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1 Abstract

Trypanosoma congolense causes significant economic burden across Sub-Saharan Africa, as it
is the causative agent of Animal African Trypanosomiasis (AAT), a wasting disease affecting
cattle which currently has no effective pharmaceutical treatment. T. congolense is a close
relative of Trypanosoma brucei, they co-infect the same hosts so have been exposed to
similar evolutionary selective pressures, and it is expected they will show similarities in host
interactions. While T. brucei is a well-studied model organism, very little experimental work
has been performed using T. congolense as tools have only recently been developed for
genetic manipulation, but now is the time to use them to investigate the survival and
infection mechanisms of the parasite. One of the major symptoms of AAT is a high fever
which T. congolense responds to by eliciting the heat shock response, an important virulence
factor which allows the parasite to survive in the host. The aim of this project is to
characterise the T. congolense heat shock response, as understanding the mechanisms

involved could pave the way for discovering novel drug targets in this parasite.

It was found that T. congolense displays a very different heat shock response to T. brucei at
both 41 °C and 42 °C, with 10% more cell death but less severe lag in growth in the 24 hours
after heat shock. DHH1 and ZC3H11, proteins shown to be involved in heat shock, were
successfully fluorescently tagged in BSF cells for both species, and a distinct re-localisation of
DHH1 into foci can be seen in T. brucei cells upon heat shock but not in T. congolense. Flow
cytometry analysis of cells in the period after heat shock revealed that both species arrest in
G2/M, 4 hours after heat shock for T. brucei and 6 hours for T. congolense, which may be
linked to cell cycle phase differentiation. Overall, T. congolense may have a more different
heat shock response that T. brucei than expected. This is some of the first work investigating
specific pathways in T. congolense and many techniques were successfully competed for the

first time in this laboratory.
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2 Abbreviations

BSF — Bloodstream form

DHH1 — DExD/H-box ATP-dependent RNA helicase 1
LSM12 — SM like 12

PCF — Procyclic form

PABP — Poly-A binding protein

PBP1 — PABP1 binding protein

SCD6 — Suppressor of clathrin deficiency 6

XRNA — Exoribonuclease A

ZC3H11 - Zinc finger CCCH domain containing protein 11



2 Literature Review

2.1 Trypanosomiasis

2.1.1 Impact of HAT and AAT

Trypanosomiasis, also known as sleeping sickness, is a disease present across sub-Saharan
Africa which puts many lives at risk. Human African trypanosomiasis (HAT) is caused by the
parasites Trypanosoma brucei gambiense and Trypanosoma brucei rhodesiense, and is fatal if
left untreated. There are two stages of HAT, stage 1 occurs when parasites are present in the
bloodstream of the host, symptoms include intermittent fever and headaches. Stage 2 occurs
when the parasite crosses the blood brain barrier and enters the central nervous system,
symptoms include a sleep disorder and it will eventually lead to death (Bischer et al., 2017).
The parasites can also infect other tissues such as the skin and adipose tissue, which can act
as reservoirs of infection (Trindade et al., 2016) (Capewell et al., 2016). The two species of
trypanosomes cause different disease, T. b. rhodesiense infection leading to a more acute
disease that is often fatal within 6 months, and T. b. gambiense causes a chronic disease lasting
approximately 3 years (Checchi et al., 2008), but can also be asymptomatic for years before
symptoms arise. The number of HAT cases have subsided in recent years due to improved
drug treatments and increased monitoring of the disease; whilst it is present in 36 countries
with 70 million people at risk (Kennedy, 2019), fewer than 3000 cases were reported in 2015
(Buscher et al., 2017) and the WHO has targeted for its eradication by 2030 (Kennedy and

Rodgers, 2019).

The more pressing issue now is animal African trypanosomiasis (AAT), a cattle disease that
prevents the rearing of cattle across a large area of Sub-Saharan Africa, which impacts the
economy and the livelihoods of people living within this region. Trypanosoma congolense is

the main causative agent, and there has been little research on this species, which explains



the lack of treatment available for the disease. T. congolense is only found within the tsetse
belt, an area of sub-Saharan Africa where its vector, the tsetse fly, is found. As T. congolense
has no forms of mechanical transmission to spread without the tsetse fly vector, it is
restricted to this area. T. vivax is another causative agent of AAT, it can undergo mechanical
transmission as well as biological transmission so it is present across a larger region than T.

congolense and can also be found in south Africa.

© Tsetse belt

@ Cattle raising areas

Figure 2.1 The tsetse belt. The region of sub-Saharan Africa where the tsetse fly, vector for T.
congolense, is found. AAT caused by T. congolense is only present in this region which disrupts the

cattle rearing industry, causing a significant economic burden.

Image adapted from Yahaya, 2014

AAT is a wasting disease with symptoms including pyrexia, anaemia, weight loss and abortions,
it can be fatal if left untreated. How the disease presents in the host varies depending on the
causative agent, even different strains of T. congolense cause different clinical symptoms, with

the Savannabh strain causing a more severe disease than the Forest or Killifi strain (Simarro et



al., 2012). Ultimately AAT leads to difficulty raising cattle across a large area. This is a financial
drain on livestock keepers due to mortality, reduced calving rate, and meat and milk
production, it can also cause economic losses for produce farmers because of reduced draft
power (Holt et al., 2016). This has been estimated to cause a production loss per cattle from
20% (Holt et al., 2016) to as high as 43.5% (Shaw et al., 2014), and it is estimated there will be
a loss of $2.5 billion dollars across the African region over a 20 year period, largely in Ethiopia,

Kenya and Uganda (Shaw et al., 2014).

2.1.2 Combatting AAT and HAT

Little has been done in the way of combatting AAT, there are currently 6 drugs commercially
available to treat livestock, but the parasites have developed resistance mechanisms against
all of them. These drugs are diminazene, homidium bromide/chloride, isometamidium,
quinapyramine sulfate/sulfate:chloride, suramin, and melarsomine (Suganuma et al., 2022).
The most commonly used trypanocidal drug used in livestock is diminazene, also known as
diminazen, this is taken up by the TbAT1 transporter in T. brucei , which has no orthologue in
T. congolense (Delespaux et al., 2008). The mechanism of how this drug works against T.
congolense is poorly understood, but is being elucidated, and a recent study showed that it
downregulates trypanosome induced cytokine production through disrupting pathways the
parasite uses to phosphorylate MAPK and STAT proteins in immune cells (Kuriakose et al.,
2019). The resistance mechanisms against diminazene are also poorly understood, it was
previously thought that reduced uptake was the cause of resistance, which is the case for
many drugs targeting HAT, however it appears that resistant parasites show no changes in
uptake, and resistance is linked to reduced mitochondrial membrane potential in resistant

parasites, which is likely not the primary cause of resistance (Carruthers et al., 2021).



There are drugs in development to target T. congolense and other agents that cause AAT.
Preliminary data in mouse models shows that both B-ionine (Aminu et al., 2022) and
nitrofutanoin (Suganuma et al., 2022) treatment could reduce parasitaemia and increase
survival rates upon T. congolense infection. A barrier to getting drugs to the market is that
compounds must be appropriate for an agricultural setting, they must be cost efficient and
metabolites in the animal must be considered as many drugs are banned for agricultural use
due to risks of possible carcinogenicity or genotoxicity when residual metabolites are found in
animal products. Other drugs that have been tested in cattle include ethidium and nonindium,
which have been shown to be protective to cattle herds in endemic areas (Latif et al., 2019).
These are all possible drugs and what is needed is an arsenal of drugs to combat AAT, as
resistance is an increasing issue, overall there is a great need for novel drugs to combat AAT,

and a better understanding of their mechanisms and the biological processes of T. congolense.

An effort has been made to target the tsetse fly vector, in 2000 the Pan African tsetse and
trypanosome eradication campaign was established funded by the African development bank
(Holt et al., 2016). However, this does not reach many communities and it can be argued that
a tailored approach is needed for each. New tools can aid in tsetse control such as insecticide
treated screens, insecticide treated cattle, so far the flies have shown no resistance to
insecticides (Blischer et al., 2017). There must be integration of both tsetse fly control, and

treatment of cattle to begin to control AAT in the tsetse belt.

On the other hand, drug efforts to combat HAT have been successful, as the causative agent
in both diseases is so similar, this indicates that with more research, drugs could be developed
to combat AAT. Cases of HAT have reduced from 300,000 infected individuals per year and
many epidemic outbreaks in the 1990s (Barrett, 1999), to only 977 cases in 2018 (Franco et
al., 2020). This was achieved through a unified effort across many African countries initiated

by the African heads of state. Active screening by both mobile teams and on health structures

10



meant cases were detected and treated, this was costly but produced results (Simarro et al.,

2014).

Five drugs are routinely used for treatment of HAT, pentamidine and suramin treat stage 1,
and melarsoprol, eflornithine and nifurtimox treat stage 2. These are available from the WHO
from donors, this accessibility and reduced cost helped reduce cases. Suramin and
pentamidine can be used to treat T. b. rhodesiense and T. b. gambiense stage 1 disease
respectively, both need to be injected with multiple doses and have some adverse effects, an
ideal drug for stage 1 disease would be oral and only need 1 dose, which would make it easier
to treat everyone. Melarsoprol is the first line treatment for T. b. rhodesiense stage 2 infection,
but it is highly toxic and is fatal for 1 in 20 people that receive the treatment (Blum et al,,
2001). Trypanosome resistance to the drug developed in the 1970s and was widespread by
the 1990s (Fairlamb and Horn, 2018). Nifurtimox-eflornithine combination therapy (NECT) is
the current first line treatment for T. b. gambiense infections, which has a cure rate of 95-98%
and is less toxic than melarsoprol with a fatality under 1%. Eflornithine muse be administered
intravenously for 10 days while nifurtimox is an oral treatment (Priotto et al., 2009). This
treatment greatly aided in the reduction of cases we see today but can only be used to treat
cases of T. b. gambiense stage 2 infection, melarsoprol is still used for T. b. rhodesiense. Also,
though resistance to both these drugs can be selected for in the lab (Vincent et al., 2010)
(Sokolova et al., 2010), suggesting resistance may emerge in the field and another treatment

will be needed.

There are other drugs in the pipeline, such as Fexinidazole, which is an oral drug that can treat
both stages 1 and 2 of HAT. It was found to be slightly less effective than NECT, at 86.9%
efficacy (Kennedy, 2019), but has been approved and added to the arsenal of drugs used to
combat disease and can treat T. b. gambiense infection. The mode of action for fexinidazole is

not fully understood, but it involves interaction with the NTR1 protein, resistance in the lab
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has been seen as trypanosomes lose the 3’ UTR for this protein, reducing its expression and
therefore activity. These trypanosomes can be selected for by increasing selective drug
pressure and they showed 20-fold resistance (Slovoka et al., 2020) to the drug. This is the same
protein that is involved in nifurtimox resistance, so it may be possible that use of both drugs
may lead to an increased chance of resistance developing, through cross resistance. However,
as cases are currently low, and it is not known if these parasites selected for in the lab would

be viable in the field.

Acoziborole is a drug currently undergoing clinical trials, which is a single dose oral treatment
for both stage 1 and 2 disease. In phase 1 trials it showed only mild side effects, it is now near
the end of phase 2/3 trials and early indications suggest that the drug has good efficacy and
safety profiles (Dickie et al., 2020). The drug has been shown to be able to destabilise 92
trypanosome proteins, inhibit polypeptide translation and reduce endocytosis of haptoglobin-
haemoglobin within T. brucei (Sharma et al., 2022), and it was suggested the mode of action
is through preventing protein synthesis leading to inability of the trypanosomes to proliferate.
Acoziborole is a benzoxazole class drug, which are recently discovered as a form of

trypanosomiasis treatment, some other derivatives may also be able to be used to treat HAT.

HAT is still an issue in some areas, particularly for rural communities. 86% of the cases in 2015
were in the democratic republic of Congo, 5% in the Central African Republic and 2% in Chad
(Buscher et al., 2017). Although cases have dramatically decreased, pressure still needs to be
applied to prevent epidemics and to achieve eradication. Some barriers include a need for
better diagnostic tools, integrating disease control into the health system, maintaining
commitment of authorities as cases decrease, civil unrest and treating animal reservoirs for T.
b. rhodesiense (Blischer et al., 2017). An analysis of the current situation suggested that 10

countries are on track to eliminate infection by 2020 (Franco et al., 2020), but these increased

12



efforts are still needed in other countries, this analysis also suggests that it is still possible to

eliminate the transmission of T. b. gambiense by 2030.

2.2 T. congolense biology

2.2.1 Life cycles

The most well studied trypanosome is T. brucei brucei, this species is routinely used for lab
work and genetic tools are effective and reliable. In recent years T. congolense culture and
genetic tools have been studied in more detail, and routine procedures are being developed
(Awuah-Mensah et al., 2021). The life cycle of both species is well understood, and life cycle
phases can be cultured in the lab, T. congolense is the only species where life cycle phase
transitions can be induced by chemicals alone (Coustou et al., 2010). The T. brucei life cycle is
shown in figure 2.2. bloodstream form (BSF) cells are found in the hosts blood stream, they
have a variant surface glycoprotein (VSG) coat that is important for immune evasion. There
are waves of parasitaemia, through a system similar to quorum sensing in bacteria, stumpy
induction factor (SIF), an oligonucleotide, induces transition to a ‘stumpy’ form in some cells
(Rojas et al., 2019), these cells appear to be more prepared for the transition from human to
fly, they arrest in GO/G1 and have an elaborated mitochondrion and can differentiate into the
next cell cycle phase when they sense a change in environment (Silvester et al., 2018). When
the fly takes a bloodmeal, these cells are taken into the gut, where they undergo
differentiation into procyclic form (PCF) cells. These cells have procyclin proteins with either
EP or GPEET repeat sequences. These cells multiply in the midgut of the fly and then migrate
to the salivary glands, here they asymmetrically differentiate into epimastigote phase cells
displaying brucei alanine rich protein (BARP). These cells are able to infect the mammalian
host and enter into the bloodstream when the fly takes a bloodmeal (Fenn and Matthews,

2007).
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Figure 2.2 The life cycle of T. brucei. Metacyclic cells in the fly salivary glands are injected into the
bloodstream of the mammalian host when the tsetse fly bites the host. Metacyclic cells
differentiate into slender bloodstream form cells. Some of these cells then become stumpy
bloodstream form cells which can adapt into procyclic form cells when taken up in the bloodmeal
when a tsetse fly bites the host. Procyclic forms in the gut differentiates into Epimastagote which

travel to the salivary glands where they differentiate into metacyclic cells.

Image adapted from Jones et al., 2013.

