon. This shifts the now-deacylated tRNA to the E
site, where it exits the ribosome, and the tRNA holding the growing polypeptide moves to

the P site. A new charged tRNA enters the A site, and the cycle continues [96], [97], [98].

Termination occurs when the ribosome encounters a stop codon (UAA, UAG, or UGA) in the
A site. These codons do not correspond to any tRNA; instead, they are recognised by a
protein release factor called eRF1 [98], [99]. eRF1 binds to the ribosome and catalyses the
cleavage of the bond between the polypeptide chain and the tRNA in the P site, releasing
the newly synthesised protein [99]. Once the polypeptide is released, the ribosome

dissociates into its 40S and 60S subunits, completing the translation process.

1.6 Translation in Kinetoplastids

Trypanosomes (Trypanosoma cruzi and Trypanosoma brucei) and Leishmania are both
kinetoplastid parasites that share unique ribosomal features. Kinetoplastid ribosomes
consist of six fragments of the large subunit rRNA unlike the single 28S rRNA found in most
eukaryotes [39]. The structure of the ribosomes can significantly vary between species.
Notably, in kinetoplasts, the rRNA expansion segments are enlarged compared to other
eukaryotes. The enlarged expansions and ribosomal-protein extensions lead to the
formation of additional inter-subunit bridges, not present in other eukaryotes [83], [84].
These expansion segments are thought to play a major role in ribosome function and
stability. Such differences could highlight the evolutionary adaptations of the ribosome in

various organisms [39], [84].

They also share unique post-transcriptional gene regulatory mechanisms critical for survival
across diverse environments. Trypanosomes differ from other eukaryotes due to the control
gene expression via transcriptional regulation, as they rely on polycistronic transcription,
resulting in polycistronic mMRNAs processed into monocistronic mRNAs by trans-splicing and
polyadenylation [25], [26]. This process requires translation efficiency and mRNA stability to

maintain gene expression regulation [22]. Factors that are key to gene regulation are
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RNA-binding proteins that target the 3'- untranslated regions (UTR) of mRNAs, enhancing or
reducing stability and translation. Trypanosomes exhibit six homologues of cap-binding
initiation factors, a novel decapping enzyme, and an mRNA-stabilising complex that
enhances adaptability in changing host environments [23]. Trypanosoma brucei has been
studied more extensively, and insights from these studies provide a valuable framework and

foundation for understanding similar mechanisms in Leishmania.

In Leishmania, translational control is pivotal for adapting to rapid environmental shifts
between hosts. Studies show that Leishmania relies on translational regulation through
RNA-binding proteins to modulate gene expression at the mRNA level [24]. This parasite also
undergoes polycistronic transcription. Unlike most eukaryotes, Leishmania lacks traditional
transcriptional control, making post-transcriptional and translational regulation crucial.
Regulatory elements in the 3'-UTR drive this process, which is key to conserving energy and
adapting protein synthesis for survival across environments [27]. These mechanisms allow
Leishmania to adapt across life stages, though specific ribosomal regulation throughout its

lifecycle is still largely unexplored.

Together, these mechanisms highlight how kinetoplastid parasites like trypanosomes and
Leishmania rely on specialised translational and post-transcriptional regulation to thrive
under varied and often hostile conditions. It is poorly understood what molecular
components are involved in the regulation of translation during environmental stresses and
changes of hosts and the changes through the different life cycles. Also, the role of
RNA-binding proteins and 3’ UTRs in mRNA stability and translation is not fully characterised,
leaving gaps in understanding how these elements function in Leishmania [12]. The lack of
transcriptional regulation means that the parasite is heavily reliant on post-transcription
processes which complicates the understanding of its translational control. The parasite’s
adaptation to environmental changes, such as temperature and pH, involves translational
control, but the precise molecular pathway remains unclear [28]. A better understanding of
the ribosome will help us to understand how the parasite adapts to its host environment
and how it evades the immune system and transitions between the life cycle stages, each of

which has different metabolic needs. The identification of Leishmania-specific
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ribosome-associated proteins will also allow us to determine how Leishmania and

Trypanosoma vary in translation and gene regulation.

1.7. Specialised Ribosomes and Hibernation Factors

Recent studies have indicated that ribosomes are not uniform, they exhibit significant
heterogeneity and specialisation based on environmental conditions and cellular contexts
[29], [30], [31]. Other studies have shown that heterogeneous ribosomes display functional
specialisations that can boost the translation of selective sub-pools of mRNA [32] and it has
been demonstrated that ribosomes expressing heterogeneities might be a stress response
[33]. Leishmania undergoes a lot of environmental stress; they alternate between different
hosts and the environments change drastically between them. This challenges the traditional
view of ribosomes as identical entities, suggesting a more complex regulatory framework for

protein synthesis [34].

There have also been studies focused on hibernation factors. Hibernation factors are
proteins that inhibit protein synthesis to protect the ribosomes from degradation, especially
when organisms encounter unfavourable conditions [35]. This is done to ensure the overall
reduction of protein synthesis which is metabolically expensive while maintaining a basal
level of translation. Hibernation factors seem to be predominantly produced in the
stationary phase in bacteria during its growth cycle [36]. If a hibernation factor were to be
discovered, it would be expected to be in the META stage of the life cycle. During the META
stage, the parasite enters the stationary phase, where replication is depleted and so there
are reduced levels of translational levels. Identifying ribosome specialisation or any
hibernation factors would be of great interest to the field and would aid in understanding
the parasite's molecular capacity to survive its hosts. A hallmark of Leishmania is that it can
adapt to unpredictable fluctuations inside the human host, which is why it has been proven

difficult to find a treatment against this parasite.
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1.8 Purpose, Aims and Strategies

This project draws upon the de Pablos et al., 2019 [43] study of the RNA-binding proteome
(RBPome) of L. mexicana between the different lifecycle stages, which quantitatively defines
and compares the mRBPome of multiple stages in kinetoplastid parasites, and provides
insights into the trans-regulatory mRNA:protein complexes that drive Leishmania parasite
life cycle progression. The study highlighted the importance of gene regulation across the
three main lifecycle stages of Leishmania. It also indicated stage-specific heterogeneity in
protein expression relative to RNA binding capacity, demonstrating the parasite's life cycle
stages significantly affect its molecular behaviour. Therefore, we aim to isolate ribosomes
from different stages of the L. mexicana spp parasite to identify any compositional variation
or differences in ribosome-associated factors that may be involved in the regulation of
translation. Our main focus will be the procyclic and metacyclic promastigotes as they are
both part of the promastigotes stage but have highly diverse characteristics. The assessment
of any life cycle-specific molecular components will assist in explaining how the parasite can
alternate between highly replicative and quiescent states as they occur sequentially in the
life cycle. Furthermore, any parasite-specific ribosomal attributes may be relevant in

discovering combative strategies.

This project focuses on developing strategies for isolating ribosomes in order to detect
stage-specific variations in ribosomal proteins or ribosome-associated factors by mass
spectrometry. Here | intend to outline the cell fractionation experiments and demonstrate
ribosome enrichment through immunoprecipitations. However, in translationally-active
cells, ribosomes will form polysomes on mRNA molecules, and immunoprecipitation of
polysomes will also enrich mRNA-bound proteins. Therefore, | also present polysome
profiling experiments to determine the optimum RNAse digestion strategy to isolate

monosomes for mass spectrometry. This requires further optimisation.

Overall, this approach will allow me to compare ribosome-associated proteins between key
lifecycle stages and explore potential ribosomal modifications linked to the life cycle
transitions. In future, compositional variations of Leishmania ribosomes will be further

investigated by cryo-EM. Identifying the molecular components of the translational
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machinery that allow the parasite to proliferate and grow in distinct hosts may ultimately
enable the identification of potential pharmacological targets as well as the development of

novel treatments and therapies.
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2. Materials and Methods

2.1 Parasite Cell Culture and Purification

Procyclic promastigotes forms (PCF) of WT L. mexicana (strain M379) were grown in M199
medium (5x M199 (Gibco #10012037), 10% heat-inactivated foetal bovine serum (hiFBS),
1M HEPES-NaOH, pH 7.4, 5.0 mM adenine, with an antibiotic of 1% penicillin/streptomycin
and 0.25% Hemin) at 1 x 10° cells/ml at Day 0 and were cultured at 26 °C for three and a half
days (Figure 7), these were to isolate the parasite in log phase (3-6 x10° cells/ml). These cells
were treated with 100 ug/ml of cycloheximide (CHX) and incubated for 10 min at 26 °C. The
parasites were then centrifuged at 800 x g at 4 °C and washed twice with 1 x PBS

supplemented with 100 pug/ml of CHX and snap-frozen in liquid nitrogen for storage.