The T. congolense life cycle is very similar to that of T. brucei , although the route through the
tsetse fly differs. Both species initially establish an infection in the midgut of the fly, T.
congolense then transition into metacyclic phase in the proboscis (foregut) of the fly (Peacock
et al., 2012), and then migrate to the salivary glands to be injected into the mammalian host.
Another notable difference between these species is that T. congolense cells adhere to the
vasculature in the host whereas T. brucei are free swimming (Banks, 1978). Also T. brucei cells
invade tissues and cross the blood brain barrier whereas T. congolense is strictly intravascular.

A major difference in the mammalian host is that T. congolense does not show a morphological

14



change to stumpy form, but the cell cycle does arrest in GO/G1 when the cells reach a high
density, these arrested cells encode orthologues to proteins involved in the quorum sensing
pathway in T. brucei and increase expression of 170 genes compared to cells in log phase. It
appears that these arrested T. congolense cells may still promote infection or assist in cell
survival during transmission into the fly (Silvester et al., 2018). These differences may suggest
a difference in virulence methods and relationship with the host. Differences in cell biology

could also lead to difference in uptake and response to drugs.

T. congolense also displays some different specific surface molecules throughout its life cycle.
It has a novel GPl-anchored surface glycoprotein which is only expressed in the epimastigote
phase. This was named congolense epimastigote-specific protein (CESP) (Sakurai et al., 2008)
and supernatant containing this protein is able to confer plastic adhesive qualities to PCF T.
congolense parasites, so it may be involved in cells adherence to the proboscis in the teste fly.
In the PCF life cycle stage T. congolense expresses glutamine and alanine rich protein (GARP)
opposed to the BARP protein that T. brucei cells express, also the procyclins display a different
repeat sequence of EPGENGT, the proteins were named T. congolense procyclins (Utz et al.,

2006). These are expressed in PCF cells from the midgut of the tsetse fly.

2.2.2 The trypanosome cell cycle

The cell cycle in trypanosomes, as with many aspects of their biology, differentiates from
many other eukaryotic cells. They undergo GO, G1, S, G2 and M phases and the associated
checkpoints, however they also have sub cell cycles for the kinetoplast and flagellum
(Wheeler et al., 2019). In trypanosomes, cytokinesis is separate from mitosis, and occurs
afterwards, as opposed to overlapping as it does in many other eukaryotes (Hammarton,
2007). It has been shown that while the nuclear sub cycle is inhibited by knocking down

cyclin 2 (CYC2), which is needed to trigger nuclear S phase, the flagellar and organelle sub
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cycle still goes ahead, and cytokinesis even occurs, producing abnormal zoid cells
(Hammarton et al., 2003). This shows the sub cycles don’t always have crosstalk between

them, and even cytokinesis is able to occur without the correct nuclear division.

A G1 or GO cell has 1 nucleus and 1 kinetoplast, so is 1IN1K. The order of the cell cycles is that
first the kinetoplast goes through S phase and divides into 2, leaving a 1N2K cell. The
flagellum and Golgi replicates at a similar time to the kinetoplast (Wheeler et al., 2019). The
flagellum extends from the basal body and is attached to the cell body by the flagellar
attachment zone, where it meets the cell is an invagination called the flagellar pocket. The
flagellum and related cytoskeletal structures form their own division sub cycle. As the
kinetoplast divides, the nucleus goes through S phase and then it divides after the
kinetoplast, forming a 2K2N cell, after this cytokinesis occurs. The process of the cell cycle is
outlined more detail in figure 2.3. Cell types other than those described, such as 2N1K, 2NOK
and 2KON do occur at low levels in a healthy population of cells, these phenotypes are the
result of the cell cycles not occurring in the correct order in space and time and are usually

unable to divide (Wheeler et al., 2019).

M cytokinesis

Key
() Nucleus e Golgi / 0ld flagellum e Old FAZ
> Kinetoplast ’ e
o Basal body/ / Mitotic spindle / New flagellum New FAZ
pro-basal body

Figure 2.3 Trypanosome life cycle. Trypanosomes undergo G1, S, G2, M phases and cytokinesis.
But they also must replicate the kinetoplast and flagellum, which occurs before nuclear division.
Once the kinetoplast, flagellum and nucleus have all replicated, the cell will then undergo

cytokinesis. FAZ is the flagellar attachment zone.

Image adapted from Hammerton, 2007
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Trypanosomes have many proteins analogous to cyclins and cyclin dependant kinases (CDKs)
however for many of these proteins function is yet to be elucidated. T. brucei displays the
same checkpoints at S phase and mitosis and has proteins analogous to the typical
metazoan/yeast pathway such as CYC2, 4, 5 and 7 for S phase and cyclin B like cyclins CYC6
and 8 and cyclin related kinase 3 (CRK3) and CRK9 for mitosis (Wheeler et al., 2019).
However the complexity and specific interactions are not known. Trypanosomes also don’t
appear to have orthologues of some checkpoint regulators such as Budding uninhibited by
benzimadoles 1 (BUB1) and centromeric histone 3 (CenH3) (Berriman et al., 2005), so have
alternative mechanisms for regulating the cell cycle. It is thought that dephosphorylation
must play a key role as okadaic acid, which inhibits protein phosphatases PP1, PP2A and

PP2B, inhibits kinetoplast segregation on PCF T. brucei (Das et al., 1994).

2.2.3 Biological differences between T. brucei and T. congolense

T. brucei and T. congolense have many similarities, including host range and the fact that they
both cause AAT in domestic cattle. They are both African trypanosomes, and within this clade
of trypanosomes they are evolutionarily similar, as shown in figure 2.3, despite this they
display some important differences in their biology. Biological differences include genomic
content and pathways for VSG substitution and antigenic variation (Jackson et al., 2012a).
Interactions with the host also differ, for example T. congolense cells actively adhere to
mammalian endothelial cells (Hemphill, 1994), and virulence and transmissibility in both
species differs even between isolates of the same species (Gitonga et al., 2017). When
inoculated into mice T. brucei forms distinct waves of parasitaemia and T. congolense forms a

lower level endemic infection (Ndungu et al., 2019).
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Figure 2.3 Phylogenetic tree showing the African trypanosome clade. Tree shows some species of
trypanosomes founds across Africa and South America. Within the African trypanosome clade T.
brucei and T. congolense are closely related, T. equiperdum and T. evansi are considered by some
as subspecies of T. brucei. Phylogenetic tree was made using the sequences of the 18S ribosomal

DNA from the SSU subunit if the ribosome. The sequences were aligned using ClustalW (Thompson

et al., 1994) and a neighbour joining tree was made using MEGA (Kumar et al., 1994) based on the

T93 + G model (Tamura and Nei, 1993).

A recent metabolomics study comparing the two species showed that T. brucei largely relies
on the glycolytic pathway using glucose form the mammalian bloodstream, T. congolense
consumes less glucose and excretes less pyruvate suggesting it uses other pathways for
energy, it may have a more similar metabolome to PCF T. brucei cells (Steketee et al., 2021).
This means there may be differences in how each species interacts with the host or drugs,

which highlights the importance of moving to working with T. congolense in the laboratory.

Advances in techniques used for culturing T. congolense means that all life cycle stages can
now be cultured in the laboratory, and transition between life cycle stages can be chemically
induced (Coustou et al., 2010b), which is not possible in T. brucei . Recently, techniques for

genetic manipulation have been perfected with efficient and reliable transfections and
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somewhat reliable RNAi (Awuah-Mensah et al., 2021). The IL3000 strain, which is most
commonly cultured in laboratories, is cultured in goat serum at 34 °C (Awuah-Mensah et al.,
2021) while T. brucei is cultured in foetal bovine serum at 37 °C, these differences are
interesting, as both species infect the same hosts, they should be able to be cultured in similar
conditions. The differences may represent differences between the IL3000 strain that has

been adapted for lab culture compared to the wild type parasite.

2.3 Polycistronic transcription and post transcriptional regulation

Trypanosomes are eukaryotes, however they are evolutionarily distant from many other
‘typical eukaryotes’. They belong to the kinetoplastea class, which branched from other
eukaryotes such as plants, mammals and yeast very early in eukaryotic evolution (Adl et al.,
2012). The defining feature of the kinetoplastids is that they have a circular network of DNA
called the kinetoplast as well as the nucleus, which divides independently from the nucleus in
the cell cycle, this may be before or after, depending on the species of kinetoplastid. One
feature of trypanosomes that is unique is that they display polycistronic transcription, a
diagram is shown in figure 2.4, this is more similar to the transcription seen in bacteria than of
that seen in other eukaryotes. In trypanosomes genes are arranged in arrays, with open
reading frames (ORFs) arranged head to tail with no introns. RNA polymerase 2 transcribes
units of approximately 100kb at a time as one mRNA, which is trans-spliced and into individual
MRNAs, and these are then capped and poly-adenylated (Clayton, 2019). Translation of each
unit is stopped when 2 units converge or when a different polymerase is needed. This occurs
simultaneously, so as the mRNA is still being transcribed, the other end is being spliced. This
differs from other eukaryotes where each gene has a promoter, and they are transcribed as

an individual mRNA.
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Figure 2.4 Polycistronic transcription in trypanosomes. Gene arrays containing multiple genes are
transcribed as one mRNA which is then trans-spliced into individual mRNAs to then be capped and
polyadenylated. This happens simultaneously, so as the array is being transcribed mRNAs are

being capped and polyadenylated.

Polycistronic transcription has an impact on gene regulation. As individual genes cannot be up
or downregulated at a transcriptional level by altering their promoter, and arrays contain
functionally unrelated genes, most regulation must occur post transcriptionally (Clayton,
2019). Some of the only examples of transcriptional control are that abundant genes do have
multiple copies across the genome so they are more often transcribed, SLRNA is a highly
abundant protein which must be transcribed 140 times per hour (Haanstra et al., 2008),
compared to twice per hour for many protein coding genes. To achieve this SLRNA genes have
nucleosomes phased over them and a specific initiation complex is needed for their
transcription (Clayton, 2019). There is also a change in histone formation between life cycle
stages, which may affect which genes are translated. In order to compensate for this lack of
control at a transcriptional level, trypanosomes have unique aspects of mRNA processing,

translation and decay.
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Polypyrimidine tracts are common in the 3’UTRs of many genes, these can act as signals for
many types of control which influence the mRNA such as subcellular localisation, alternative
splicing and mRNA turnover (Rettig et al., 2012). Aspects of translation itself also contribute
to control of protein abundance, for example in most organism’s codon composition and tRNA
abundance affect speed of translation and therefore protein abundance (Hanson et al., 2017).
There are many post transcriptional modifications which will affect the abundance of mRNAs,
shown by the fact that many mRNAs are less abundant than would be expected by their half-
lives. For example, the NOT complex deadenylates mRNAs which initiates their degradation

(Fadda et al., 2013), and trypanosomes have a novel decapping enzyme (Kramer, 2017).

Also mRNA binding proteins have major effects on the localisation, translation and decay of
mRNAs, trypanosomes have over 100 regulatory binding proteins allowing them to fine tune
post transcriptional mechanisms for controlling mRNA and protein abundance (Clayton, 2019).
Some examples of these mRNA binding proteins include Poly-A binding proteins (PABPs) which
bind to the poly-A tail of mMRNAs and have been shown to shield the mRNA from degradation
and increase translation efficiency (da Costa Lima et al.,, 2010). Proteins containing ALBA
domains affect translation efficiencies of reporter mRNAs and are abundant at high levels in
the cell, a procyclic cell can contain 10,000 — 20,000 transcripts (Mani et al., 2011). Pumilo
family proteins are other RBP binding proteins, many have unknown functions but PUF9 has
been shown to be involved in stabilising mRNAs in late G1 (Archer et al., 2009). Trypanosomes
also have 40 zinc finger proteins which are often involved in the differentiation of life cycle
stages, for example ZFP1 is present in PCF cells and ZFP2 is present in BSF cells, but both are

necessary for the transition between the life cycle stages (Clayton, 2013).

Another interesting family of RNA binding proteins in trypanosomes is the elF4E family of
initiation factors, these bind to the mRNA cap and T. brucei has 6 versions of this protein, while

yeast cells only have one (Falk et al., 2021). It has been shown that the different proteins are

21



not redundant as they have different roles in the cell, for example elF4E6 is necessary for BSF
cells to survive, as they die when it is knocked out, while elF4E5 is not necessary in BSF cells,
but when it is knocked out these cells differentiate into procyclic that are unable to divide.
When elF4E2 is knocked out, BSF cells survive but grow at a slowed rate and do not display
signalling associated with stumpy formation. Overall these proteins appear to be important
for cellular differentiation and the increased number of elF4E proteins is another way

trypanosomes display post transcriptional regulation and protein control.

2.4. Heat shock response

2.4.1 Typical eukaryotic heat shock response

When cells are exposed to stress in the form of increased temperatures, they can be damaged
as proteins will be misfolded and denatured, this can cause many issues in biological pathways
within the cell and may be fatal. In order to survive in increased temperatures, all eukaryotic
cells elicit the heat shock response, here the cell goes into survival mode and represses protein
production of many proteins, often those involved in growth. Cells will only upregulate
proteins needed for survival in high temperatures, like heat shock proteins, which are

chaperones to aid protein folding.

The heat shock response in mammalian cells is relatively well understood. Transcription of
housekeeping genes such as those involved in the cell cycle and metabolism is repressed, and
only vital cells needed for cell survival are transcribed, this includes upregulation of heat shock
proteins (HSPs). A translational arrest is triggered by the phosphorylation of elF2a, which
reduces the availability of the elF2a-GTP-tRNAMet complex which is involved in initiation. This
phosphorylation is also necessary for the formation of stress granules. These are granules that
appear during stress responses that contain stalled translational pre-initiation complexes, it is

thought they are sites of mRNA triage. mMRNA move from polysomes to stress granules, where
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they are organised, then they may be sent to P-bodies, which are sites of mRNA degradation
that also form during stress responses. Both these granules contain 5 exoribonuclease 1
(XRN1), eukaryotic initiation factor 4E (elF4E) and tristetraprolin (TTP) proteins, but they differ

in composition of other proteins (Kedersha et al., 2005).

In total 1,500 genes are upregulated and 8,000 genes are downregulated during the heat shock
response in mammalian cells, much of this occurs at a transcriptional level, with translation
factors such as heat shock factor 1 (HSF1) and serum response factor (SFR) altering the
promoters of individual genes (Mahat et al., 2016) to increase transcription by RNA
polymerase Il. This is not able to occur in trypanosomes due to their polycistronic nature, so it

would be assumed that they have a novel mechanism for initiating the heat shock response.

2.4.2 Initial characterisation of T. brucei Heat Shock response

The heat shock response in BSF trypanosomes is an important virulence factor, it is triggered
when the cells are exposed to increased temperatures from the fever elicited by the
mammalian host immune system and allows the parasite to survive in the bloodstream in
these periods, without it they would not be able to survive in the mammalian host. While no
work has been carried out on the T. congolense heat shock response, the T. brucei response

has been investigated.

The heat shock response in PCF T. brucei was first characterised as a reduction of up to 50% of
mMRNA transcripts in the cell, with HSP75 and HSP80 remaining steady, this is seen when cells
are heated to 41 °C for 1 hour (Muhich et al, 1989). It was later showed, through *S
methionine tagging, that the increase in expression in HSP75 and HSP80 remains until 5 hours
after heat shock, and while most mRNAs return to normal rates of expression some are also
lowered for up to 5 hours after heat shock, such as tubulin mRNA and other mRNAs that could

not be identified (Kramer et al., 2008). There is also a reduction in polysomes 15-30 minutes
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into heat shock treatment, this along with reduction of mRNA suggests a growth arrest, where
unnecessary pathways are halted and only heat shock proteins and other proteins necessary
for the cells survival through increased temperatures are translated and remain active in the
cytoplasm. Due to the polycistronic nature of trypanosome transcription, the increase in heat
shock related proteins and decrease in total mMRNA must occur at a post transcriptional level,
through mechanisms such as stabilisation, changes in rates of translation or increased

degradation.

Most of the work done on the heat shock response in T. brucei has used PCF cells because of
convenience and ease of manipulation. The vector of the PCF cells, the tsetse fly, is
pliothermic, so maintains its temperature by moving into shade, because of this the internal
body temperature in the fly can fluctuate from 20 — 43 °C (Edney and Barrass, 1962). It is
possible the heat shock response may differ between PCF and BSF cells, as they have different
transcriptomes and experience different temperatures within the respective hosts, the two

life stage forms are cultured at different temperatures.

To investigate the mechanisms of post transcriptional modification in these cells and how the
reduction in mRNA was achieved, sinefugin treatment was used which inhibits mRNA synthesis
by blocking trans splicing. When sinefugin cells are heat shocked, there is a larger decrease in
MRNA levels compared to non-heat shocked cells (Kramer et al., 2008), which indicates that
there is increased mRNA turnover. It was also shown that cells treated with sinefugin show a
more rapid decrease in mRNA levels than those treated with heat shock and no sinefugin,
which indicates there is still some mRNA synthesis occurring after heat shock. Overall this
would suggest that there are different methods of regulation for different mRNAs, and the

pathways involved in regulation during heat shock are complex.

mRNAs of 371 genes are not affected by heat shock, including HSP100, E2 ubiquitin ligases,

proteasome subunits and DNA-j domain containing chaperones (Kramer et al., 2008). The
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genes that are downregulated are mostly involved in core metabolic functions such as
translation initiation factors and tRNA synthesises, also genes involved in cell growth, such as
alpha and beta tubulin were downregulated. This is consistent with a growth arrest in the cell

where only basic survival mechanisms are maintained.

When T. brucei cells are subjected to a heat shock treatment of 41 °C for 1 hour, very few cells
die but they experience a lag in growth which returns to normal after 24 hours (Kramer et al.,
2008). Figure 2.5. shows growth after heat shock at 41 °C in PCF cells vs BSF cells, though it
should be noted that (a) shows a change in cell density while (b) shows a change in motility.
PCF cells heat shocked for 60 minutes show a lag in growth and at 24 hours there is a significant
reduction in cell density, as untreated cells grow to 1 x 10” while cells heat shocked for 1 hour
grow to approximately 5 x 10°. Cells heat shocked for 90 minutes and 120 minutes shoe an
even more significant reduction in growth but appear to return to normal rates by 30 hours.
For BSF cells there is a large reduction in growth up to 24 hours after heat shock, as cells only
grew to approximately 4 x 10° 24 hours after heat shocked compared to 1 x 107, After 24 hours
cell growth appears to return to normal. Cells heat shocked for 2 hours completely crash for

48 hours but are then able to recover.
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Figure 2.5 Growth arrest during heat shock in (a) PCF trypanosomes and (b) BSF trypanosomes. T.

brucei cells heat shocked at 41 °C show a delay in growth for at least 24 hours after heat shock.

Images from Kramer et al., 2013 and Ooi et al., 2020.

This lag in growth indicates that cells have been subjected to stress and have had to recover,
soitis agreed that cells are initiating the heat shock response. However, 41 °Cis physiologically
high, cattle can reach up to 42 °C during fever (Bianca, 1963), as well as other animal such as
gazelles (Hetem et al., 2012), so while the typical fever induced during AAT is round 36 — 40 °C
(Minia and Clayton, 2016), 41 °C is not unreasonable. However, experiments are performed
using these conditions for reproducibility and experimental tractability. It is expected that the
response initiated by the cells will be the same, even if in the physiological scenario it might
be triggered by a lower temperature for longer periods of time. Experiments should be carried
out investigating lower temperatures and longer periods of time to ensure that the response

being studied is of physiological relevance.

2.4.3 Formation of stress granules in heat shock

Stress granules that form during the heat shock have been visualised in PCF T. brucei cells after

heat shock treatment and remain for up to 5 hours after treatment (Kramer et al., 2008). It is
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thought that two types of granules form in the response — heat shock granules and processing
bodies (P-bodies). Heat shock granules develop which contain PABP1 and components of the
initiation complex, elF2, elF3B, elF4E3 and elF4E4, and processing bodies increase, these are
seen in the cytoplasm in cells that have not been exposed to stress, but increase number when
cells are exposed to stress, they contain DExD/H-box ATP-dependent RNA helicase 1 (DHH1),
Suppressor of clathrin deficiency 6 (SCD6) and exoribonuclease A (XRNA). Images of these
granules are shown in figure 2.6. There is also a novel granule that appeared at the posterior
of the cell, containing only XRNA. This is a degradative enzyme, so it is possible these are sites
of mRNA degradation. These heat shock granules have been visualised in PCF cells but have
not been investigated in BSF cells, further investigation is needed to compare the heat shock

response between PCF and BSF cells.
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Figure 2.6 (a) Heat shock granules and (b) and (c) P-bodies PCF cells. After 1 hour of heat shock at
41°C, proteins in PCF cells re-localise into heat shock granules and p-bodes. Cells in (a) are PCF T.
brucei cells expressing eYFP-PABP2 and eYFP-elF3B (separate cell lines). PABP can be used as a
marker for heat shock granules, a type of stress granule that appears after heat shock, other
proteins like PABP1 and elF proteins also re-localise into these granules. Cells in (b) are PCF T.
brucei cells expressing both eYFP-DHH1 and SCD6-mChFP and cells in (c) are expressing both
MCHFP-DHH1 and XRNA-eYFP. P-bodies are present before heat shock, but the number in each
cells increase upon heat shock, DHH1, SCD6 and XRNA are found in these granules, and XRNA also

forms a separate novel granule towards the posterior of the cell, shown by arrows.

Images adapted from Kramer et al., 2008
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The function of these granules is yet to be elucidated. P-bodies are involved in many stress
responses, and contain proteins involved in exonucleolytic mRNA degradation, components
of the nonsense mediated decay pathway and miRNA associated factors, which would suggest
they have a role in mMRNA degradation. A later study found that the 2 PABP binding proteins,
PABP1 and PABP2 did not localise together during the heat shock response. This study found
that PABP1 co-localised with proteins present in heat shock granules and PABP2 co-localised
with DHH1 into P-bodies (Kramer et al., 2013). They suggest that P-bodies may be involved in
mRNA degradation while heat shock granules are involved in mRNA storage, and PABP
proteins binding to mRNAs determine their fate. This study only showed the localisation of
PABP proteins and interaction studies were not performed, so theories are only speculative.
Trypanosomes and other kinetoplastid have more paralogues of PABP and elF proteins than
yeast and other eukaryotes, while the functions have not yet been determined, it does appear
that each have non-redundant roles which may be involved in the additional need for post

transcriptional regulation in these cells.

Kramer et al., 2008 also proved that the T. brucei heat shock response pathway is independent
of elF2a phosphorylation, when the homologous mutation site in T. brucei is mutated to a non-
phosphorylation site, the heat shock response continues as normal, and cells are able to
survive increased temperatures. This proved that while the events seen in heat shock in
trypanosomes and typical eukaryotic cells are the same, trypanosomes have a novel pathway

for triggering these events.

2.4.4 ZC3H11 is a key regulator of the heat shock response in T. brucei

While the response was being characterised the question still remained as to how it is
regulated and what pathways are involved. Zinc finger CCCH domain containing protein 11

(2C3H11), a zinc finger RNA binding protein was shown to be a key regulator of the heat shock
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response. Western blotting shows that ZC3H11 is increased during heat shock in both PCF and
BSF cells (Droll et al., 2013) and the banding pattern changes upon heat shock. This was shown
to be due to phosphorylation of the protein, as the higher band disappears when treated with
a phosphatase and can be rescues with phosphatase inhibitors. It is also increased in other
treatments that cause stress for the cells, such as puromycin treatment and MG132 treatment.
ZC3H11 is expressed at very low levels in none heat shocked cells, which can make analysis

difficult, but it can be visualised using TAP which shows it has a cytoplasmic localisation.

RNAi of ZC3H11 shows that it is vital for the heat shock response to be successful. RNAi in BSF
cells is fatal which is unfortunate as this means experiments cannot be performed with them.
However ZC3H11 RNAI is not fatal in PCF cells, cells grow at a normal rate but then are unable
to survive heat shock. There is also a reduction in 72 mRNAs including HSP70, suggesting that
ZC3H11 is involved in their stabilisation. Proteins HSP70, HSP83, HSP110, KKBP and HSP 40 no
longer persist after heat shock in ZC3H11 RNAI cells, also HSP100 is not induced (Droll et al.,
2013). A microarray of mRNAs showed that after heat shock in normal PCF cells shows many
mRNAs are increased during the heat shock response, comparing with a microarray of ZC3H11
RNA. cells after heat shock showed that 27% of these mRNAs required ZC3H11 in order to be
upregulated. This shows that ZC3H11 plays a big role in the stabilisation of mRNAs during heat

shock, but that there are also other mechanisms involved.

Myc-tagging showed that ZC3H11 binds to many mRNAs for proteins involved in stress
responses, these include 13 proteins that are chaperones for protein refolding and all cytosolic
HSPs (Droll et al., 2013). It also binds to some proteins not involved in the stress response such
as GPEET. ZC3H11 has been shown to bind to mRNAs via a UAU x4 repeat motif in the 3' UTR
and is able to actively stabilise them, which differs from most eukaryotic organisms where an
AU rich sequence in the 3’ UTR is usually involved in destabilising an mRNA. The mechanism

of action of ZC3H11 has been described (Singh et al., 2014), it recruits a complex of MKT1, SM
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like 12 (LSM12) LSM12 and PABP1 binding protein 1 (PBP1), which all have homologues in
yeast. The suggested model for this complex and how it stabilises mRNAs is shown in figure
2.7. This paper speculated that MKT1 binding to mRNAs may select them for binding to PABP2
and translation using elF4E1, which may be the case in Leishmania where elF4E1 appears to
be involved in translation at higher temperatures (Zinoviev et al., 2011). MKT1 binds to
proteins via a (H/N)(D/E/N/Q)PY motif, when this is mutated the interaction between MKT1

and its partners is abolished (Singh et al., 2014). Binding partners of MKT1 were identified in
a yeast 2 hybrid system screen, while the PBP1 and MKT1 homologues in yeast were tester

for, it is possible that other yeast proteins may have affected the interactions seen, so results

need further confirmation.
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Figure 2.7 Proposed mechanism for ZC3H11 stabilisation of mRNAs. ZC3H11 is an RNA binding
protein which recruits MKT1 and PBP1, which then in turn recruit PABP to the mRNA. PABP binds
to the poly-A tail. There may then be further interactions involving the chromatin assembly factor
1 (CAF1) and negative on TATA 1 (NOT1) deadnylation complex, various protein kinases and other

proteins which stabilise the mRNA.

Image from Singh et al., 2014
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The next step is looking into the regulation of ZC3H11, to try and find out how the protein is
rapidly increased during the heat shock response. There is no change in ZC3H11 mRNA levels
after heat shock, so the increase in protein must be controlled by post transcriptional
mechanisms. It is known that treatment with the proteasome inhibitor MG132 increases the
abundance of ZC3H11, which suggests it could be degraded in stable cells, however this could
also be due to proteasome inhibition causing a stress response in the cell, which in turn
increases ZC3H11 abundance. More work would be needed to determine if ZC3H11 is normally

degraded by the proteasome, such as finding out if it is ubiquitinylated.

It is likely that ZC3H11 is regulated by a 2-fold system, as the mRNA moves into polysomes
during heat shock which would increase translation. There is also stabilisation of the protein,
one enzyme that is likely involved is CK1.2. When CK1.2 is depleted using RNAI, it appears that
ZC3H11 can no longer be phosphorylated. CK1.2 is inactivated at 41 °C which presents the idea
that when cells experience heat shock, CK1.2 is inactivated and its inhibitory phosphorylation
on ZC3H11 is removed. The phosphorylation sites on ZC3H11 have been identified as S275
which shows a 16-fold increase during the heat shock response, and S23, S26 and S279 which
show increase in phosphorylation to a lesser extent (Ooi et al., 2020). However none of these
phosphorylation sites are within the CK1.2 recognition motifs, though it is possible it works

through an indirect mechanism.

2.4.5 Dynamic changes in phosphorylation during heat shock

The pathways and sequence of events of the heat shock response have begun to be elucidated
with a phosphoproteomic analysis of heat shocked BSF T. brucei cells after 1 hour at 41 °C (Ooi
et al., 2020). There are 193 heat shock responsive phosphorylation sites and only 20 proteins
that change in abundance at this timepoint, which is to be expected due to the need for more

post transcriptional changes for a fast response in T. brucei . Many of the expected proteins

32



and their phosphorylation sites were identified such as DHH1 showing an increase of 140-fold

at 2 phosphorylation sites, PABP showing an 8 to 16-fold change across its phosphorylation

sites and HSP100 showing a 1.2-fold increase in protein abundance, more changes are outlined

in table 2.1. However there are some unexpected results such as PABP1 showing no change in

phosphorylation, and HSPs 110, 84 and 83 showing no change in abundance or

phosphorylation, these HSPs are integral to the typical eukaryotic response, it is possible that

changes occur at later timepoints.

Table 2.1 Selected proteins that show increases in phosphorylation heat shock response.