To isolate the metacyclic promastigotes forms (META), the PCF forms were inoculated from
the M199 media into Grace’s Insect Culture media (Grace’s’ media powder (Sigma G9771)
supplemented with 10 % hiFBS, 1% penicillin/streptomycin, 1X Basal Medium Eagle (BME)
vitamins at pH 5.5) at a cell density of 1.5x 10° cells/ml and were cultured for seven days at
26 °C. This allows synchronous population transformation of the parasite from the procyclic
to the metacyclic life cycle stage. The parasites were isolated in stationary phases (2-4 x10’
cells/mL). Prior to harvest, parasites were treated with 100 pug/ml CHX and incubated for 10
min at 26 °C, washed twice with 1 x PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, and
1.8 mM KH,PO,) supplemented with 100 pug/ml CHX, before snap-freezing in liquid nitrogen

for storage.
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2.2 Immunoprecipitation
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Figure 4: Overview of the immunoprecipitation experiment. Highlighting the blocking step, the block beads are
the background protein. Each sample was given 2mg / 100 ul of Protein A/G beads at both stages. TcPO was the
antibody used and 1:1000 of the antibody was used. After each wash, the supernatant was collected. Once the

washing step was completed the beads were split and sent for analysis.

PCF and META samples were used for this experiment. A total of ~1 x 10 cells, resuspended
in IP-lysis buffer (10 mM Tris HCI pH 8.0, 5 mM MgCl,, 100 mM KCl, 100 ug/ml cycloheximide
(CHX), 1.0 mM DTT, 1 tablet Roche cOmplete EDTA-free Protease inhibitor cocktail/15ml)
and the cells were lysed via water bath sonication. This method is a gentler type of
sonication which completely lyses the cells but also ensures the nuclei stay intact. After
sonication, the cells were spun (4000 x g, 5 min 4 °C). The pellet from this centrifugation is
the nuclear fraction. The nuclear fraction is kept as a negative control sample for the
western blot. The supernatant was spun again (10 000 x g, 10 min, 4 °C) to yield the cytosolic
fraction. The supernatant taken after all the debris has been removed is the input. Limited
RNAse digestion was initiated by adding 250 ug/ml of RNAse A for 30 min at 25 °C, before

guenching with 800 U of RiboLock, the same conditions as stated in Figure 11A.
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Protein A/G magnetic beads (Bimake.com; B23202) were prepared the day before, by
washing three times in lysis buffer and then diluting the beads to ensure 2.0 mg beads per
100 ul sample. A blocking step was performed by adding 100 pl of 2.0 mg of Protein A/G
beads with 2.5 pl of RiboLock and incubating for 1 hr, to remove non-specific proteins that
bind to the beads without any antibodies present. During the experiment, we were not
aware that the beads also could potentially bind to UL10. After the beads were removed, the
cleared supernatant became the input for the IP. A new set of beads with RiboLock was
incubated with the T. cruzi PO (uL10) antibody [1:1000] for 1 hr. The antibody-bound beads
were then added to the PCF and META cell lysate samples and incubated for another 1 hr at
4 °C. The beads were then washed six times using the IP-lysis buffer. After the final wash, the
beads were split into ' for the western blot (see section 2.3) and % of the proteins attached
to the beads were sent to mass spectroscopy (see section 2.5). The proteins for western blot
are extracted by heating the beads (95 °C, 10 min) in Laemmli buffer (62.5mM Tris-HCI, pH
6.8, 2% SDS, 10% Glycerol, Bromophenol blue) supplemented with 5% -mercaptoethanol

(BME). The proteins for mass spectroscopy remain on the beads until trypsin digestion.

2.3 Western Blot

The proteins extracted in the Laemmli buffer were separated by a 12 % SDS-PAGE with 1x
TGS buffer (0.25 M Tris-HCI, pH 8.3, 1.92 M Glycine, 1% SDS) (100 V, 90 min). Subsequently,
this is transferred to a PVDF membrane (Immobilon®) via electroblotting (20 V, 60 min). The
membrane was blocked with 5% skimmed-milk solution in phosphate-buffered saline
supplemented with 0.05% Tween-20 (PBST) overnight at 4 °C, this was then washed three
times with PBST for 10 min. The membrane was then incubated with the primary antibody
TcPO at room temperature for 1 hr (rabbit polyclonal, 1:5000 dilution in 1% skimmed-milk in
PBST) and then washed three times with PBST for 10 min. The secondary antibody was then
added. Originally, anti-rabbit IgG-horseradish peroxidase (HRP) was used (1:5000 dilution in
1% skimmed-milk in PBST) with an 1 hr incubation at room temperature. However,
unexpected bands were evident when using the anti-rabbit IgG HRP. We hypothesised that
these originated from a denatured primary antibody from the IP since the beads were boiled
in the Laemmli buffer. Therefore, this prompted a substitution of the secondary antibody for

Protein G-HRP, which only binds to non-denatured antibodies. Membranes were incubated
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with Protein G-HRP (1:5000 dilution in 1% skimmed-milk in PBST) for 1 hr at room
temperature, and washed as above in PBST. The western blot was developed using an ECL kit

(GE Healthcare) and was recorded on the ChemiDoc.

2.4 Polysome Profiling
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Figure 5: Overview of the polysome profiling experiment. Includes control samples, which have their respective
RNA inhibitors only and the RNase-treated samples with RNase A and RNase I. The SW41 rotor is used for
ultracentrifugation. Analysis on the CLARIOSTAR microplate reader (BMG Labtech) was applied using

UV-transparent 96 well plates.

From the PCF harvested sample, ~2x10° cells were taken from frozen and thawed in 500 pl
of lysis buffer (40 mM HEPES (KOH) pH7.4, 10 mM MgCl2, 100 mM KCI 250 mM, 8.5% w/v
Sucrose, 0.2 mM CHX, 2.0 mM DTT, cOmplete EDTA free protease inhibitor (1 per 25 ml),
DNAse | from bovine pancreas (Sigma DN25, 0.02 mg/ml). For the controls, the samples
were thawed in the 500 pl of lysis buffer and in addition, an RNase inhibitor to quench any
endogenous RNase already present in the sample, before sonication. This is used to compare

and identify if the treated samples will make a difference. Samples were lysed via water bath
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sonication at 0 °C for three minutes, and clarified by two successive centrifugation steps
(first 4000 x g, 10 min, 4 °C and then 16 000 x g, 30 min, at 4 °C). The supernatant was
collected and the pellets were discarded from both spins. Samples were treated with either
RNase A (250 pg/ml, ThermoFisher) which was incubated at 25 °C for 30 min or RNase |
(1200 U, Ambion, AM2294) followed by the addition of RiboLock (ThermoFisher) or
SUPERaselN (Ambion, AM2696) 800 U and 100 U respectively, to halt the RNase digestion.
The RNase enzymes were added, and the RNase A was incubated at 25 °C for 30 min. RNase
| was added and left on ice for 1 hr. After the incubation periods their respective RNase
inhibitors were added RiboLock for RNase A and SUPERaselN for RNase | and then loaded

onto sucrose gradients.

RNA concentration was measured using the Nanodrop UV spectrophotometer, with an A260
=40 per lysate sample used for each sucrose gradient. Sucrose gradients were prepared (20
mM HEPES-KOH pH 7.4, 100 mM KCI, 10 mM MgCl,, 1 mM DTT, 1x cOmplete EDTA-free
protease inhibitor) [12] from 10% - 50% w/v in SW41 ultracentrifuge tubes (SEATON) using a
BioComp Gradient Master (BioComp Instruments) according to the manufacturer’s
instructions. The monosomes were purified as described in Ingolia et al., 2009 [90]. The
control and treated samples were loaded onto the sucrose gradients and were spun at
210,000 - 254, 000 x g (31,000 - 38,000 rpm) overnight using a SW41 Ti rotor (Beckman
Coulter) in an Optima TL ultracentrifuge. The gradients were manually fractionated by taking
200 pl from the meniscus and loaded into a UV-transparent 96-well plate. The CLARIOstar
(BMG Labtech) was used to read the absorbance of the plates at A260.