Data from Ooi et al., 2020

Protein Protein ID Phosphorylation site Fold change
DHH1 Tb927.10.3990 S84 140
T82 126
T22 5
ZC3H11 Th927.5.810 S275 16
CK1.2 Th927.5.800 S21 3.5
S19 2.8
PABP2 Th927.5.800 S93 16
T167 8.2
S212 8.8
S259 8.1
HSP70 Tb927.11.11330 S464 4.5
S89 2.5
HSP83 Tbh11.v5.0543 S48 3.7
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The data in table 2.1 is from immediately after the cells are exposed to heat shock of 41 °C for
1 hour, to gain a better insight into the sequence of events and signalling pathways of the heat
shock response other timepoints should be investigated. It is known that the cells still show
effects of heat shock up to 5 hours after, such as persistence of heat shock granules and
decreased tubulin mRNA abundance (Kramer et al., 2008). Most experiments studying heat
shock only investigate cells immediately after exposure, but it would be interesting to see what

is causing these effects and how the cells respond after heat shock.

2.5 Aims of project

This project will aim to characterise the heat shock in T. congolense, using what is known about
the mechanisms in the T. brucei heat shock response. As these 2 species are evolutionary
similar and have the same host range, it is thought their mechanisms in responding to the
environment in the host could be conserved. The heat shock response represents an
important virulence factor of the trypanosome parasites, as it allows them to survive in the
bloodstream of the mammalian host, so in the long-term studying this pathway could lead to
the discovery of novel drug targets to alleviate the burden of AAT on people living in across

central Africa.

The first aim is to find a temperature and timepoint to study T. congolense heat shock in the
lab setting by exposing them to different lengths and temperatures of heat shock using a water
bath and studying cell death and growth after these treatments. T. brucei shows a response
to heat shock at 41 °C for 1 hour, and it is expected this will be the same for T. congolense as
they infect the same mammalian hosts. However the strain of T. congolense available for lab
culture is incubated at 34 °C, compared to T. brucei which is incubated at 37 °C, it is possible

this will affect the temperatures that T. congolense respond to heat shock.
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The arrest after heat shock will also be investigated in both T. brucei and T. congolense BSF
cells. Flow cytometry will be used to visualise the cell cycle stages of the population of cells
during the growth arrest, to see if the cell cycle of cells is affected by heat shock and at which

point.

Secondly, genetic manipulation will be used to study the changes in localisation and
abundance in proteins that have been associated in heat shock. The proteins DHH1, ZC3H11,
XRNA, HSP100 and PABP1 will be fluorescently tagged in both T. brucei and T. congolense BSF
cells. Cells will be exposed to heat shock and examined with fluorescence microscopy and flow

cytometry to see if P-bodies and heat shock granules form in T. congolense cells.
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3 Materials and Methods

3.1 Materials

3.1.1 Cell lines
The T. brucei 2T1 Lister 427 (Alsford et al., 2005) and T. congolense TcoSM IL3000 (Awuah-
Mensah et al., 2021), kindly provided by the Wickstead lab in Nottingham, were used for all

experiments.

3.1.2 Plasmids
Plasmids pENNYO, pEnNmMSt0-N and pSIS-HHsfG (Wickstead et al., 2010) were kindly provided
by the Wickstead lab in Nottingham. These were used for N-terminal and C-terminal tagging

of proteins in both T. brucei and T. congolense.

3.2 T. brucei medium

T. brucei 2T1 BSF cells were cultured at 37 °C and 5% CO, with 0.5 pug/ml phleomycin (Melford)
and 0.2 pg/ml puromycin (Roche). Cells were maintained in logarithmic growth phase and

culturedinin5-10 ml of HMTI-11 media, a modified HMI-9 media (Hirumiand Hirumi, 1989).

1 pack of HMI-9 powder (Invitrogen) was combined with 10 g of sodium bicarbonate (Sigma)
and 4.5 | ddH,0, then pH was adjusted to 7.3. This was then filtered through a 0.2 um filter
under sterile conditions and stored in 450 ml aligiots at 4 °C. Prior to use 50 ml foetal bovine

serum (Labtech) and 5 ml L-glutamine (Biosera) were added under sterile conditions.
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3.3 T. congolense medium

T. congolense TcoSM BSF cells were cultured at 34 °C at 5% CO, with 0.25 pg/ml puromycin.
Cells were maintained in logarithmic growth phase. Cells were grown in TcoBSF-1T media
(Coustou et al., 2010). To make the media, components in table 3.1 were combined, and pH
was adjusted to 7.3. Then in the goat serum (Gibco) and glutamine were added under sterile

conditions and the media was filtered through a 0.2 um filtration unit.

Table 3.1 Components of TcoBSF-1T media

Component Amount in 500 ml media
MEM powder (Sigma) 48¢g
Sodium bicarbonate (Sigma) 1l1g
HEPES (Melford) 298¢
Glucose (Duschefa) 0.55g
Sodium pyruvate (Sigma) 55 mg
Adenosine (Sigma) 5.3 mg
Hypoxanthine (100mM) 0.5 ml
Thymidine (Sigma) 2.42 mg
Barthocuproinedisuplonic acid (Sigma) 5.65mg
1-Thioglycerol (neat) (Sigma) 7 ul
ddH,0 425 ml
Goat serum (Gibco) 75 ml
L-Glutamine (200mM) (Biosera) 5ml

37



3.4 Heat shock protocols

10 - 20 ml cells at a density of 5 x 10° cells/ml were placed in falcon tubes in a Clifton NE4
recirculating water bath at the specified temperature and time. Cell density was determined
by counting on a haemocytometer and temperature was recorded using an RS digital

thermometer.

3.5 Flow cytometry

For flow cytometry samples of fixed cells were made using 1 x 108 cells fixed in 70% methanol,
for T. congolense, cells were first fixed in 50% methanol, and then increased to 70% after 1
hour to avoid cells bursting. Samples were fixed overnight at 4 °C then cells were washed and
resuspended in PBS and DNA was treated with 10 pg/ml RNAaseA (Sigma) and stained using
10 pg/ml propidium iodide (Invitrogen).Samples were then analysed on a Beckman Coulter
Cytoflex flow cytometer using Cytoflex software. 10,000 events were recorded and cells
events were gated for forward and side scatter to remove doublets, then gated for cell cycle

phase depending on the level of Pl stain.

3.6 Fluorescence microscopy

To make slides, 5 x 10° 2T1 cells were centrifuged for 3 minutes at 1800 g, then washed in PBS.
Cells were centrifuged again and resuspended in 25 pl PBS, and placed on a superfrost plus
adhesion slide (Epredia). Slides were then left to air dry, and cells were then fixed using 50 pl
4% PFA, after 10 minutes slides were washed with PBS, then were left to dry. Flouroshield

mounting medium (Sigma) was then used to stain genetic material with DAPI.

For flagellar staining, cells were fixed in methanol overnight and then washed with PBS,
blocked for 45 minutes with PBS + 0.005% tween-20 and 1% BSA, then incubated with L8C4

antibody which targets paraflagellar rod 2 (PFR2) (kindly provided by McKean lab at Lancaster
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University) for 1 hour, washed and incubated with anti-mouse antibody (abcam) (Cat #
ab150113) for 1 hour, all in a humidity chamber. Then slides were washed and left to air dry,

then 1 drop of flouroshield was added.

Slides were stored at 4 °C in the dark, then visualised using a fluorescence microscope. For
nuclei and kinetoplast counts, 150-200 cells from each slide were counted from each slide. Z-
stack images were taken using a Leica DM RXA2 fluorescence microscope, using Leica FW 4000

software.

3.7 Cloning

3.7.1 PCR

Primers ordered from Sigma, a full table is included in appendix. Gene assemblies
Trypanosoma brucei brucei TREU927 and Trypanosoma congolense 1L3000 were used. Gene
sequences were found by searching the gene of interest on TriTrypDB

(https://tritrypdb.org/tritrypdb/app/search?q=TclL3000_10_3320).

PCRs were performed with GoTaq enzyme, for each primer pair, components of the reaction
are shown in table 3.2. For these reactions, the thermocycler was programmed to 94 °C for 2
minutes to denature DNA, variable temperature (see appendix) for 1 minute for primers to

anneal and 72 °C for 1 minute for elongation, this sequence was repeated 34 times.
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Table 3.2 Components of GoTaq PCR reactions

Reagent Volume
5 x goTaq buffer (Promega) 10 pl
MgCl (25mM) (Promega) 5ul
Nucleotide dNTPs (10mM) 1ul
(Promega)

Template DNA 0.5 pl
Taq polymerase (Su/ul) 0.25 ul
(Promega)

F-primer (20mM/ml) 2 ul
R-primer (20mM/ml) 2 ul
ddH,0 29.15 pl

In these reactions, template DNA was gDNA from the relevant species or cell line. For most
amplifications this was T. brucei 2T1 Lister 427 or T. congolense TcoSM IL3000 gDNA, this was

extracted as described in section 1.9.

For PCRs amplifying products of over 1000 bp, OneTaq enzyme was used instead, reagents for
these reactions are shown in table 3.3. For these reactions, the thermocycler was programmed
to 94 °C for 30 seconds to denature DNA, variable temperature (see appendix) for 1 minute
for primers to anneal and 68 °C for 2 minutes for elongation, this sequence was repeated 35

times.
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Table 3.3 Components of OneTaq PCR reactions

Reagent Volume

OneTaq Quick load 2x MM with 25 ul

standard buffer (BiolLabs)

Template DNA 1ul
F-primer (20 mM/ml) 1l
R-primer (20 mM/ml) 1l
ddH20 22 ul

3.7.2 Agarose gel electrophoresis

1% agarose gel were prepared with 1 in 10,000 SYBR safe (Invitrogen) and 1 x Tris base, acetic
acid and EDTA running buffer (TAE running buffer). Samples were run alongside 3 ul 100 bp
(0.13 pg/pl) or 1 kb MW ladder (0.1 pg/ul) (both (both Promega) and 6 x purple loading dye
was added to colourless samples. Gels were run for approximately 30 minutes at 100 V. Then

gels were images on a BioRad Gel Doc EZ imager.

3.7.3 Gel extraction

The desired band from and agarose gel electrophoresis was excised on a UV transilluminator
(Syngene) and DNA was extracted using a Thermo Scientific Genelet Gel Extraction kit

according to manufacturer’s instructions.
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3.7.4 Ligations
Backbones and inserts were ligated together using 0.5 pl T4 DNA ligase (3 u/pl) (Promega), 0.5
ul 10 x rapid ligation buffer (Promega), 0.5 ul vector and 3.5 pl insert. Reactions were left at

room temperature overnight.

3.7.5 Transformations

5 ul of plasmid DNA was added to a 25 pl aliquot of high efficiency Escherichia coli competent
cells (NEB), these were left on ice for 10 minutes. The cells were then heat shocked at 42 °C
for 30 seconds and left on ice for 5 minutes. Cells were allowed to recover in 150 ul SOC
medium for 30 minutes in a shaking incubator at 37 °C and were then plated out onto LB plates

with 100 ug/ml Carbenicillin and incubated at 37 °C overnight.

For blue white screening, 30ul 0.1 mM IPTG (Melford) and 30 pl 20 pg/ml X-Gal (Thermo) was

spread on the plates before bacterial cells.

3.7.6 DNA mini-preps

Colonies were selected for minipreps and grown in 3 ml LB broth with 100 pug/ml Carbenicillin
overnight. Cell suspensions were then centrifuged at 3500 x g for 10 minutes to pellet bacterial
cells. Minipreps were then performed using the Thermo Scientific Genelet Miniprep kit

according to manufacturer’s instructions.

42



3.7.7 RE digest

For digestion reactions 1/10 of total reaction volume of 10 x Cutsmart buffer (NEB) and 1/20
of total reaction volume of each restriction enzyme (NEB) were used. Reactions were

incubated at 37 °C for minimum of 2 hours.

3.7.8 Sequencing

Aliquots of the miniprep products were then sent for sequencing at Dundee DNA sequencing
services using standard or bespoke primers. The DNA sequence obtained was then compared
to genomic sequences obtained from TriTrypDB (Aslett et al., 2009) using ApE software (Davis

and Jorgensen, 2022).

3.8 Transfections

3.8.1 Ethanol precipitation

For ethanol precipitation, 1/10 volume sodium acetate 3M pH 5.2 and 2 x volume of 100%
ethanol was added to the plasmid DNA, this was then vortexed and left at -20 °C overnight.
The next day this was centrifuged for 15 minutes at 20,000 x g at 4 °C. Supernatant was
discarded and the pellet was resuspended in 2x volume of 70% ethanol, this was centrifuged
at 20,000 x g for 5 minutes at 4 °C. Supernatant was discarded and the pellet was air dried,

then resuspended in 10 pl ddH-0.

3.8.2 T. brucei transfections

For T. brucei constructs, 3 pg plasmid DNA was linearised by digesting with Notl enzyme and

incubating at 37 °C for at least 2 hours. Then ethanol precipitation was performed (see 1.8.1).
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2 x 107 cells were grown and maintained in log phase. These were centrifuged at 800 x g and
resuspended in 100 pl nucleofector solution and supplement (Lonza). Plasmid DNA was added
to the cells and they were electroporated using an Amaxa nucleofector Il (Lonza) set to
programme X00-1. Negative controls were carried out using ddH,0 instead of plasmid DNA.
Cells were left to recover at 37 °C in 25 ml media with no drugs for 6 hours. Then drugs were

added, as shown in table 3.4, and cells were plated out into 24 well plates with 1 ml of cells in

each well.
Table 3.4 Drug concentration used during transfections
Backbone Drug Concentration Concentration
(T. brucei') (T. congolense)
PENNmMStO-N G418 (Melford) 2.5 ul/ml 0.5 pl/ml
pPENNYO Hygromycin 2.5 ul/ml 0.4 pl/ml
(Melford)

After 5 days, the cells were screened to find wells with live cells, it was assumed that due to
the concentration of cells after the transfection, only one successful clone would be plated
into each well, so any population at this stage would be clonal. These were selected and then

cultured for further analysis.

3.8.3 T. congolense transfections

For T. congolense constructs, midiprep was performed to amplify the plasmid DNA before
linearisation, as recommended by Awuah-Mensah et al., 2021. A QUIAGEN midiprep kit was

used, according to package instructions. 10 pg of plasmid DNA was then linearised by digesting
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with Notl enzyme and incubating at 37 °C for at least 2 hours. Then ethanol precipitation was

performed (see 1.8.1).

4 x 107 cells were grown and maintained in log phase. These were centrifuged at 800 x g and
resuspended in 100ul nucleofector solution (Lonza). Plasmid DNA was added to the cells and
they were electroporated using an Amaxa nucleofector Il (Lonza) set to programme Z00-1.
Cells were left to recover in 25 ml media, with no drugs added, for 6 hours. Then drugs were
added, as shown in table 3.4, and cells were plated out into 24 well plates with 1 ml of cells in

each wells.

After 10 days, the cells were screened to find wells with single clones (as described in section

3.8.2). These were selected and then cultured for further analysis.