2.5 Mass Spectrometry

Mass spectrometry analysis was performed by Adam Dowle and his team in the BTF-MAP
lab. The six samples from the immunoprecipitation were on-bead digested using the Rapid
immunoprecipitation mass spectrometry of endogenous proteins (RIME) protocol [57]
before analysis by PASEF-DIA using an EvoSep One UPLC and Bruker timsTOF mass
spectrometer [91]. Peptides were eluted from an 8 cm nano C18 column over a 100SPD
elution profile with DIA (Data-independent acquisition) data acquired between m/z

400-1200 in 25 Th windows. Data was searched against the L. mexicana subset of TriTrypDB
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(TriTrypDB-68_LmexicanaMHOMGT2001U1103, April 2022) using DIA-NN (1.9) setting a 1%
FDR and using the high precision version of Quant-UMS with sample normalisation applied.
Results were filtered to protein q<0.01 and a minimum of two peptide matches. Pair-wise
group testing used limma via an in-house R-shiny installation of FragPipe-Analyst. Sample
minimum imputation was applied at the point of testing and the Hochberg and Benjamini

approach was used for multiple tests.

2.6 Bioinformatic Analysis

2.6.1 Protein Annotation

A list of characterised core ribosomal proteins from structural depositions to the worldwide
Protein Data Bank (wwPDB) was compiled from various eukaryotic species such as yeast
(4v7r, Ben-Shem et al., 2010) [37], T. brucei (4v8m, Hashem et al., 2013) [38] and L.
donovani (5t2a, Zhang et al., 2016) [39]. They were annotated with the corresponding L.

mexicana nomenclature which was found in the TriTrypDB.

2.6.2 Volcano Plots

Volcano plots were generated in RStudios using R for interactive visualization. Log2 fold
change value of every protein from the mass spectrometry data was used and the adjusted

p-value < 0.05 was calculated to reveal significantly abundant proteins.

2.6.3 Venn Diagrams

Proteins of each life cycle stage were filtered into abundant PCF-specific proteins and
META-specific proteins from their data-independent acquisition (DIA) intensities. Across the
three replicates proteins that reached the threshold in all three replicates were considered
significant to be in both life cycle stages. The proteins that had intensities in only one or two
of the replicates were not considered significant to ensure reliable data. These proteins were

used to create a Venn diagram in Venny (bioinfogp.cnb.csic.es/tools/venny/index.html) [40]
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2.6.4 Gene Ontology Term Analysis

Gene ontology terms were found in UniProt using the ID mapping tool. Gene ontology (GO)
analysis was performed to identify biological processes and molecular functions enriched in
ribosomal proteins isolated from the different life cycle stages, PCF and META, relative to the
predicted L. mexicana proteome were derived using Tritrypdb.org (04.2022) [41]. Cytoscape
[81] was used to map out biological networks with the application of BiINGO [82], using the
p-values from BiNGO this was inputted into the REVIGO software and was used to refine and
visualize enriched terms (revigo.irb.hr) [42], providing insights into stage-specific translation

processes.
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3. Results

3.1 Visualisation of Ribosomal Proteins

Ribosomes are conserved translation machinery found in all eukaryotic cells. Before any
experiments began, | sought to visualise the location of ribosomal proteins that were
detected in a previous L. mexicana mass spectrometry dataset [43] and investigate whether
the relative abundance of these proteins changed in different lifecycle stages. The structure
of the L. donovani ribosome has been determined using cryo-EM by Zhang et al. 2016 (PDB
ID 5T2A)[37]. This ribosome structure was used as a reference to enable the visualisation of
ribosomal proteins in PyMOL. This previous study by Pablos et al., 2019 [43] defined the
entire mMRNA-binding proteome of cross-linked cells from each lifecycle stage of L. mexicana.
Many ribosomal proteins were present in this dataset, and | used this data to annotate the
5T2A ribosome based on relative protein abundance in comparison to the whole proteome

(Figure 6).

M >2% protein abundance

B <2% protein abundance

Procyclic Metacyclic Amastigotes (LD) Amastigotes (Mg@)

Figure 6: A schematic visualised in PyMol of crosslinked RNA-associated proteins from different life cycle stages
within the Leishmania ribosome. The ribosome model used was 80S from Leishmania donovani (PDB ID: 5T2A,
Zhang et al., 2016) [39]. Data taken from Pablos et al. 2019 [43], where the mean of the triplicate repeats of
protein abundance was identified of three main life cycle stages (procyclic promastigote, metacyclic

promastigote, lesion-derived amastigotes (AMA LD) - and mouse macrophage-derived amastigotes (AMA Mg).
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Red represents protein abundance >2% and blue indicates protein abundance <2%. Cyan represents the rRNA
structure of the ribosome and grey represents the ribosomal proteins that were not detected by mass

spectrometry in Pablos et al. 2019 [43].

Ribosomes core proteins are conserved between Leishmania species, therefore we expect to
see similar protein enrichment between the L. donovani and L. mexicana translational
machinery. Core ribosomal proteins were identified in the dataset from Pablos et al., 2019
[43], indicating sufficient coverage of ribosomal proteins to infer differences in relative
abundance between the life cycle stages. Figure 6 indicates that ribosomal proteins are most
abundant in the procyclic promastigote stage and ribosomal protein enrichment decreases
as the life cycle progresses, in META, AMA LD and AMA Mg lifecycle stages. This could be
due to the cells becoming quiescent and less replicative in the later stages. We would expect
to see a decrease in all ribosome proteins when entering quiescence. As ribosome proteins
all occur in a 1:1 ratio per ribosome, we would expect to see all "blue" in later stages.
However, it is observed that some proteins are still in “red”, where the protein abundance is
>2 % in the later stages (Figure 6). This could be evidence of stoichiometry variation,
suggesting that the composition of ribosomes can adapt to different environmental stimuli,
which can influence their translational capacity [89]. Some ribosomal proteins may be in
excess due to paralogues in the ribosomal genome. Paralogues can contribute to the
functional diversity of ribosomes, allowing for specialised functions under varying
conditions, particularly in the context of quiescence, where different ribosomal
compositions may be necessary to adapt under stress [89]. This supports the hypothesis for

ribosome variation in different lifecycle stages.
3.2 Parasite Growth for Optimal Harvesting

Leishmania M379 strain (wildtype) cells were diluted with filtered isotone in a 1:100
dilution. Cells were counted using the ZI Coulter Particle Counter over a period of 10 days to
determine the optimal harvesting window, to isolate the parasites at the PCF and META
forms. Figure 7 shows the optimal window to harvest the cells and isolate them at the
specific life cycle stage. For PCF (3-6 x10°), this is about 3.5 days and for META (2-4 x107), it

ranges from 5 to 8.5 days. A double purification of Ficoll + human complement would
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guarantee a greater quantity of META and remove any PCF that have not differentiated yet,

however, the META were not purified, which could have affected results later downstream.

Growth Curve for L. mexicana (M379)
1.00E+08
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6E+06

Cells/ml
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0 1 2 3 4 5 6 7 8 9 10
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Figure 7: The growth curve represents the average growth of the WT L. mexicana M379 parasites in the M199
media (red) and Grace’s Insect media (green). With the number of days on the x-axis and cells/ml on the y-axis.
The dashed orange lines represent the optimal window in which the cells are at 3-6e+06 (3-6 x10°) for the PCF
harvesting. The dashed dark green lines represent the optimal window in which the cells are at 2-4e+07 (2-4
x107) for the META harvesting. SD bars were added to represent the variation between the repeats of growing

these cells.

Figure 7 shows the parasites are grown in different mediums. M199 (red) promotes the
initial growth of PCF promastigotes, but does not facilitate the differentiation of META
promastigotes as easily, whereas Grace’s Insect Medium provides a higher proportion of
META compared to M199 media [44]. Therefore, M199 media was used to culture the PCF

and Grace’s Insect Medium to culture the META for optimum growth and differentiation.

26




3.3 Validation of LmXP0O/LmXulL10

The PO protein is part of the ribosomal eukaryotic stalk, an elongated lateral protuberance of
the large ribosomal subunit, and is involved in the interaction of elongation factors [45].
Western blots validated the PO (uL10) presence in L. mexicana using a rabbit polyclonal
anti-TcPO antibody created against Trypanosoma cruzi. PO is highly conserved in other
eukaryotes as the alignment of the deduced primary structure of the T. cruzi PO (TcP0)
compared with human PO (HuPO), yeast PO (YPO) and Leishmania chagasi PO (LcP0O) contains
sections of identical sequences. TcP0 exhibits an overall homology of 58% with HuPO, 62%
with YPO and 84% with LcPO, thereby indicating a significant degree of similarity in the
characteristics of these proteins [46][92]. To date, there appears to be a lack of research
directly comparing the conservation of PO protein between T. cruzi and L. mexicana.
Nonetheless, it is reasonable to assume that PO is highly conserved, as evidenced by the
similarities between LcPO and TcPO [92], given that Leishmania spp. are known to be highly
conserved [93]. Consequently, it is hypothesised that the TcPO antibody would be able to
pull down the ribosome in L. mexicana, facilitating ribosome enrichment and isolation. The
molecular weight of TcPO was estimated to be 34 kDa [47], and we observed a band

corresponding to LmxP0 around 37 kDa by western blot (Figure 8).