3.9 Genomic DNA (gDNA) extraction

To prepare genomic DNA for amplification of sequences to insert into plasmids, 100 ml of
cells at 1 x 10° were centrifuged at 800 x g for 10 minutes and the pellet was resuspended in
1 ml PBS. This was centrifuged at 16,000 x g for 15 seconds and the pellet was resuspended
in 1 ml TRIzol reagent (Invitrogen) and mixed thoroughly. This was incubated at room
temperature for 5 minutes and then mixed with 200 ul of chloroform, then incubated at
room temperature for 3 minutes. This was centrifuged at 12,000 x g for 15 minutes at 4°C
and the upper phase containing RNA was removed. 300 pl of 100% ethanol was added and
this was incubated for 3 minutes. This was centrifuged at 2000 x g for 5 minutes at 4°C and
pellet was washed with 1 ml 0.1M Na Citrate, 10% ethanol pH 8.5. This was incubated for 30
minutes at room temperature, then centrifuged at 2000 x g for 5 minutes. Then 1.5 ml 75%
ethanol was added and incubated for 30 minutes at room temperature. Then it was
centrifuged at 2000 x g for 5 minutes at 4 °C and the pellet was left to air dry. The pellet was

resuspended in 500 ul 8 mM NaOH, centrifuged at 12,000 x g for 10 minutes at 4 °C and the
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supernatant was kept, it was adjusted to pH 7.5 and EDTA was added to make a final

concentration of 1mM, this was stored at 4 °C.

To prepare genomic DNA for PCRs to determine whether transfected cell lines had DNA
inserted at the desired genomic locus, 10 ml of a dense culture of cells was centrifuged at
3900 x g for 1 minute at 4 °C. Supernatant was removed and cells resuspended in 100 pl
nucleofector solution (Lonza) and 1ul 10% SDS. This was incubated at 55 °C for 10 minutes
and 50ul 3M NaOAc; was added. This was incubated on ice for 5 minutes, then centrifuged
at 20,000 x g for 4 °C. Supernatant was transferred to a new tube and 200 pl 100% ethanol
was added. This was centrifuged again, supernatant was removed and gDNA pellet was

allowed to air dry at room temperature. The pellet was then resuspended in 100 ul ddH,0.

3.10 SDS-PAGE

2 x 108 cells were prepared and resuspended in 20 pl 2 x SDS loading buffer, samples were
denatured by boiling at 95 °C for 10 minutes. 15ul of each sample was then run on Mini-
PROTEAN TGX precast gel (Biorad). for approximately 1 hour at 150 V alongside 10ul of a

precision plus protein dual colour standards ladder (Biorad)

3.11 Western blot

After running an SDS-PAGE, proteins were transferred on to a PVDF membrane (Biorad) using

the Trans-Blot Turbo RTA transfer kit (Biorad), according to instructions.

Blots were then blocked for 45 minutes in a 1% milk solution and stained for the protein of
interest using antibodies shown in table 3.5. Images were then taken using a BioRad Chemidoc
MP with super signal west femto kit ECL substrate (Thermo). for HRP conjugated antibodies

and a LI-COR Odyssey FC for fluorescent antibodies.
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Table 3.5 Antibodies used for staining western blots

Protein Primary Dilution Secondary Dilution
antibody antibody
mSt-DHH1 a-mCherry | 1:1,000 a-rabbit 1:10,000
(Invitrogen) IRDye
(Cat # PAS5- (Invitrogen)
34974) (Cat#
A32734)
eYFP-ZC3H11 | a-GFP 91:1,000 a-mouse HRP | 1:5,000f
(Roche) (Sigma)
(Cat # (Cat # 12-
118144600 349)
01)
EFla a-EFla 1:10,000 a-mouse 1:10,000
(Santa Cruz) IRDye
(Cat # (Invitrogen)
(Cat # 926-
sc-101035)
32210)
H3 a-H3 1:2,000 a-rabbit 1:10,000
(Abcam) IRDye
(Cat # (Invitrogen)
NB500-171) (Cat #
A32734)

*All secondary antibodies used were raised in goat
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https://www.novusbio.com/products/histone-h3-antibody_nb500-171

4 Characterisation of heat shock response in bloodstream form
trypanosomes

4.1 Aims & Background

In the literature, T. brucei heat shock is most often studied using a treatment of 41 °C for 1
hour, after which a lag in growth is observed that lasts for 24 hours and there is a loss of
motility but little cell death (Kramer et al., 2013;00i et al., 2020). These observations suggest
the cells have undergone stress but have employed the heat shock response and are able to
recover, hence why this is chosen as a good point to study the heat shock response. The first
aim of this project was to investigate whether T. congolense undergoes the same response as
T. brucei, and to find the optimal point to study the T. congolense heat shock response. To do
this, both T. brucei and T. congolense cells were subjected to heat shock at varying
temperatures and times and the lag in growth was investigated. An interesting thing to note
about T. congolense is that the IL3000 strain that is used for lab culture is cultured at 34 °C,
whereas T. brucei is cultured at 37 °C, this is likely to affect the temperatures at which the cells
undergo the heat shock response. The cell cycle was also investigated in the period of slowed
growth after heat shock in both species, to see whether a cell cycle arrest occurred, and at

which point in the cell cycle.

4.2 Results

4.2.1 Temperature optimisation
Heat shock in trypanosomes was simulated by placing cells in a water bath at the desired
temperature. To ensure that the cells were actually being exposed to this treatment at the

correct temperature, a high accuracy thermometer was used to test the temperatures of
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water baths over a 2 hour period. The temperature of the water baths was measured to

observe any variation over the 2 hours, and the temperature of liquid placed in the water bath

was also measured with a probe, to see how quickly samples come to the correct temperature.
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Figure 4.1 Temperature stability of water baths. (a) Comparison of temperature over 120

minutes between a recirculating and non-recirculating water bath, (b) temperature of differing

volumes of liquid when placed in the water bath. Temperatures were recorded using a UKRAS

calibrated RS dual probe thermometer.

The temperature profiles recorded show that while both water baths have slight oscillations

in temperature (Figure 4.1), the recirculating water bath has a much more stable temperature
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than the standard, which would affect the consistency of different heat shock treatments.
Using the recirculating water bath ensures reproducibility between experiments. While all
volumes, from 10 ml - 50 ml do reach the temperature of the water bath within 20 minutes,
while 10 ml samples reach the desired temperature faster than 30 ml and 50 ml, the difference

was determined to be minor.

4.2.2 T. brucei growth after Heat Shock

Initially, the heat shock response in T. brucei had to be investigated to be sure that previously
seen results were reproducible. T. brucei cells were heat shocked for 0.5, 1 and 2 hours at 41

°C and growth was observed for 72 hours.
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Figure 4.2 Growth of T. brucei cells exposed to heat shock at 41 °C. (a) A culture of cells was split
into 4 tubes which were exposed to heat shock for 0, 0.5, 1 or 2 hours, cell density was recorded.
(b) Cell growth over 72 hours after heat shock. Cell densities were recorded using a

haemocytometer. Error bars show mean +/- standard deviation (n=3).
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After 0.5 hours of heat shock at 41 °C, cells continue to grow upon return to normal culture
conditions. There is little cell death at 41 °C for 1 hour, but then by 2 hours 50% of cells die
after heat shock. T. brucei cells that are heat shocked at 41 °C for 1 hour show delayed growth
for 24 hours after heat shock and then return to the normal rate. Cells heat shocked for 2
hours experience a more severe effect and show a lag in growth for 48 hours, while those heat
shocked for 0.5 hours show very little effect. These results indicate that 41 °C for 1 hour is a
suitable timepoint to study heat shock as the cells are able to survive but the lag in growth
suggests a response is triggered. This also shows that the previously seen results in Kramer et

al., 2008 were reproducible with the conditions used in the lab.

To investigate what is happening to the cells during this period of slow growth, and whether
the cell cycle was affected, cells were heat shocked and flow cytometry samples were taken
every hour for 9 hours. DNA was stained with propidium iodide so that a cell cycle profile could
be analysed to see if the lag in growth is linked to an arrest in the cell cycle, and at which point

in the cell cycle this was occurring.
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Figure 4.3 T. brucei cell cycle arrest after heat shock at 41 °C. Cells were subjected to heat shock

at 41 °Cfor 1 hour, (a) 10,000 events were recorded and gated to remove doublets and the PI

level was used to separate cell cycle phases. (b) Cell growth was recorded using a

haemocytometer. Samples for flow cytometry were collected at hourly intervals, these were

stained with Pl and run on a Cytoflex flow cytometer. (c) Averages of 3 experiments and (d)

representative cell cycle profiles are shown. Error bars shown standard deviation (n=3), data

analysed using Cytoflex software.
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After heat shock at 41 °C for 1 hour, T. brucei shows a specific and reversible cell cycle arrest
(Figure 4.3). At 4 hours cells accumulate in G2/M phase of the cell cycle, indicating that cells
have replicated DNA but there may be an issue with division. This experiment was repeated in
triplicate, the averages of each experiment are shown in figure 4.3.c, a similar trend is seen in
each repeat, with the amount of cells in G2/M peaking at either between 4-6 hours in all

repeats.

To examine this arrest further, cells were stained with DAPI and L8C4 antibody that targets
the paraflagellar rod (PFR) in the flagellum. This allows more distinction of which point in the
cell cycle cells in G2/M were arresting at, as the cell cycle profiles only show the amount of
genetic material within each cell. This NK configurations show whether cells that have arrested
in G2/M were pre- or post-mitotic. For these counts a dividing kinetoplast (DK) was
determined by eye, looking for kinetoplasts in the characteristic ‘dumbbell’ shape. Something
to note is that the PFR is only able to be seen after it enters the flagellar pocket. This may
mean in some cases when the flagellum is in its early stages of replication, it could not be seen.

This antibody was used as it was available in the lab.
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Figure 4.4 IF analysis of cell cycle arrest after heat shock at 41 °Cin T. brucei. Slides of T. brucei
cells were prepared at hourly intervals after heat shock at 41 °C for 1 hour, slides were fixed in
methanol and stained with a-L8C4 and DAPI. (a) Example of cell types counted is shown, number
of nuclei (N), kinetoplast (K) and flagella (F) were counted. (b) Approximately 200 cells from each
slide were counted and cell cycle phase was recorded, and (c) images of the arrested cell

population were taken using a fluorescent microscope.

The NK configurations show that cells arrested at 5 hours after heat shock, with an increase in
2N2K cells (figure 4.4) which corresponds with ‘G2/M’ in the cell cycle profiles previously
shown, these cells have 4C DNA content but appear to be post-mitosis. At the peak of the
arrest there are 45% of cells in 2N2K and 15% of cells in 1N2K2F, both these cell types may be

in G2/M, compared to 80% of cells in G2/M in the flow cytometry data (figure 4.3). This may
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be because of the number of cells recorded, for NK counts 150-200 cells were counted per
timepoint, whereas for flow cytometry a much larger number of cells is counted. The process
of fixing cells to slides may also have affected the results. Nevertheless, an arrest in 2N2K is
seen, which peaks at 5 hours after heat shock and reverses to normal levels by 24 hours. There
was also an increase in unhealthy 2N3K cells, which may suggest a delay in cytokinesis. These
cells accumulated in the 9 hours after heat shock and then appeared to not be present at 24

hours.

Next, the cells were treated with a 42 °C heat shock to see how this would affect their growth
and the cell cycle arrest seen. The experiments were repeated at this temperature, cells were

heat shocked for 0.5, 1 and 2 hours and growth was recorded.
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Figure 4.5 Growth of T. brucei cells exposed to heat shock at 42 °C. (a) A culture of cells was split
into 4 tubes which were exposed to heat shock for 0, 0.5, 1 or 2 hours, cell density was recorded.
(b) Cell growth over 72 hours after heat shock. Cell densities were recorded using a

haemocytometer. Error bars show standard deviation (n=3).
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When the temperature was increased to 42 °C, the cells experienced a larger effect in terms
of cell death and lag in growth. Cells heat shocked for 2 hours showed a large reduction in
density, with only 0 or 1 live cell visible in each haemocytometer count but at 48 hours had
begun to recover and return to a normal growth rate. Cells heat shocked for 0.5 hours showed
more cell death than at 41 °C immediately after heat shock but appeared to still grow at the
same rate as controls. Approximately 40% of cells died after heat shock, and cells appeared to
halt growth and continue to die in the 24 hours after 1 hour of heat shock, before returning to

normal growth rate by 48 hours.
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Figure 4.6 T. brucei cell cycle arrest after heat shock at 42 °C for 1h. Cells were subjected to heat
shock at 42 °C for 1 hour, cell growth was recorded using a haemocytometer (a). Samples for flow
cytometry were collected at hourly intervals, these were stained with Pl and run on a Cytoflex
flow cytometer. Averages of 3 experiments are shown in (b) and representative cell cycle profiles
are shown in (c). Error bars shown standard deviation (n=3), data analysed using Cytoflex

software.
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When T. brucei cells are heat shocked at 42 °C, many more cells die, then cell density
reduces for the 9 hours after heat shock (figure 4.6), by 24 hours after heat shock the
population density has decreased so there are no living cells on the haemocytometer.
Looking at the cell cycle phases shows that cells appear to be in an arrested state after heat
shock and then remain in this state for the 9 hours when samples were taken. By 24 hours, a
large build-up of cell debris and sub-G1 cells was observed. Overall, T. brucei cells cannot
survive after a heat shock of 42 °C for 1 hour, all samples are extremely unhealthy and cell
density reduces so much that no live cells are visible on the haemocytometer. The very few

cells able to survive resume growth after 48 hours (figure 4.5).

It would be interesting to perform a NK count on cells heat shocked at 42 °C, and slides were
prepared for these counts, however there was too much cell debris on the slides so counting

was not possible.

4.2.3 T. congolense culture

The strains of T. congolense available to culture, IL3000 and its derivative TcoSM (Awuah-
Mensah et al., 2021) are grown at 34 °C, lower than 2T1 T. brucei cells which are cultured at
37 °C. Other differences in culture conditions are that they are grown in different media, and
2T1 cells are grown in 10% FBS and I1L3000 and TcoSM cells are grown in 15% goat sera. This
is a curious difference as these are both BSF cells which occupy very similar host ranges, so it
would be expected that they could be cultured in the same media at the same temperature.
T. congolense cells were incubated at 37 °C to see how the increased temperature affects their

growth.
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Figure 4.6 T. congolense growth at 37 °C. Cell density was counted every 24 hours with a

haemocytometer.

T. congolense cells cultured at 37 °C are able to grow at a normal rate for 4 days then some
time after this point the population crashes (Figure 4.6). By day 5 growth is severely lagging

and by day 7 the whole population dies out.

4.2.4 T. congolense growth after heat shock

Next T. congolense cells were heat shocked under the same conditions as T. brucei , to see if
there were any differences in the reactions between the 2 species, and to try to determine an
optimum temperature to study the T. congolense heat shock response. Cells were heat

shocked for 0.5, 1 and 2 hours at 41 °C.
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Figure 4.7 T. congolense cells exposed to heat shock at 41 °C. (a) Cell density after a heat shock of
0, 0.5, 1 or 2 hours was recorded and (b) cell growth over 72 hours after heat shock. Cell densities

were recorded using a haemocytometer. Standard deviations shown (n=3).