Once the LmxuL10 (PO) expression was verified in both PCF and META cells, this antibody
was used to immunoprecipitate LmxulL10 to isolate associated ribosomes in both these
promastigote stages. Western blots confirm the integrity of the IPs and successful elution of

LmxuL10 in triplicate in both stages (Figure 8).
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Figure 8: Western blot analyses (in triplicate) of PO (uL10) immunoprecipitations from PCF and META cells - 3
different samples of the same lifecycle stage. In these experiments, anti-Rabbit-HRP was used as the secondary
antibody. Refer to Figure 4, to understand how each well sample was obtained. For the ladder, we used
Precision Plus Protein All Blue. The background is proteins that bind to the Protein A/G beads before antibody
incubation, this is the blocking step. The Input is the cytosolic fraction. Negative control (-ve) is the nuclear
fraction. FT is flow through, W1 is the first wash, W6 is the last wash, and Elution of the proteins obtained from

the immunoprecipitation. Signal was developed using ECL (GE Healthcare).
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From this, in Figure 8, a consistent band around 37 kDa was observed, which is believed to
be PO (uL10), however, we also noticed a strong band around 50 kDa, which is an
unexpected result. This 50 kDa band is not detected in our negative control, therefore it is an
artefact of the elution. As the negative control is the nuclear fraction, it is anticipated to be
blank and see no band as ribosomes are not found in the nucleus. This control was
employed to verify the absence of UL10 (P0O) within that fraction, thereby confirming the
integrity of the separation process. This was successfully done in the META, however, the
PCF samples potentially require extra washing steps with a lysis buffer to remove any loosely
attached ribosomes. A positive control was not used because it is known that PO is a stalk
protein attached to the ribosome and we were confident that PO would be detected.
However, having a positive control of the purified T. cruzi PO could have helped us identify
that the 50kDa band is a byproduct of our experiment. It is speculated that this 50 kDa band
could be the Fc region of the heavy chain from the rabbit primary antibody used in our IP
since the antibody used in the IP to pull down the ribosomes is the same as the primary
antibody used in the western blot. When the IP samples were boiled from the beads in the
Laemmli buffer, the antibodies were present. They would have broken down and been
loaded onto the gel and were, in turn, detected by the anti-rabbit secondary antibody.
Therefore, they could have interfered with the results as the Fc heavy chain is known to be
around 50 kDa [48]. Additionally, in Figure 8, no uL10 band is evident in the META 3 blot,
even though it is consistent with the other 2 western blots, META 1 and META 2. This could
be because the 50 kDa band is highly abundant; its signal may have sequestered the reaction
reagent and overpowered the exposure of the uL10 band. The bands in the input were much
weaker too, suggesting there were fewer cells in the replicate overall. As a result, it was
necessary to verify these western blots using a different secondary approach to determine

whether the 50 kDa band was a residual antibody.

To determine whether the band is an antibody artefact, Protein G-HRP conjugate was used
instead of HRP-conjugated secondary antibody (Figure 9). The rationale for using
HRP-conjugated Protein G is that it does not bind denatured antibodies. As a result, any
antibodies boiled and eluted from the beads in the IP should not bind to the Protein G-HRP
as they will only bind to the primary antibody of the western blot. It is evident that uL10 has

been detected in the samples of both PCF and META as there is a band in the elution (Figure
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9). Unfortunately, bands were detected in negative control samples, which could suggest
that our cell fractionation was not stringent enough as the negative control is very similar to
our input sample in Figure 9 (PCF 2), indicating that the desired separation was not fully
achieved. Ultimately, the 50 kDA band was not detected in the Figure 9 western blots and
therefore, is a denatured antibody and a Fc heavy chain has a molecular weight of 50kDa

[101]. This supports our hypothesis of the antibody artefacts affecting the results.
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Figure 9: Western blot analysis of PCF 2 and META 2 from Figure 8, but using Protein G-HRP as the secondary.
To re-verify the presence of PO (uL10) with the secondary antibody Protein G-HRP. For the ladder, we used
Precision Plus Protein All Blue. The Background is proteins that bind to the Protein A/G beads before antibody
incubation, this is the blocking step. The Input is the cytosolic fraction. Negative control (-ve) is the nuclei
fraction. FT: flow through, W1.: is the first wash, W6 is the last wash, Elution the proteins obtained from the

immunoprecipitation. Signal was developed using ECL (GE Healthcare).
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3.4 Polysome Profiling Conditions Require Further Optimisation

For our mass spectrometry analyses, we aim to isolate both translating and non-translating
ribosomes from L. mexicana procyclic (highly proliferative) and metacyclic (quiescent) cells.
To ensure that our data represents exclusively proteins that are bound to ribosomes, we
specifically wanted to exclude any RNA binding proteins (RBPs) interacting with an mRNA
mid-translation. These potential contaminants would co-sediment with polysomes,
therefore we decided to evaluate different RNase treatments to digest polyribosomes into
monosomes. In this way, mRNA-associated RBPs will not co-sediment with monosomes, or
be pulled down by anti-uL10 antibodies. An optimal RNAse treatment strategy would digest
MRNA, efficiently converting polysomes into monosomes, whilst keeping degradation of

rRNA to a minimum and preserving the structural integrity of ribosomes.

Polysome profiling by sucrose gradient ultracentrifugation is a useful methodology that
allows the separation of polysomes, monosomes, ribosome subunits and
low-molecular-weight mRNA fragments based on centrifugation properties and their
sedimentation rate measured in Svedbergs (S) (Figure 10). The sedimentation rate of any of
the ribosomal complexes should be 40 S or greater, with monosomes expected to sediment

at 80 S. In this way, we can assess the effects of different RNAse treatments. [49]
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Figure 10: Sedimentation coefficient in Svedbergs of soluble proteins, subcellular particles and biological

materials from the Beckman Coulter manufacturer documents [50]

RNase | has been previously used successfully in T. brucei and L. donovani to isolate and
cleave the ribosomes [51], [52]. Therefore, polysome profiling was conducted to evaluate
the effect of the RNase digestion to isolate and cleave the ribosomes from the mRNA
transcript and to determine whether using RNase | would be more effective than RNAse A.
We used PCF cells for these experiments, as they are expected to have a high concentration
of ribosomes in a highly proliferative stage. We also used a high concentration of Mg®" in the
lysis buffer to prevent dissociation of the 40 S and 60 S ribosomal subunits and thus increase

the stability of ribosomes in downstream centrifugation steps [55].

Our polysomal profiling protocol was adapted from published protocols in other eukaryotic
species [53]. In brief, live parasites were treated in culture with (CHX) for 10 min to arrest
ribosomes in situ. CHX is a translation elongation inhibitor, which binds to the E site of the
ribosome [54], this freezes the ribosomes in place and prevents further translation and

protein synthesis. This is beneficial for preserving any ribosome-associated proteins and the
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core proteins for downstream analysis. These cells were harvested, lysed, cleared of

cytoskeletal debris and nuclei and equally split between the controls (RiboLock and

SUPERaselN) and the comparative RNase treatments (RNase A and RNase |). These

treatments were followed by a 10-50 % sucrose density gradient centrifugation and a 260

nm UV-light absorbance-based fractionation for detection.

Our first polysome profiling attempt (Figure 11A), was unsuccessful. There were no

detectable ribosomes and there were low molecular weight nucleic acids, indicating

over-digestion. Therefore, we optimised digestion conditions using different RNase and

inhibitors at multiple concentrations and centrifugation speeds. Two different RNases, RNase

A and RNase |, are used in this experiment. While RNase | cleaves after all nucleotides and

shows no cutting preferences, RNase A is known to be highly biased and will only cleave RNA

preferentially after cytosine and uracil pyrimidine residues [53].
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Figure 11: These graphs show the sucrose gradient fractionations of the ribosome. Cells are lysed and loaded
onto the top of the gradient which starts at 10% sucrose density. Ultracentrifugation at high g forces causes the
separation of MRNA and ribosome complexes. Peaks obtained through the CLARIOSTAR microplate reader
(BMG Labtech) measured at 260 nm. Each graph has varying conditions to find which condition would be the
most optimal for RNase digestion to separate monosomes from polysomes. RiboLock (light blue), SUPERaselN

(dark blue), RNase A (yellow), RNase I (red),

The conditions:
A) RNase Inhibitor 800 U RiboLock, 100 U SUPERaselN,
RNase 0.0025 pg/pL RNase A, 1200 U of RNase |
Centrifuge speed of 35,000 rpm /234,500 x g for 3hrs, based on [52], [56].