At 41 °C, little cell death was seen after 1 and even 2 hours of heat shock treatment, as shown
in figure 4.7, cell density only decreased from 5 x 10 ° cells/ml to 3 x 10° cells/ml after 2 hours
of heat shock, although this was variable. When looking into the recovery of cells over 72 hours
after heat shock, there was only a slight lag in cells that were heat shocked for 1 hour and even

cells heat shocked for 2 hours showed only a slight lag in growth rate.

Next, the cell cycle of these cells was investigated using flow cytometry, cells were stained
with propidium iodide and samples were taken every hour after heat shock treatment to

investigate the lag in growth.
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Figure 4.8 T. congolense cell cycle arrest after heat shock at 41 °C. Cells were subjected to heat
shock at 41 °C for 1 hour, (a) 10,000 events were recorded and gated to remove doublets and the
Pl level was used to separate cell cycle phases. (b) Cell growth was recorded using a
haemocytometer. Samples for flow cytometry were collected at hourly intervals, these were
stained with Pl and run on a Cytoflex flow cytometer. (c) Averages of 3 experiments and (d)
representative cell cycle profiles are shown. Error bars shown standard deviation (n=3), data

analysed using Cytoflex software. 61



T. congolense cells also experience a lag in growth in the hour after a heat shock treatment of
41 °Cfor 1 hour, 6 hours after heat shock there is an accumulation of cells in G2/M (figure 4.8),
which begins to reverse and appears to be back to normal levels by 24 hours. There is also an
accumulation of abnormal cells <G1 and >G2, at 24 hours these cells are still present within
the sample, suggesting that these cells may not have fully recovered from the effects of heat

shock.
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Figure 4.9 IF analysis of cell cycle arrest after heat shock at 41 °C for 1h in T. congolense. Slides
of T. congolense cells were prepared at hourly intervals after heat shock at 41 °C for 1 hour, slides
were fixed in methanol and stained with a-L8C4 and DAPI. then approximately 200 cells from each

slide were counted and cell cycle phase was recorded, graph shown in (a), and images of the

arrested cell population were taken (b).

62



NK configuration analysis showed that T. congolense did experience a change in cell cycle
profile at 6 hours after heat shock there is a large increase in the number of cells in 2N2K phase
(figure 4.9), and an increase in abnormal 2N3K cells. At the 5 hour timepoint, there were many
cells with enlarged nuclei in the 1IN2K2F cell cycle phase. There is also an increase in unhealthy

cells that have not undergone division correctly, as seen in the IF image in figure 4.9.

Next, as the T. congolense cells showed more moderate cell cycle arrest response at 41 °C,
experiments were repeated at 42 °C to see how the cells respond to heat shock at a higher
temperature, and to determine which temperature would be preferred for further

experiments investigating the T. congolense heat shock response.
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Figure 4.10 Growth of T. congolense cells exposed to heat shock at 42 °C. (a) Cell density after a
heat shock of 0, 0.5, 1 or 2 hours was recorded and (b) cell growth over 72 hours after heat shock.

Cell densities were recorded using a haemocytometer. Error bars show standard deviation (n=3).

Cells heat shocked at 42 °C experienced a more severe response (figure 4.10), those heat

shocked for 0.5 hours did not show a significant change in growth after heat shock. Cells heat
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shocked at 1 hour showed more of a response, with 40% of cells dying, and growth was

reduced for 24 hours after heat shock. Many cells heat shocked for 2 hours died, and growth

rate was decreased for 72 hours after heat shock, cells did recover after this point.
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Figure 4.11 T. congolense cell cycle arrest after heat shock at 42 °C for 1h. Cells were subjected

to heat shock at 42 °C for 1 hour, (a) cell growth was recorded using a haemocytometer. Samples

for flow cytometry were collected at hourly intervals, these were stained with Pl and run on a

Cytoflex flow cytometer. (b) Averages of 3 experiments and (c) representative cell cycle profiles

are shown. Error bars shown standard deviation (n=3), data analysed using Cytoflex software.
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T. congolense cells heat shocked at 42 °C for 1 hour show a lag in growth for the 9 hours after
heat shock but do begin to grow by 24 hours (figure 4.11). They appear to enter an arrest upon
heat shock treatment, and at O hours have an increased number of cells in G2/M and cells with
more DNA content, which remains throughout the 9 hours after heat shock, in this time there
is also an increase in cell debris/<G1 cells. By 24 hours, the samples have not returned to
normal, there is a large build-up of <G1 cells and still increased >G2 cells, both of these cell

types are unhealthy.

4.3 Discussion

4.3.1 Summary of results

The two species T. brucei and T. congolense were exposed to heat shock at 41 °Cand 42 °C to
compare changes in growth rate in the period after heat shock. It was expected that these
two species would respond in a similar way due to the fact that they infect a similar host
range so should have been exposed to the same evolutionary pressures, however this was
not the case. While T. brucei cells show a clear lag in growth for 24 hours after heat shock at
41 °C, and an irreversible arrest leading to a crash in growth after heat shock at 42 °C, T.
congolense show a less significant lag in growth at 41 °C and remain growing, albeit at a
highly reduced rate, at 42 °C. These initial experiments suggest that T. congolense and T.
brucei do respond differently to heat shock and that different temperatures and timepoints

will need to be investigated in order to find optimal conditions to trigger the response.
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Table 4.1 Summary of results

HS Treatment

Response

T. brucei

T. congolense

41 °Cfor 1 hour

Growth

5% +/- 25% cells die
and growth is

slowed for 24 hours

5% +/- 10% cells die
and slightly reduced
growth rate for 24

hours

Cell cycle arrest

Arrest at 4-5 hours
after HS, 70% cells in

G2/M

Arrest 6 hours after
HS, 45% of cells in

G2/M

42 °C for 1 hour

Growth

40% +/- 10% cells
die and growth is

halted for 48 hours

50% +/- 2% cells die
and growth is slowed

for 24 hours

Cell cycle arrest

Severe cell cycle

defect, cells die

40% cells accumulate
in G2/M, accumulation

of <G2 cells

Next, flow cytometry was used to investigate the number of cells in each cell cycle phase in

the population in the period after heat shock, where cells exhibit slowed growth. T. brucei

cells heat shocked at 41 °C showed an accumulation of 70% of cells in G2/M up to 5 hours

after heat shock, which then appeared to release, leading to an increase in cells in G1 phase.

T. congolense cells exposed to the same heat shock treatment showed a later arrest of 40%

of cells in G2/M at 6 hours after heat shock but the same transition into G1 afterwards is not

seen.
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When exposed to heat shock at 42 °C, the flow cytometry results are less clear due to the
large amount of cell death in each species. As shown in figures 4.5 and 4.10, approximately
half of the cells in a population die when exposed to 1 hour of heat shock at 42 °C. When
cells are fixed for flow cytometry there is no distinction between live and dead cells, so the
cell cycle profiles include dead cells. There is also a large amount of debris in these samples

which may also influence the cell cycle profiles, though some of it can be gated out.

The flow cytometry profiles for T. brucei show a large increase in debris which is highlighted
at 24 hours, it appears that cells do not lyse immediately upon heat shock, but by 24 hours
most of the dead cells have lysed. The results for T. congolense suggest an immediate
increase in cells in G2/M phase, which remains for all 9 hours after heat shock, at earlier
timepoints this likely does not indicate that the cells have moved to G2/M phase as there is
not enough time for them to move through their cell cycle. This result may be caused by
increased clumping together of cells or cell debris, however a growth arrest must be

occurring as cells are none dividing, which is shown in the cell counts.

The T. congolense cells heat shocked at both 41 °C and 42 °C appeared to be extremely
unhealthy. The arrest seen at 41 °C does not fully resolve by 24 hours, as the population still
has an increased number of <G2 and >G1 cells, whereas in T. brucei there is a clear arrest at
4-5 hours which fully resolves. This could indicate that though T. congolense cells continue to
grow after heat shock at 41 °C, there is a defect that leads to cell death, rather than a
reversible arrest. At 42 °C cells are clearly unable to divide as the cell number remains the
same for 9 hours after heat shock, and it appears cells immediately arrest in G2/M, cells are
still extremely unhealthy as seen by the increase in >G2 cells. It is possible that both these
temperatures are too high to investigate the heat shock response and are causing too large
of a population of unhealthy cells to see a clear arrest and resolution, and the build-up of

abnormal cells with DNA content <G1 and >G2 indicates a cytokinesis defect with cells
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dividing incorrectly. To investigate further, the cells should be heat shocked at a lower
temperature, to see if the same clear arrest and recovery can be seen as in T. brucei , which

would indicate a successful heat shock response.

4.3.2 Differences between T. brucei and T. congolense heat shock response
All results indicate that T. congolense and T. brucei respond differently to heat shock, this
difference was unexpected as the two species are so closely related and have an extremely
similar host range, with both species predominantly infecting cattle and other ruminants,
there should be no large differences in the temperatures each species is exposed to in the
wild. These two species commonly co-infect the same host and are so interlinked that
proteins isolated from T. congolense cells can trigger the quorum sensing dependent stumpy
dorm differentiation in T. brucei cells (Silvester et al., 2017). Co-infection with T. congolense
can even accelerate the differentiation to stumpy form in T. brucei cells, likely increasing
transmission potential and virulence. All of this shows how these two species have been
exposed to the same environments and evolutionary pressures. However they do behave
differently within the host, so it is possible that this difference is thermotolerance is an

indication of the species behaviour in the wild.

The IL3000 lab strain does show some unexpected differences in culture when compared
with T. brucei . IL3000 is a T. congolense Savannah strain that is widely used for lab culture,
however when infected into mice it causes a severe disease that is fatal after 1 week
(Bengaly et al., 2002), compared to other strains which cause symptoms more similar to AAT
and are able to be cleared by the mouse immune system. This could indicate that this strain
has adapted drastically in lab culture. It is grown at 34 °C in goat sera, compared to 2T1 T.
brucei cells which grow at 37 °C in foetal bovine sera. Wild type parasites infect a bovine

host, and most mammalian infective parasites are able to be cultured at 37 °C, as this is the
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ambient temperature inside the bloodstream. Anecdotally, it is known that some 1L3000 cell
lines have adapted to growth at 37 °C (Paula MacGregor, Personal communication), so these
should be investigated to see if they show the same growth kinetics when exposed to heat
shock at 41 °C and at 42 °C, this could show whether the 113000 cells used in these

experiments have adaptions related to the heat shock response.

Another difference between the two species is that they have different cell cycle lengths, T.
brucei has a doubling time of 6 hours and T. congolense has a doubling time of 12 hours.
These differences may also account for the difference in response seen, especially the
difference in time for the cell cycle arrest, as T. brucei cells arrest 4 hours after heat shock
and T. congolense cells arrest 6 hours after heat shock, this is likely due to the longer time it

takes for T. congolense cells to move through their cell cycle.

4.3.3 Significance of cell cycle arrest

For the first time, a cell cycle arrest was shown in both T. brucei and T. congolense cells that
have undergone heat shock. Previous work had shown that there is no difference in cell cycle
profile 24 hours after heat shock (Droll et al., 2013), but other timepoints had not been
investigated. It was known that during the heat shock response there is a halt in protein
production especially in pathways such as cell growth and replication, and that there is a lag
in growth rate after heat shock (Kramer et al., 2008). This led to the investigation into the
cell cycle using flow cytometry, which showed, in figures 4.3 and 4.8, that both T. brucei and
T. congolense arrest in G2/M during heat shock recovery after a heat shock at 41 °C, the
arrest peaks at 4 hours in T. brucei and 6 hours in T. congolense. This difference is likely due

to the fact that T. congolense has a longer cell cycle.

The flow cytometry data and IF data did not always show the same response, it should be

noted that flow cytometry cannot differentiate between cells that are pre-mitotic (IN2K2F)
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and those that have undergone mitosis (2N2K), and the purpose of the IF experiments was to
try to further determine where in the cell cycle the arrest was taking place. The IF analysis
did show an increase in 2N2K cells, which correspond to the G2/M cell cycle phase in the
flow cytometry populations, which peaked at 5 hours for T. brucei and 6 hours for T.
congolense. However, the increase in this cell type did not account for the large increase of
G2 cells seen in the flow cytometry experiments. There was also an increase in 1IN2K2F cells,

which could be in either S phase or undergoing mitosis.

This discrepancy has been seen in previous work by Benz et al., 2017, where cells were
synchronised by elutriation and then observed at different cell cycle phases, there was
always a larger number of cells in G2 seen by flow cytometry than by the karyotyping done
using a microscope. Benz et al., 2019 found that in a healthy population of BSF T. brucei cells
enriched in G2/M, 50% of cells appeared at G2/M in flow cytometry but only 20% of these
were 2N2K, and 25% were 1N2K. The results in the IF in figure 4.4 show a different
distribution of cells, with 45% of cells in 2K2N, out of 73% in G2/M in the flow cytometry
data. This higher proportion of G2/M cells in the 2N2K state could be enough to suggest that

the arrest seen after heat shock is post-mitotic.

The phenotype of an arrest in G2/M has been shown in T. brucei when VSG is depleted in
cells. When VSG translation is blocked, a precise pre cytokinesis arrest is seen, with 50% of
cells in 2N2K phase 12 hours after blocking VSG22 synthesis. This is linked with depletions in
structures related to secretion, namely the Golgi apparatus and endoplasmic reticulum exit
sites, and both the Golgi apparatus and endoplasmic reticulum show a distorted morphology
(Ooi et al., 2018). As a similar arrest is seen in response to heat shock and VSG depletion, so
it may be possible that there is a link between the 2 and VSG is damaged, and production

halted during the heat shock response. However as the arrest seen after heat shock, while
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being in G2/M, may be a pre-mitotic arrest, more work would have to be done to investigate

the similarity of these 2 phenotypes.

It has previously been suggested that the heat shock response may not only be a virulence
factor but may also be involved in triggering life cycle phase differentiation in these parasites
(Minia et al., 2016). When a metacyclic parasite from the fly is injected into the mammalian
host blood stream, it experiences an increase in ambient temperature, from approximately
28 °Cin the fly, to 37 °Cin the bloodstream. In this way, the cell may sense a change in
temperature and trigger differentiation, which would involve an arrest in growth. When
parasites differentiate into stumpy form, which is able to infect the tsetse fly vector, an
arrest is also seen, however this arrest is at G1. Parasitaemia peaks when the fever is at its
highest (Van den Bossche et al., 2005), it could be possible that heat shock is an enhancer for

stumpy formation.