B) RNase Inhibitor 800 U RiboLock, 200 U SUPERaselN,
RNase0.00025 pg/uL RNase A, 1200 U of RNase |,
Centrifuge speed 35,000 rpm / 234,500 x g for 3hrs based on [51], [53].

C) RNase Inhibitor 800 U RibolLock, 100 U SUPERaselN,
RNase: 0.0025 pg/uL RNase A, 1200 U of RNase |,
Centrifuge speed 38,000 rpm / 254,600 x g for 3hrs, repeat of A.

D) RNase Inhibitor: 800 U RiboLock, 100 U SUPERaselN,
RNase: 0.0025 pg/uL RNase A, 1200 U of RNase |
Centrifuge speed: 31,000 rpm / 210,000 x g for 16hrs (overnight spin), repeat of A but longer spin.

Sucrose gradient analysis revealed no distinct monosomal peaks, indicating complete
ribosomal digestion across all RNase treatments (Figure 11), except for in the control (Figure
11C). Subtle peaks observed in control samples suggest partial preservation of ribosomal
integrity (Figure 11). Figure 11A shows the initial conditions, based on papers previously
published [51], [52], [53], [56]. However, the first attempt was unsuccessful. To optimise the
unsuccessful initial experimental conditions, SUPERaselN concentration was increased and
kept constant RNase | to mimic the conditions from [51] and RiboLock were at the same
concentrations, whilst RNase A concentration was lowered to try and avoid overdigestion
(Figure 11B). This resulted in subtle peaks in the control that suggested some monosomes
and polysomes were present that did not separate sufficiently through the gradient. To

address this, the treatment conditions were retained and the speed was changed to 38 000
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rpm/254,600 x g. The most promising result is shown in Figure 11C, where we see a clear
monosome enrichment peak with the SUPERaselN control (dark blue line).

There were high concentrations of RNA at the start of all the graphs which suggests one of
two potential scenarios: 1) Either the sample was not centrifuged sufficiently long enough
and was therefore unable to pass through the gradient or 2) everything was being degraded
and digested. We opted to try one more repeat (Figure 11D), incorporating an overnight spin
while maintaining the same conditions A. This was to ensure that the samples were
centrifuged sufficiently and allow everything that could pass through the gradient. Even with
an overnight spin, we were unable to isolate monosomes suggesting that varying the

centrifugal speeds did not induce a significant difference for the polysome profiling protocol.

We encountered many challenges in isolating monosomes, despite testing with different
digestion treatments using RNase A and RNase | at varying concentrations and spin speeds.
It was concluded that the treatment regime that was used was too harsh, as the results
could indicate the sensitivity of the L. mexicana ribosomes and that they are highly sensitive
to RNase enzymes. Further optimisation will be required to achieve effective isolation of
monosomes without complete ribosome degradation. However, this preliminary data will

inform future experimental refinements.
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3.5 Bioinformatic Analysis Revealing Protein Activity For Both PCF
and META Stages

Although the ribosome profiling experiment revealed substantial ribosomal RNA
degradation, the IP samples were still sent to mass spectrometry. These IP samples still
provide an opportunity to be able to identify ribosome-associated factors despite challenges

with the RNA integrity.

3.5.1 Verifying Mass Spectrometry Data

To identify ribosomal protein compositions, triplicates of PCF and META from the IP for
enriched ribosomes (section 3.3) were sent to mass spectrometry. The beads underwent
on-bead digestion using the RIME protocol [57] before analysis by PASEF-DIA using an
EvoSep One UPLC and Bruker timsTOF mass spectrometer. Ribosomal proteins were
analysed by high-resolution mass spectrometry with a filter minimum of 2 unique peptides
identified per protein and quantified using peptide precursor ion intensities (p<0.05). Mass
spectrometry identified over 2000 proteins from the IP samples, with consistent
identifications across lifecycle stages. This could be due to over-digestion of the RNase or
that the DIA is too stringent. Nonetheless, the samples were consistent between the
lifecycle stages, therefore, even with the RNA digest which has degraded the ribosomal RNA
we were able to get consistency in the data of proteins for the specific lifecycle stages. This
allowed us to identify proteins that are enriched in PCF and META as well as to see if there
are any life cycle-specific ribosomal compositions and any potential proteins of interest that

play a key role in the parasite's adaptation and differentiation.
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3.5.1.1 Principal Component Analysis Revealed Low Variance Between Triplicates

Confirming the integrity of our proteomics, a principal component analysis (PCA) using
relative protein quantification derived from unique peptide intensities was used to examine
the relatedness between the PCF and META samples and the variability between the
replicates (Figure 12). Notably, the triplicate samples cluster within discrete lifecycle stages,
displaying low variance among the replicates, especially samples 1 and 2 in both PCF and
META. These data suggest the reliability of the results and distinct protein enrichments and

protein identities of the specific lifecycle stage.

PCA plot (500 features used)
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Figure 12: A principal component analysis (PCA) plot that compares the similarities between the PCF triplicates
and the META triplicates, made in Frag Pipe Analyst, using relative protein quantification derived from unique
peptide intensities was used to examine relatedness between the different biological samples and the

variability among replicates. With META in green and PCF in blue. The numbers represent the sample number.
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3.5.1.2 Validating Mass Spectrometry Data via Histograms

To ensure validity of the mass spectrometry data, histograms were generated in R to confirm
the reliability of the data (Figure 13). A significant deviation should not occur, and a normal
distribution curve is expected since the proteins are preserved and play a crucial role in cell
survival. The p-values and g-value were assessed as well. A small p-value is strong evidence
that there are significant differences in proteins found in META and PCF (Figure 13B), with a
substantial amount close to zero. The frequency declines steadily as it approaches closer to
1. The g-value (also known as the adjusted p-value) is used to filter peptide spectra matches
to ensure a certain false discovery rate (FDR), this helps to identify proteins with a high
degree of confidence. Due to the large data set the chance of false positives increases,
therefore setting the 1% FDR ensures more significance as it reduces the likelihood of false
positives. Figure 13C, also has a substantial amount closer to zero; these represent the
proteins that are significantly different between META and PCF groups. There is a big peak at
0.2, this could be due to an artefact of the method potentially showing no significance.

Therefore the proteins that are closer to zero are strongly significant.
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Figure 13: Histograms used to verify whether the data obtained from mass spectrometry is reliable. A)
Histogram of Log, Fold Change of META vs PCF, with log, fold change on the x-axis and frequency on the y-axis
and PCF downregulated and META upregulated. B) Histogram of META vs PCF p-value. C) META vs PCF with the

adjusted p-value.
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3.5.2 Identifying Core Ribosomal Proteins

The mass spectrometry data detected 25% of the core ribosomes from the L. donovani
ribosome, indicating that we were successful in capturing ribosomes effectively and
obtaining core proteins from the large and small subunits (Figure 14). However, we would
have expected to have been able to detect all the core proteins as we wanted to enrich
ribosomes and ribosomes are conserved molecular machinery, vital for the parasite's
survival. However, the mass spectrometry data did also detect a large quantity of
mitochondrial ribosomal protein which could have influenced and altered the relative

abundance of ribosomal proteins.

80 S Ribosome
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60 S ribosomes subunit 60 S ribosomes subunit, without the structural rRNA

40 S ribosomes subunit 40 S ribosomes subunit, without the structural rRNA

Figure 14: 5T2A shows the core ribosomal proteins identified using mass spectrometry, which have been split

into 80 S, 60 S and 40 S subunits for better visualisation. The proteins in cyan are the rRNA structure, green are
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the core proteins discovered in our data, while the core proteins in grey were not detected. Figures were

produced in PyMol.

It is important to note that Leishmania has genes which have the same protein name but can
have two or more orthologs (paralogues), which can be seen in Figure 14, this is seen in the
entire Leishmania and ribosomal proteins are no exception. The paralogous ribosomal
proteins in Leishmania exhibit compensatory expression; consequently, if one paralogous
gene is subject to knockout , the corresponding gene may function as a substitute, maintain
protein levels through post-translational mechanisms, and interact with RNA-protein
complexes, all of which are critical for effective translation in the parasite, which could help

with the parasite adaptation.
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3.5.3 Volcano Plot Presenting Significant Stage-Specific Abundant Proteins

The data from the mass spectrometry (Supplementary 1), identified 388 proteins that were
statistically significant and differentially abundant between PCF and META samples. These
proteins that were selected had a log2 fold change of less than -2 (for PCF) and a log2 fold
change greater than 2 (for META), in addition to an adjusted p-value < 0.05 (Figure 15). Data
points that are below this significance threshold were excluded. Additionally, only these
proteins were differentially abundant in all three replicates, therefore, were considered

significant (Figure 15, red dots).
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Figure 15: Volcano Plot of the PCF vs META proteins that are enriched from the IP, where the PCF are
downregulated, and the META are upregulated. The red dots show the proteins of significance that are
differentially abundant and are enriched to the specific life cycle stage, with the left PCF specific and the right
META specific. The blue dashed lines represent the cut-off points that the log2 fold changes less than -2 and
greater than 2 and the adjusted p-value < 0.05. The proteins in purple are some proteins of interest that will be

discussed later on.
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Figure 15 reveals the top 3 most significantly differentially abundant proteins found in the
mass spectrometry data for META and PCF. As well as the ribosomal subunit proteins
detected and some protein kinases and phosphatases which will be discussed in more detail
in section 4.1 and 4.2. However, it seems that some of the most significantly differentially
abundant proteins are not very specific to ribosome activity, which could suggest that the
beads were not fully saturated and may have picked up some non-specific proteins. Aside
from RRB1 [102], which is involved in ribosome biogenesis, specifically the assembly of the
large 60S ribosomal subunit, this suggests that ribosomal proteins were picked up by the
antibodies. Further optimization is needed to ensure the beads are fully saturated to

guarantee only translational machinery specific proteins

3.5.4 Venn Diagram of Differentially Abundant Proteins

The Venn diagram (Figure 16), represents total proteins appearing in META and PCF using
the Data-independent acquisition (DIA) intensity from Supplementary Data 1, based on the g
value = 0.05. The DIA intensity is directly proportional to the protein concentration of
protein relative to the total protein in the dataset. This is a complementary approach to the
volcano plot. We were able to identify which proteins were found specifically in the PCF
which were found in META only, however there were some proteins that were found in both
PCF and META, suggesting these proteins could be essential for both life cycle stages. The
volcano plot fails to recognise shared proteins; for instance, if a protein is detected in both
META and PCF, yet the DIA intensity is comparatively higher on the META side than the PCF
side, the volcano plot would indicate that it is statistically significant and demonstrates
differential abundance in META. However, it does not convey that the protein is also present
and downstream in PCF, thereby categorising the protein as “shared”. There is a greater
number of total proteins in the Venn diagram than the volcano plot and these also include

fragments of overlapping proteins.
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PCF META

Figure 16: Venn diagram of the significant differentially abundant proteins identified from the mass
spectrometry based on the DIA intensity of the three replicates. This highlights proteins that are shared
between PCF and META and proteins that are specific to PCF and META only. These proteins are proteins that

have an adjusted value of p < 0.05. Total 399 proteins.

3.5.5 Gene Ontology Term Enrichment

Gene Ontology (GO) considers three distinct aspects of the function of genes and proteins
that can help us identify biological processes, cellular locations and molecular functions of
the proteins in our data set. GO annotations are associated with specific gene products and
help us identify the function of the gene. Biological processes define the biological programs
composed of regulated molecular processes. Cellular components define the place where
the molecular processes occur in the organism. Molecular functions define the activities at a

molecular level.

3.5.5.1 Cytoscape Maps Reveal Significant GO Enrichments

The GO terms were identified in UniProt by using ID mapping. Where the proteins were
inputted and UniProt uses its database to identify what GO terms correspond to that specific
protein. From this, these proteins were then inputted into the Cytoscape. Cytoscape is

designed for biological network visualization, which is based on molecular interactions and
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pathways (Kohl, Wiese and Warscheid, 2010). In Cytoscape, the BiNGO application was used.
BiNGO is used to determine which GO categories are statistically overrepresented in a set of
genes. BINGO maps the predominant functional themes and outputs this mapping as a

Cytoscape graph. The significance is determined by the p value associated with the GO term.
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Figure 17: A network of ontology terms where the node colour represents the p-value of the over-represented
terms. The Cytoscape graph highlights proteins that are highly abundant in both life cycle stages (PCF and
META). The Node (inner circle) size corresponds to the number of genes within the geneset that have that
specific GO enrichment term. The colour of the node (inner circle) and border(outer circle) corresponds to the
significance based on the BiNGO p-value of the geneset. Yellow represents the GO term p value > 0.05, the
darker the yellow the closer to 0 it isThe arrows represent the protein interactions and how they are related to
one another.

A) Map of the GO term enrichment of proteins that are significant in both PCF and META, with a p-value
threshold of 0.05, presenting the GO terms for their biological processes and their molecular function.

B) Map of the GO term enrichment of proteins that are significant in PCF, with a p-value threshold of 0.1, with
only their molecular function.

C) Map of the GO term enrichment of proteins that are significant in META, with a p-value threshold of 0.1,

with their biological process and molecular function.

The Cytoscape graph highlights the GO term enrichment of the proteins that are shared in
PCF and META. The circles in yellow highlight the significant GO terms based on the
threshold applied. These terms are enriched and statistically stand out in comparison to the
reference set. The significance threshold for the shared terms is 0.05. From Figure 17A,
There is a high representation of nucleotide and ribonucleotide binding which highly
suggests ribosome enrichment as they are important for protein synthesis and translation.
Metabolic processes also pose as a significant biological process GO that was enriched, as
metabolism is essential for the parasite's survival. Protein localisation is important in

translation as is essential for transporting proteins in and out of cells.

With a significance threshold of 0.1, PCF-specific proteins show the highest enrichment of
nucleic acid binding, implying enrichment of ribosomes or other nucleic acid binding
proteins from our IP, Figure 17B. Given that PCF is the most replicative and proliferative
stage, it is expected that the nucleic acid binding GO term is significantly enriched as nucleic
acid binding plays a critical role in ribosome architecture and protein synthesis.
META-specific proteins with a 0.1 significance threshold revealed a plethora of GO terms,
Figure 17C. The significant key terms are phosphorylation-related terms, protein kinase
activity and cobalt binding. The differentially abundant proteins, enriched in META

phosphorylation and protein kinase activity have played a regulatory role in differentiation.
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The reasoning for using 0.05 as a significance threshold for shared proteins was that 0.1
would have resulted in an excessive number of terms at 0.1, therefore a stricter threshold of
0.05 was used to focus on more significant and relevant terms. Whereas for the PCF and
META-specific proteins, the stricter threshold of 0.05 yielded too few terms to be able to
draw a meaningful conclusion, or none at all for PCF, therefore a more lenient threshold of
0.1 was applied to ensure sufficient data and a better understanding and interpretation of

the proteins.
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4. Discussion

This project represents a detailed proteomic analysis of two developmental stages of
Leishmania mexicana, PCF and META promastigote forms relating to their translational
machinery. This research builds upon the work of de Pablos et al. 2019 [43], which
guantitatively analysed the RNA-binding proteome (RBPome) across the life cycle stages of L.
mexicana. This study highlighted stage-specific heterogeneity in protein expression and
RNA-binding capacity, emphasizing the role of trans-regulatory mRNA-protein complexes in
parasite life cycle progression. Together, these findings underline the importance of
translational regulation in Leishmania biology and support the hypothesis that ribosomal
components may play a critical role in stage-specific molecular adaptations. However, it is
evident that the immunoprecipitation and polysome profiling experiments need to be
refined. Once these protocols have been optimised, more in-depth knowledge of conditional
variations to the translational machinery could lead to development strategies to block
parasite differentiation. This is because differentiation is essential for the parasite's survival

in changing environmental stimuli.

The main aspect of this project is isolating and characterising ribosomes from L. mexicana,
specifically from PCF and META promastigotes. These two stages represent contrasting
biological states, with PCF being highly replicative and META entering a quiescent, infective
state. Comparing their ribosomal compositions will help identify life cycle-specific molecular
components that enable the parasite to alternate between these states. By isolating
ribosomal complexes and characterising their components using proteomic approaches, the
project aimed to uncover molecular adaptations that enable Leishmania to transition
between these states and adapt to environmental changes. Additionally, any
parasite-specific ribosomal attributes could inform the development of therapeutic

strategies targeting Leishmania’s translational machinery.