It is known that in Leishmania, heat shock is directly involved in triggering a differentiation
from the promastigote fly infective stage to the amastigote mammalian infective stage
(Shapira et al., 1988). Leishmania are parasites in the same genus as trypanosomes, they also
display polycistronic transcription so share similarities with trypanosomes. In Leishmania
donovani, the HSP100 protein is required for normal development of amastigotes, the
mammalian infective stage of the parasite, to survive in host cells. HSP100 acts as a
promoter for amastigote development (Krobitsch and Clos, 1999). HSP83, a key regulator of
the Leishmania heat shock response, is inactivated with increased temperatures, when this
protein is inhibited by geldanamycin, cells arrest in G2 These cells arrest in G2/M (Wiesgigl
and Clos, 2017). It was suggested that levels of HSP83 act as a thermometer to detect

ambient temperature and trigger life cycle change.

The arrest in G2/M seen in Leishmania cells undergoing life cycle differentiation is similar to

what was observed in T. brucei and T. congolense cells after undergoing the heat shock
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response. The heat shock response in trypanosomes may be linked to life cycle phase
differentiation, as it is in Leishmania. However, in Leishmania this arrest is triggered in fly
infective parasites entering the mammalian host bloodstream and differentiating into
mammalian infective cells. The trypanosome cells investigated in this experiment were all
BSF cells, which would not be undergoing this temperature change and differentiation.
Further investigations could include performing these flow cytometry experiments using PCF
cells to confirm if they also display an arrest in G2/M upon heat shock, and also by repeating
using pleomorphic BSF cells, which are able to differentiate from slender to stumpy form, to

see whether any phenotypic changes or even differentiation coincides with the arrest.
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5 in situ tagging of heat shock response proteins in bloodstream
form trypanosomes

5.1 Introduction and background

In T. brucei PCF cells, heat shock granules and P-bodies have been shown to form in response
to heat shock, these are foci that are sites of either mRNA degradation or storage (Kramer et
al., 2008). They contain proteins that can be used as markers for these granules, which in
PCF cells re-localise within the cytosol to form discrete foci immediately after a heat shock
treatment of 41°C for 1 hour. This response has not been shown in BSF cells, so the next aim
of this project was to use genetic manipulation to fluorescently tag proteins in BSF T. brucei
cells that localise in either heat shock granules or P-bodies, or proteins known to be involved
in the heat shock response, to be able to observe any changes in their localisation and

abundance upon heat shock.

The proteins chosen for in situ tagging were DHH1, XRNA and PABP1 which all re-localise to
either heat shock granules or P-bodies in PCF (Kramer et al., 2008), and ZC3H11 and HSP100
which are integral to the heat shock response (Droll et al., 2013; Ooi et al., 2020). The aim

was to investigate how their abundance changes during and after the heat shock response.

The heat shock response has not previously been investigated in T. congolense, but tools for
genetic manipulation have recently been tested and developed (Awuah-Mensah et al.,
2021). For the proteins above, homologues were found in T. congolense which were chosen
for fluorescence tagging. Plasmids used for T. brucei fluorescent tagging have been shown to
successfully work in T. congolense, though more plasmid is needed for transfection into
trypanosomes. Transfections in T. congolense are a relatively new procedure, so optimisation

would need to be performed, but it was expected that these constructs would successfully
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be able to be created and transfected into T. congolense so that the heat shock response

could be investigated.

5.2 Results

5.2.1 Proteins selected for tagging

The proteins chosen for investigation are shown in table 5.1. Proteins were chosen that have
previously been shown to respond during heat shock in PCF T. brucei cells. Homologues were
then found in T. congolense using TriTrypDB (Aslett et al., 2009), a database of genomes of
kinetoplast organisms. Gene assemblies Trypanosoma brucei brucei TREU927 and
Trypanosoma congolense IL3000 were used. All of the chosen genes had orthologues in T.
congolense, however the gene assembly for SCD6 was incomplete, lacking the genes either
side of SCD6 which are needed to design primers of the UTRs, so this gene was not chosen

for investigation.
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Table 5.1 Proteins chosen for fluorescent tagging

Protein Gene in Genein Sequence Response to HS
name identity
T. brucei T. congolense
between
species
DHH1 Tb927.10.3990 TcIL3000_10_3320 | 81.3% Localises into P-
bodies
ZC3H11 Th927.5.810 TclL3000_0_37550 | 52.8% Regulates response
XRNA Tb927.7.4900 TcIL3000_7_4080 60.5% Localises into P-
bodies and novel
granule
HSP100 Th927.2.5980 TclL3000_2_1630 70.1% Effector of response
PABP1 Tb927.9.9290 TclL3000_9_3370 75.7% Localises into HS

granules

It was then decided whether genes would be tagged at the N- or C- terminus. To do this

previous literature and Tryptag (Dean et al., 2017) data was reviewed. TryTag is a project

that aimed to tag every protein in PCF cells in order to show localisation. All proteins were

tagged with mNeonGreen and tagging was attempted at the N- and C- terminus, data of

successes and failures is provided. As tagging may interrupt the 5’ or 3’ UTR it can sometimes

disrupt the resulting protein, making it non-functional, so TrypTag data is useful to avoid

tagging a protein and creating a non-functional product. All chosen proteins, except DHH1,
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https://tritrypdb.org/tritrypdb/app/record/gene/Tb927.5.810
https://tritrypdb.org/tritrypdb/app/record/gene/Tb927.7.4900

can be successfully tagged at both N and C terminus according to TrypTag. for DHH1, only N

terminal was possible.

When looking at previous literature where these proteins have been tagged, it was found
that all had been tagged at both N and C terminal (Kramer et al., 2008; Singh et al., 2014),
except PABP1 which was only tagged at the C- terminus, and HSP100 which had not been
fluorescently tagged. When choosing whether to tag at the N- or C- terminus for these
experiments, previous literature was used as a rational, so for DHH1, ZC3H11 and XRNA, the
N- terminus was chosen, and for PABP1, the C- terminus was chosen. When possible, the N-
terminus was chosen, as this leaves the native 3’ UTR alone, which in trypanosomes is often
more important for regulation of the gene, including ZC3H11 which is known to interact with

proteins via a motif in the 3’ UTR (Singh et al., 2014).

5.2.2 Cloning strategy

Proteins were tagged endogenously with fluorescent proteins eYFP or mStrawberry (mST),
using the plasmids pEnNmSt0-N and pEnNYO kindly provided by the Wickstead lab in
Nottingham (Wickstead et al., 2010). The process for tagging using these plasmids is shown
in figure 5.1. First, a section from the UTR and ORF of the chosen gene was amplified using
PCR. Restriction enzyme cut sites were added in the primers, which can be used to insert
these amplified fragments into a plasmid backbone. An additional Notl cut site is inserted
which was used to linearise the construct. After linearisation, the ORF and UTR fragments
flank the construct, and act of sites of homologous recombination into the trypanosome
genome, inserting the fluorescent protein and drug resistance cassette in the original

plasmid.
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ORF
L|gat|°n Not1 Cut Site
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5 UTR
/inearisation
Not1 Not1
Homologous recombination 1

5 UTR | ORF |

3 UTR

Trypanosome genome

Figure 5.1 Cloning strategy. Sections of the ORF and either 5’ of the selected gene were amplified
with PCR and ligated into the plasmid, RE cut sites were incorporated into the PCR primers flank
the inserts, and a NOT1 cut site was incorporated. NOT1 was then used to linearise the plasmid,

so that the ORF and UTR sequences are on the outside. These sections can then homologously
recombine into the trypanosome genome, inserting the drug resistance cassette and fluorescent

protein sequence.

The cloning strategy for N- terminal tagging using the pEnNYo plasmid is shown in figure 5.1.
The other plasmids available were pEnNmSt0-N which contains m-Strawberry fluorescent
protein and a hygromycin resistance cassette, this can also be used for N- terminal tagging.
Proteins DHH1, ZC3H11 and XRNA were chosen to be tagged at the N-terminal with pEnNYO
and pEnNmSt0,and HSP100, PABP1 and PABP2 were chosen to be tagged at the C terminal

with pSIS-HHsfG.
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5.2.3 Cloning — N-Terminal Tagging

Primers were designed to flank a section of 300-500 bp in either the ORF, 5" UTR of the

protein of interest in either T. brucei or T. congolense, this size was chosen as recommended

by Awuah-Mensah et al., 2020. The primers were used in a PCR reaction to amplify the

desired inserts from genomic DNA, which were then run out on an agarose gel and bands of

the correct size were extracted from the gel. Example of a successful PCR reactions is shown

in figure 5.2.

(a)

(b)

T. brucei T. brucei T. congolense T. congolense
Neg DHH1 ORF Neg DHH15 UTR Neg DHH1 ORF Neg DHH15 UTR

Figure 5.2 Agarose gels of amplified PCR products. Primers were designed to flank a section of
the DHH1 5’UTR and ORF in both (a) T. brucei and (b) T. congolense. These were amplified using
GoTaq enzyme and genomic DNA from 2T1 BSF cells or TcoSM cells as a template. Negative

controls were performed using no polymerase. Ladder labels are in bp.

The PCR reactions were run on agarose gels as shown in figure 5.2, these inserts are of the
expected size, which is 512 bp for the T. brucei DHH1 ORF, T. congolense DHH1 ORF and T.
congolense 5’ UTR inserts, and 314 bp for the T. brucei DHH1 5’ UTR insert. These inserts

were extracted, ligated into pGEM-T easy and then sequenced and compared to genomic

sequences to ensure the no errors had occurred (Fig 5.3). ORF sequences must have no
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mutations, or redundant mutations, so as not to affect the sequence of the tagged protein.

UTR sequences with some mutations may still be usable, as they just need the sequences to

be similar enough to be able to correctly recombine with the genomic sequence and

integrate the construct into the correct location in the genome.

(a) T. brucei DHH1 ORF

Lister 427
Insert_1

Lister_ 427
Insert_1

Lister_ 427
Insert_1

Lister_ 427
Insert_1

Lister_ 427
Insert_1

Lister_ 427
Insert_1

Lister_ 427
Insert_1

Lister_ 427
Insert_1

Lister_ 427
Insert_1

ACATTATCTAGAGTAACCGATGATGATTGGAGGGAAGGTTTGAAAGCGCCAACTAARAGAT 60
ACATTATCTAGAGTAACCGATGATGATTGGAGGGAAGGTTTGAAAGCGCCAACTARAGAT 60

Kok k Kk Kok ok ok kK k Kk ok ok ok kk Kk ok ok k ok kK ok ok ok ok ok Kok kk ok ok ok Kok ok ok ok kK k Kok k ok kK k Kk k

GTGCGAAAGAAGACAGAAGACGTGGAGTCTCGGCGTAATGTTACCTTTGAGGAGTATGGG 120
GTGCGAAAGAAGACAGAAGACGTGGAGTCTCGGCGTAATGTTACCTTTGAGGAGTATGGG 120

ok ok ok ok K ok ko ok ok K ok K ok ok ok K ok K ok ok ok K ok K ok kR K ok K ok kR K ok K ok K kK ok K ok Kk kK R K kK

CTCCGACGTGAGCTCCAGATGGGTATCTTCGAGAAGGGCTTCGAACGGCCCAGTCCGGTG 180
CTCCGACGTGAGCTCCAGATGGGTATCTTCGAGAAGGGCTTCGAACGGCCCAGTCCGGTG 180

ok ko ok kK ok ko ok ok K ok K ok ok ok K ok K ok ok ok K ok K ok ok kK ok K ok ok kK ok K ok ok ok K ok Kk k kK R Kk K

CAGGAGGAGGCCATTCCTGTGGCCCTGCAGGGAAAAGATGTGCTAGCACGTGCCAAAAAC 240
CAGGAGGAGGCCATTCCTGTGGCCCTGCAGGGAAAAGATGTGCTAGCACGTGCCAAAAAC 240

ok k Kk Kok ok ok kK k Kk ok k kK k Kk ok ok ok ok ok Kk kkk ok k Kok ok ok ok ok Kok ok k ok kK k Kk k ok ok Kk Kk k

GGCACGGGAAAAACGGCTTCCTTCGTCATTCCCGTATTGGAGAAGGTCGACACGCAGTTG 300
GGCACGGGAAAAACGGCTTCCTTCGTCATTCCCGTATTGGAGAAGGTCGACACGCAGTTG 300

ok ok ok kK ok ko ok kK ok K ok ok ok K ok K ok ok ok K ok K ok ok ok K ok K ok ok kK ok K ok ok kK ok Kk k kK R Kk

CCTCATATCCAGGCGCTCCTCATGGTTCCCACTCGCGAACTCGCGCTACAGACGGCTCAG 360
CCTCATATCCAGGCGCTCCTCATGGTTCCCACTCGCGAACTCGCGCTACAGACGGCTCAG 360

ok ok ok kK ok ko ok ok K ok K ok ok ok K ok K ok ok ok K ok K ok ok ok K ok K ok ok kK ok K ok ok kK ok Kk ko kK R Kk

GTGACAAAAGAGCTTGGCAAGCACATCACCGGGTTGGAGGTTATGGTCACAACTGGTGGA 420
GTGACAAAAGAGCTTGGCAAGCACATCACCGGGTTGGAGGTTATGGTCACAACTGGTGGA 420

ko k Kk Kok ok ok kK k Kk ok ok kK k Kk ok ok ok ok kK ok ok ok ok ok ok Kok Kk k ok ok Kk Kk k ok kK k Kk ok kk Kk Kk k

ACAACACTCCGTGATGATATTTTGCGCCTGCAGAGTGTGGTGCACGTGCTTGTGGCCACA 480
ACAACACTCCGTGATGATATTTTGCGCCTGCAGAGTGTGGTGCACGTGCTTGTGGCCACA 480

ok kkkkkkkkkkk Kk kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk ok kK

CCTGGGCGTGCGGTGGATCTCGCTAGTAAAGGGCGGCCGCGGATCCAATACG 532
CCTGGGCGTGCGGTGGATCTCGCTAGTAAAGGGCGGCCGCGGATCCAATACG 532

ok ok ok ok ok ok ko ok ok K ok ko ok K ok K ok ko ok ok K ok ok ok K ok K ok ok ok K ok K ok ok ok K ok Kk kK

(b) T. brucei DHH1 5’ UTR

lister_ 427
insert_2

lister_ 427
insert_2

lister_ 427
insert_2

lister_427
insert_2

lister_427
insert_2

lister_ 427
insert_2

ACATTATCTAGAGCGGCCGCGTCTACTATAAGAAGGGAAGAAAAATAGTTGTAGACAGCA 60
ACATTATCTAGAGCGGCCGCGTCTACTATAAGAAGGGAAGAAAAATAGTTGTAGACAGCA 60

ok ok ok ok ok ko ok ok K ok K ok ok ok K ok K ok ok ok ok ok ok ok ok K ok K ok ok ok K ok K ok ok ok ok K ok ok kK ok Kk