Our proteomic analyses have generated new insights into the two developmental stages of
the L. mexicana translational machinery. Mass spectrometry analysis showed proteins of
significance in nucleic acid binding for the PCF proteins, which is expected as the PCF stage is
the most proliferative, and many ribosome proteins are bound to rRNA. It also identified

several protein kinases enriched in the META stage, including casein kinase and
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serine/threonine-specific protein kinases and phosphatase. Gene ontology term enrichment
revealed significant upregulation of phosphorylation-related proteins in the META stage,
suggesting a key regulatory role for these proteins during this life cycle transition. Notably,
the absence of these proteins in the PCF suggests that they could play a role in the META’s
qguiescence and virulence. Previous studies have shown that phosphorylation modulates
ribosomal assembly and stress responses in kinetoplastids, supporting our findings [58],
[59]. This phosphorylation may fine-tune translational regulation, enabling the parasite to

adapt to nutrient-limiting conditions encountered during host infection.

4.1 The Role of Phosphorylation in Translation Regulation

Protein post-translational modifications (PTM) are one of the most important mechanisms
to regulate proteins. Protein phosphorylation plays a central role in almost all aspects of
cellular processes and has been shown to regulate protein function, stability and turnover
rate [60]. Regulation of this specific activity appears to be a general mechanism for the
control of protein synthesis and plays a role in modulating translation [61]. The majority of
phosphoproteins identified are known to be differentially regulated between promastigotes
and amastigotes, with more phosphorylation in the latter stage in AMA [62]. Our mass
spectrometry data (Supplementary Data 1) identifies known Leishmania phosphoproteins
previously described by Rosenzweig et al. 2008 [60], thus providing an independent
validation of our results. In addition, the microtubule-associated protein showed a similar
increase in phosphorylation, indicating that these modifications may be linked to
cytoskeletal remodelling during differentiation, especially when the META changes from an

elongated cone shape to an oval shape to form the AMA structure (Figure 1).

Phosphorylation can regulate translation and enable the response to environmental
changes. By modulating protein synthesis, cells can adapt to various stimuli, ensuring the
correct proteins are being produced, which is essential for maintaining homeostasis and
responding to stress [63]. This notion also supports the fact that protein phosphorylation
plays an important role during Leishmania differentiation and this process is likely controlled
by stage-regulated protein kinases and phosphatases, which is consistent with our data in
Figure 17 C as we have significant GO terms of phosphorylation and protein kinases.

Phosphorylation and dephosphorylation events likely constitute a regulatory pathway
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controlling Leishmania differentiation. Phosphorylation has activation and suppressive
characteristics, therefore would play a big role in the quiescence stage of the META. The
transient changes in protein phosphorylation contribute to similar changes in mRNA and

protein abundance observed during differentiation [64].

In Leishmania, phosphatases are involved in adapting to different environments and stress
conditions, which is vital for the survival and virulence of the parasites. Studies have shown
that several phosphatases are upregulated in metacyclic promastigotes, such as
serine/threonine phosphatases. This can help the parasites adapt to stress conditions and
are involved in their differentiation and virulence. This upregulation of phosphatases is
believed to enhance the parasites' ability to infect the host and evade the immune response
and is linked to the parasites' ability to adapt to the harsh conditions they encounter in the

mammalian host [65].

There are a few protein phosphatases that are known to be in Leishmania [65], [85], [88] .
Protein phosphatase 5 (PP5) has the greatest protein expression in META compared to all
the other cycle stages suggesting its importance for metacyclogenesis [85]. PP5 has a dual
function where it dephosphorylates substrates and also co-chaperones under stress
response [86]. Phosphatases can also help modulate the host's immune response, allowing
the parasites to survive and proliferate within macrophages. For instance, protein
phosphatase 1 (PP1) has immunomodulatory effects on the host cell. This enables the
survival of the parasite within the host [85]. PP1 is also known to inhibit replication and cell
cycle division, which links to the META quiescent state [88]. Overall, the correlation between
META promastigotes and phosphatases is significant, as the upregulation of these enzymes
in the infective stage plays a crucial role in the parasites' adaptation, survival, and virulence
during infection [65]. PP1 is found in our Supplementary Data 1, known as LmxM.33.0790.
Our data shows that it is only found downstream in the META stage, which is consistent with

the literature.

It is well established that the phosphorylation of proteins is involved in all major steps of
translation, including translation factors, the control and regulation of the performance of
the translational machinery and, consequently, the cellular proteome [66]. A notable
example is the phosphorylation of elF2a by the Gen2 kinase, which is activated during the

Integrated Stress Response pathway [67]. This phosphorylation event inhibits the translation
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of housekeeping mRNAs while promoting the translation of stress-adaptive mRNAs [79]. A
similar mechanism could explain the entry of META promastigotes into quiescence. The
changes in pH and temperature encountered during the transition to the host environment
may activate a stress response pathway, leading to increased phosphorylation activity that
downregulates translation. This adaptive mechanism could allow the parasite to conserve

resources and prepare for the next stage of its life cycle.

4.2 The Role of Protein Kinases in Translation Regulation

Protein Kinases are enzymes that catalyse the transfer of phosphates of ATP to protein
substrates which in turn alters the function of the protein [68]. Our mass spectrometry
analysis revealed the enrichment of protein kinases that were also found in Baker et al.,
2021 [69]. These protein kinases: cdc2-related kinase (CRK9) and repressor of differentiation

kinase 2 (RDK2), were revealed to be significantly abundant in the META stage, figure 15.

LmxM.27.1940 (CRK9) has a dual role that controls the cell cycle and is a critical regulator in
gene expression. Our identification of CRK9 in META is consistent with studies in T. brucei,
where it also revealed direct interaction with the ribosomal protein L5 [70]. The silencing of
CRK9 resulted in a strong decline of mature mRNA levels accompanied by an increase in
unspliced pre-mRNA in the T. brucei procyclic and bloodstream forms [70]. Additionally, the
silencing of CRK9 also caused the loss of RBP1 phosphorylation. The loss of phosphorylation
can cause protein defects in the recruitment of splicing factors and alter the splicing pattern,
strongly indicating a direct role of CRK9 in RNA splicing [70]. This protein kinase is found
specifically in META and is significantly abundant. The role of CRK9 in RNA splicing suggests a
potential link between stage-specific phosphorylation and the regulation of

ribosome-associated transcripts during life cycle transitions.

LmxM.30.2960 (RDK2) is a serine/threonine kinase, crucial for regulating various cellular
functions. Including the cell cycle, which is involved in the series of events that lead to cell
division and replication. This regulation is essential for the parasite's ability to multiply and
transition between different forms during its life cycle. The kinase activity of RDK2 helps
ensure that the parasite can progress through its life cycle stages effectively, which is vital for
its survival and propagation [70]. This protein kinase is also significantly abundant and it is

found in both PCF and META but the protein abundance level in the META life cycle stage is
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significantly greater than in the PCF life cycle stage. Though RDK2 does not directly bind to
the ribosome, this protein kinase may indirectly regulate translation. The significant
enrichment of RDK2 in the META stage aligns with the need for precise post-transcriptional
regulation, suggesting its importance in controlling the parasite's adaptation to the host

environment.

Protein kinases are key for cell cycle regulation, with specific phosphorylation events
necessary for their activity and differentiation in T. brucei [72], there is also an indication
that protein kinases are likely significant players in controlling mRNA turnover, which is
essential for modulating gene expression in T. brucei, T. cruzi and Leishmania parasites [73].
It is interesting to note that PP1 in T. brucei may regulate cdc2-related kinases that promote
cytokinesis [88], indicating how interconnected pathways are and providing confidence in
these proteins having a relationship within translation. Survival and virulence in Leishmania
involve protein kinases as well, as they regulate parasite viability, including cell-cycle
progression and differentiation, making them vital for the parasite's life cycle [74],
emphasising how important these protein kinase activity and phosphorylation events are
important, not just in the ribosome but for the parasite as a whole, these are particularly

important in the complex life cycle and environmental adaptation of kinetoplastids.

4.3 Experimental Review and Troubleshooting

Immunoprecipitation experiments showed that ribosomes were enriched and some
significant data was obtained. However, we get a very low protein abundance of PO/uL10
protein in the elution in comparison to all the other proteins detected in the input sample
and the flow through (Figures 8 and 9). It is expected that if we were to specifically enrich
ribosomes we would see a major uL10 band, proportional to the number of ribosomes that
were captured on the surface of the beads. One possible explanation is that the beads were
not saturated with enough antibody molecules to achieve maximum ribosome enrichment,
as the antibody dilution used was 1:1000. This could suggest why only 25% of core
ribosomal proteins were detected (Figure 14). To optimise the enrichment of the ribosomes,
we must ensure that the Protein A/G beads are fully saturated with the antibody and that all
of the antibodies occupy and bind to the Protein A/G bead sites. We used 2.0 mg per 100 pl
of beads for every sample, the binding capacity of I1gG for the beads is 0.4 - 0.5 mg/ml,
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therefore in 100 ul beads the binding capacity is 40 - 50 pug. The concentration of the PO
antibody was assessed on the Nanodrop, with a PBS blank, as the original concentration is
unknown. From this, it is calculated that a ~ 1:300 dilution of antibodies is required to fully
saturate 0.04 mg of Protein A/G beads. In Figures 8 and 9, we also observe PO-related
proteins in the ‘background’ lane, this shows that our blocking step worked and that the
beads will bind to non-specific proteins. However, it is very unlikely that all the non-specific
proteins were collected in the blocking step, and due to the beads not being fully saturated
by the PO antibody, they could have bound to the beads even after the blocking step. As a
control for our mass spectrometry, we should have sent the background bead samples for
analysis and then removed these non-specific proteins from our data set to get a clearer
result and more confidence that our data are ribosome-associated proteins and not proteins
that happen to bind to the beads, which could be the reasoning of having over 2000 and
some replicates with over 3000 proteins in our dataset. However, the over-digestion of the
RNA may have also caused issues with the data and therefore optimisation of the RNA

digestion is also required.

Polysome profiling is a versatile technique that can be used to examine ribosomes and any
ribosome-associated proteins, especially in Leishmania, where transcriptional control is
greatly absent and gene expression regulation mainly occurs during translation [12]. Many
studies have conducted ribosomal profiling experiments on various classic eukaryotes [53],
however, there are very few ribosome profiling for Leishmania and even less for L. mexicana.
Leishmania spp. are ancient eukaryotes and have diverged from the other eukaryotes quite
early on. The phylogenetic tree (Figure 18) depicts the relationship between the Leishmania
spp. and the other eukaryotes, including mammals, plants and yeast. The group of protozoa
have diverged very early from the eukaryotic lineage, and are a compelling model to study
the variability of highly conserved processes such as protein translation. As identified,
Leishmania has highly diverged from humans and other opisthokonts. As a result, we
designed and developed a protocol to compare two different types of RNase: RNase A and
RNase I, as well as RNase inhibitors: RiboLock and SUPERaselN, to determine which enzyme
will cleave the mRNA but leave rRNA and ribosomes intact. This would allow us to optimise
the number of monosomes for the cell fractionation experiment while avoiding complete

digestion. Assessing the sucrose gradients, it observed that the ribosomes had been
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completely digested which suggests that too much RNase was added as we can see subtle
peaks in the controls (Figure 11). Unfortunately, in this study, we were unable to optimise
this ribosomal profiling protocol as we see no significance between the different inhibitors
or RNases. There are many potential reasons why this might be. It could be that the
treatments used here were too harsh for Leishmania ribosomes, or it could suggest that the
Leishmania ribosomes are very sensitive in comparison to other eukaryotic or unicellular
organismes. It could also suggest that the endogenous RNase could be very potent and
therefore our inhibitor concentration is not enough to quench the RNase activity that is in

the parasites in the first place.

Although other papers have successfully used the UV lamp fractionator [53], [75], [76], it
was unavailable during the time of the experiment. Instead, we split the sucrose gradient
manually into a 96 well UV-transparent plate and measured the absorbance at 260 nm. This
method worked for Sobhany et al, 2021 and we followed similar procedures [77]. However,
fractions must be gathered without interfering with the remainder of the gradient, and all
fractions must have the same volume. Manual pipetting is not as accurate as using a

fractionator, therefore human error is a possibility.

Humans, mouse, yeast, drosophila, C. elegans etc

Amorphea
E [ ] 4
Archaeplastida
* | A %f‘ .n_ >° Obazoa
G "né%’ % % O =
W 0, ) Q.
0y, s Q= ) &
Sty Py ers % 5 [ 5% A
‘Cryptista @ 2, . ) i N
{_\ K a‘bft o€
\ £l :
“b’@phaﬂ‘da piphy!'eid® crums . .
Crypeo - et Leishmania,
Haptista Phyta Rigifil =@ Trypanosoma
Centrohelida Mantamon! /
Haptophyta —-mmeey SR
— it Discoba ‘Excavates’fi

Metamonada .
’

L
Malawimonadida ,*

W Rhizaria

Ancyromonadida

Hemimastigol

Trends in Ecology & Evolution

Sar
Alveolata

* Original ‘Supergroup’
@ No molecular data in 2004

Stramenopila

Figure 18: Phylogenetic Tree of Eukaryotes [80]. Annotated with humans, mice, yeast, drosophila, C. elegans
etc., Leishmania and Trypanosoma, to emphasise the distinctions between different species. This is a summary
based on a consensus of recent phylogenomic studies. The coloured groupings correspond to the current

‘supergroups’.

57



A ribosome profiling study by Bifeld et al., 2018 [52] digested L. donovani polysomes using
RNase |, followed by quenching with RNaselN as the inhibitor. However, RNase | can only be
inhibited by SuperaselN, while RNase A is compatible with a wider range of commercially
available RNase inhibitors. Therefore, this study is not reliable as RNaselN does not
effectively quench RNase |, it is known to only inhibit RNase A, B and C [78]. RNase A has
worked successfully for limited RNase digestion in many eukaryotes [53], [56], [66] and can
be inhibited with a broad range of RNAse inhibitors. We wanted to compare which out of
RNase A and RNase | would work better in cleaving RNA and help us successfully isolate
ribosomes. As Leishmania is a unicellular organism we expect to see similar outcomes with
E. coli and S. cerevisiae as they are also unicellular organisms [53]. We based our protocol
predominately on the T. brucei paper [51] as it was the closest species to Leishmania and
had distinct monome peaks, indicating that their polysome profiling was successful, whereas
the L. donovani paper [52] proved to be unreliable. They did not use the correct inhibitor for
their RNase and their results did not show distinct monosomal peaks, consistent with our
data in which ribosomes are being digested. Unlike the results observed in T. brucei where
distinct monosome peaks were obtained, our findings suggest that Leishmania ribosomes
may be inherently more sensitive to RNase treatments. This could reflect ribosomal

composition or structural integrity differences between these kinetoplastid species.

4.4 Future Studies

Further studies, including phosphoproteomics and functional characterization of key kinases,
are needed to validate these findings and uncover the specific mechanisms linking
phosphorylation to ribosomal regulation in Leishmania. The immunoprecipitation and RNase
digest protocols should be further optimised before conducting additional experiments, such
as cell fractionation, in which the ribosomes are pelleted through a sucrose cushion. Ideally,
the RNase digest should preserve the ribosomes while eliminating any background proteins
that could cause ‘noise’ in the mass spectroscopy. Had we been able to optimise RNAse
treatment conditions, this experiment would have provided an alternative enrichment
method. It would be interesting to see whether any additional proteins might be detected in

the ribosome pellet that was absent in the immunoprecipitation. After that, it would be wise
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to also endogenously tag PO in the parasite with a high-affinity epitope tag, via CRISPR/Cas9
tagging to additionally validate findings. This would allow for the use of commercial
antibodies, more stringent washes and therefore more accurate identification of proteins
that would bind to the ribosome. It is important to note that although the DIA intensity
contains blanks, this does not imply that no proteins were found; rather, it mostly indicates
that the amount of proteins found was below the significance threshold, which could distort
the results. Once we have greater confidence in the proteins detected, structural techniques
such as cryo-EM would be useful to further investigate stage-specific variation in ribosome
composition. Cryo-EM has the potential to advance our understanding of ribosomal
dynamics, and mechanisms of ribosome-binding proteins. This could provide insights into
variations in ribosomal structures across different strains and species. This could lead to a
better understanding of how these differences affect ribosomal function in specific life-cycle

stages.

The study highlights the importance of translational regulation in Leishmania life cycle
transitions. Our findings provide novel insights into the stage-specific ribosomal adaptations
and phosphorylation-related processes and how the parasite modulates gene expression in
response to environmental stimuli, laying the groundwork for targeted interventions against

this parasitic disease.
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