GATATATACAAAGGGGTAAAAGCAGGAAAGCTACAGGGAAGAGTACAAGTAAGGGAAGCA 120
GATATATACAAAGGGGTAAAAGCAGGAAAGCGACAGGGAAGAGTACAAGTAAGGGAAGCA 120

ok ok ok kK ok ko ko kK ok K ok ok kK ok Kk ok ko kK ke kK ok K ok ok ok K ok K ok ok ok K ok K ok ok kK ok Kk K

AAAGCATACACTGCGAAGAAGGATTTGCATACCGAAACAAACAATCGGCAACAAAAAGTG 180
AAAGCATACACTGCGAAGAAGGATTTGCATACCGAAACAAACAATCGGCAACAAAAAGTG 180

ok ok ok ok kK kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk ok kkkkkkk kK

AAAAGTGTGGGGAAGTGAAGCAGTCTCCATACAAGAATATCACACAACATACGCCCACAG 240
AAAAGTGTGGGGAAGTGAAGCAGTCTCCATACAAGAATATCACACAACATACGCCCACAG 240

hokkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk &k

TCGCGTATACACCCCCACAGAGAATAATACATCCCAACCTAACAACAGCAACGAATACGG 300
TCGCGTATACACCCCCACAGAGAATAATACATCCCAACCTAACAACAGCAACGAATACGG 300

ok ok ok ok ok ko ok ok K ok ok ok ok K ok ok ok ok ok K ok ok ok ok ok ok ok ok ok ok K ok ok ok ok ok K ok K ok ok kK ok K kK

GATCCAATACG 311
GATCCAATACG 311

ko ke kK kK kK
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(c) T. congolense DHH1 ORF

IL3000 GTCACTGAAGATGACTGGAAGAAGGGTCTGAACGCGCCAAAGAAGGATGTGCGGAAGAAG 60
Insert 3 GTCACTGAAGATGACTGGAAGAAGGGTCTGAACGCGCCAARAGAAGGATGTGCGGAAGARAG 60

ok Kk Kk K kK kK K ok K ok K kK K ok K ok K kK K ok K ok K kK ok K ok Kk ok o ok K ok K kK ok Kk K kK ok Kk K

IL3000 ACTGAGGATGTTGAGTCTCGTCGTGATGTCACCTTTGAAGAGTATGGCTTGCGCCGTGAG 120
Insert_3 ACTGAGGATGTTGAGTCTCGTCGTGATGTCACCTTTGAAGAGTATGGCTTGCGCCGTGAG 120

ok kK kK kKKK Kk KKKk kK kK h ok Kk kK h Xk k Kk k Kk Kk ok hkk kX Kk kK k ok kK Kk kK kKKK KX KK

IL3000 CTTCAGATGGGCATATTTGAGAAGGGCTTCGAACGCCCCAGTCCGGTGCAGGAAGAGGCT 180
Insert_3 CTTCAGATGGGCATATTTGAGAAGGGCTTCGAACGCCCCAGTCCGGTGCAGGAAGAGGCT 180

Hok kK kK kK Kk kK kK kK Kk kK kK kK kk Kk kK kK kk Kk Kk ok k kK kK kK kK Kk KKk KK KKK Kk KK

IL3000 ATTCCCGTGGCTTTGCAGGGARAGGATGTGCTAGCGCGTGCCAAGAATGGTACCGGCARA 240
Insert 3 ATTCCCGTGGCTTTGCAGGGAAAGGATGTGCTAGCGCGTGCCAAGAATGGTACCGGCARA 240

ok Kk K kK ok Kk K ok K ok K kK K ok K ok K kK K ok K ok K kK ok K ok K kK ok K ok K kK ok K ok K kK kK Kk K

IL3000 ACCGCATCTTTTGTTATACCTGTCCTGGAGAAGATTGACACGAGTCTCCCTCACATCCAG 300
Insert_3 ACCGCATCTTTTGTTATACCTGTCCTGGAGAAGATTGACACGAGTCTCCCTCACATCCAG 300

ok Kk K kK ok K kK K ok K ok K kK K ok K ok K kK K ok K ok K kK K ok K ok K kK ok K ok K kK K ok K ok K kK ok Kk K

IL3000 GCGCTGCTGATGGTCCCTACGCGTGAGTTGGCTCTTCAGACCGCGCAGGTGACTAAGGAG 360
Insert_3 GCGCTGCTGATGGTCCCTACGCGTGAGTTGGCTCTTCAGACCGCGCAGGTGACTAAGGAG 360

Kok kk Kk Kk Kk kK kK kK Kk kK kK kK kk Kk Kk ok k kK kK ok ok kk Kk Kk kK k Kk KKk KK KKK KK KK

IL3000 CTTGGAAAGCATATCCCTGGTCTCGAGGTGATGGTCACCACCGGCGGCACAACACTCCGT 420
Insert 3 CTTGGAAAGCATATCCCTGGTCTCGAGGTGATGGTCACCACCGGCGGCACAACACTCCGT 420

Sk ok ok K K K ok K ok K kK ok K ok K kK ok ok ok K kK ok K ok K ok K ok ok ok K ok K K ok K ok K kK K K K kK kK ok

IL3000 GATGATATATTACGCTTGCAGAGCCCTGTGCACGTACTGGTAGCGACTCCGGGTCGAGCG 480
Insert 3 GATGATATATTACGCTTGCAGAGCCCTGTGCACGTACTGGTAGCGACTCCGGGTCGAGCG 480

ko kK kK kK ok K kK Kk K ok K kK Kk K ok K kK K ok K ok K kK ok K ok Kk K ok K ok K kK ok Kk K kK Kk Kk K

IL3000 GTGGATCTTGCTAGTAAAGG 500

Insert 3 GTGGATCTTGCTAGTARAGG 500
- ok kK Kk K K kK K K K K K K

(d) T. congolense DHH1 5’ UTR

IL3000 ACATTATCTAGAGCGGCCGCTGTTTCTATTATTGTATGAAATCATCGATTTTCCCCCTCA 60
Insert 4 ACATTATCTAGAGCGGCCGCTGTTTCTATTATTGTATGAAATCATCGATTTTCCCCCGCA 60

ok kK kK kK k kK kK kK kKK kK kK kK Kk Kk Kk kK kK hkh ok kh Kk khh Ak kK KX KKK KKK Kk

IL3000 AATTGCGAACCAGCTGCACTGGATACAAATGAGGTCAGTTCGCTCCTGCTGCTGTACCCG 120
Insert_4  AATTGCGAACCAGCTGCACTGGATACAAGTGAGGTCAGTTCGCTCCTGCTGCTGTACCCG 120

Sk ok ok Kk ok Kk K kK kK Kk Kk K kK Rk Kk Kk ok K ok K ok ok ok K ok K kK ok K kK kK K K K kK kK ok

IL3000 TTTTCGAGCCAAATGTGTATTTCTTCTTGGATGAAGAAGAAAGAAGAAAAACGAAAAACA 180
Insert TTTTCGAGCCAAATGTGTATTTCTTCTTGGATGAAGAAGARAGAAGAAARACGARARACA 180

ok Kk Kk K ok K kK ok K ok K kK ok K ok K kK ok K ok K kK K ok K ok K kK ok Kk K kK ok Kk Kk K kK Kk K

IL3000 GTGATTATTTTGTGTTTCGCACAACTCTAGTGGAARATGCAATCAAAAGACAAARATTTG 240
Insert GTGATTATTTTGTGTTTCGCACAACTCTAGTGGAAAATTCAATCAAAAGACAAAAATTTG 240

B R R R R R R A e et At R R RS

IL3000 ACCTAATTCTGCACATCCCTTTATGAATACTAAACTCATGTGAAGTTTCGATAGGTCTAC 300

Insert 4 ACCTAATTCTGCACATCCCTTTATAAATCCTAAACTCATGTGAAGTTTCGATAGGTCTAC 300
- ok ok kK Kk kK K Rk k kK Rk ok Kk Kk kK Kok ok ok ok ok K ok ok ok K ok ok kK ok ok K K ok ok kK K kK kK K

IL3000 TAATAAGAAGGAACGTGAGTATTGTAGACGGCCGAGCGAATAAAAGAGAAGGCAT. G 360

Insert 4 TAATAAGAAGGAACGTGAGTATTGTAGACGGCCGAGCGAATAAAAGAGAAGACATAAAAG 360
- ok ok ok kK ok ok ok K ok ok kK ok ok K K ok ok K K ok k kK Kk k ok K ok k ok K Rk ok K K Rk ok K Kk kK Rk ok ok Kk

IL3000 GCACTCTGAAGGAGAAGGTCACATAGCGAATTAAGACAACCGAAACAACATCATACGTGG 420

Insert 4 GCACTCTGAAGGAGAAGGTCACATAGCGAATTAAGACAACCGAAACAACATCATACGTGG 420

Kokok Kk kK Kk Kk ok kK kK kK Kk Kk K kK Kk Kk K kK Kk Kk Kk K Kk Kk K kK Kk Kk K kK Kk Kk K

IL3000 GGAAGTTTCCACGGGAAATTCACACATTATACAGTCAGTCACAAATACGTACGTTCCCGC 480
Insert 4 GGAAGTTTCCACGGGAAATTCACACATTATACAGTCAGTCACARATACGTACGTTCCCGC 480

ok kK kK Kk Kk K kK ok Kk K kK Kk Kk K kK Kk Kk K kK Kk Kk K kK ok Kk K kK K Kk K kK Kk Kk K

IL3000 GTAGTAAGGAGACCTCAAACCAACAATACCGACGACTACTGGATCCAATACG 532
Insert 4 GTAGTAAGGAGACCTCAAACCAACAATACCGACGACTACTGGATCCAATACG 532

Figure 5.3 Sequencing data for the sequences of the DHH1 gene. Sequences are from the (a) T.
brucei DHH1 ORF, (b) T. brucei DHH1 5’ UTR, (c) T. congolense DHH1 ORF and (d) T. congolense
DHH1 5’ UTR. Mutations are highlighted. Sequences from the amplified PCR products were
inserted into the P-GemT easy vector, then cut out and sequenced, they were compared to the
Tb427_100044400 gene in from T. brucei Lister strain 427 2018 genome and TcIL3000_10 3320

gene from the T. congolense 1L.3000 genome on TriTrypDB (Aslett et al., 2009). Sequencing

performed by Dundee DNA sequencing and services facility.


https://tritrypdb.org/tritrypdb/app/record/gene/TcIL3000_10_3320

The sequences of the inserts were amplified using p-GemT easy and digested and
sequenced, these were then aligned with the genomic sequence from T. brucei lister 427 and
T. congolense IL300 2018, using the genes found on TriTrypDB (Aslett et al., 2008), the strain
used for culturing (figure 5.3). There are no mutations in the DHH1 ORF sequences (figure
5.3. a and c¢), and some mutations in the UTRs (figure 5.3 b and d), highlighted in the
sequences. These sequences were determined to be usable as there was no mutations in the
ORF sequence and few mutation in the UTR sequence, it is expected that there will be
variance in the UTR sequences. They were digested and cut out of the p-GEM backbone and
ligated into the pEnNmSt0-N backbone. Cut sites for restriction enzymes BamHI and Xhol had
been incorporated to flank the sequences in the pGEM vector, and these were used to digest

the inserts and pEnNmSt0-N backbone.

(a) (b) ()

T. brucei T. brucei T. congolense T. congolense
DHH1 ORF DHH1 5 UTR DHH1 ORF DHH1 5 UTR

Figure 5.4 Agarose gels of analytical restriction enzyme digests of plasmids containing DHH1
sequences. Inserts are from (a) T. brucei DHH1 ORF, (b) T. brucei 5’ UTR and (c) T. congolense
DHH1 ORF and 5’ UTR. Constructs were digested with restriction enzymes and run on an agarose
gel to ensure an insert of the correct size had been successfully ligated into the backbone, the size
was expected to be 532 bp for all inserts except the T. bruceiDHH1 5’ UTR, which is 314bp. Ladder

labels are in bp.
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The UTR was ligated into the backbone, then sent for sequencing to confirm there were no
mutations, then the ORF was ligated in, and the final plasmid was sequenced again. Final
plasmids were treated with restriction enzymes Xbal and BamH| or Xhol (see appendix) for 2
hours, which cuts out the inserts, these were then run on an agarose gel which confirmed
they were the correct size (figure 5.4). For the DHH1 inserts, all were the correct size in T.
brucei and T. congolense. Once confirmed, plasmids were sent off for sequencing a final

time. The plasmids could then be prepared for transformations into trypanosomes.

This process was repeated to make constructs incorporating sequences from ZC3H11 and
XRNA genes into the pEnNYO backbone in both T. brucei and T. congolense. For all completed
constructs, and analytical digest was performed by incubating 3 pg of each plasmid with the
corresponding restriction enzymes (see appendix) to ensure inserts of the correct size had
been ligated into the backbone. The plasmid for XRNA in T. brucei could not be completed

due to a recurring point mutation occurring in the insert for the ORF of the gene.

T. brucei T. congolense T. brucei T. congolense  T. congolense
DHH1 DHH1 ZC3H11 ZC3H11 XRNA
- - - - = o
: sy 5§ F ¢ §E s 5 f x5 oy E
=} (e} n =) [¢] in =] [e] o =] O in =} [e] in

- 10,000
- 6,000
- 4,000
- 3,000
- 2,000
- 1,500
- 1,000
- 750

- 500

- 250

Figure 5.5 Agarose gel of all completed constructs. Undigested and digested constructs were run
on an agarose gel to show that inserts of the correct size have been ligated into the backbone.

Ladder labels are in bp.
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All inserts cut out in the analytical digest (figure 5.5) were the correct size, so these plasmids

could be used for transfections into trypanosomes.

5.2.4 Generating cell lines

The N-terminal tagging plasmids were transfected into either 2T1 T. brucei or TcoSM T.
congolense cells to generate genetically modified cell lines. The constructs are linearised
with Notl restriction enzyme, and the plasmid is arranged in a way that allows the inserted
sequences from the 5’ UTR and ORF of the gene of interest to homologously recombine with
the ORF and UTR in the genome, a diagram is shown in figure 5.6. This fuses a fluorescence
protein to the N-terminus of the protein of interest, creating a fluorescent tag to enable its
expression to be detected. It also inserts a resistance gene into the trypanosome for whether
G418 or hygromycin, so these can be used to select clones where successful recombination

has occurred.

5 UTR mStrawberry

ORF
_

Not1 _ Not1
Homologous recombination

5 UTR ORF 3 UTR

Trypanosome genome

1
5 UTR ORF
— S

Figure 5.6 Diagram of the linearised plasmid and how it recombines into the trypanosome

genome.
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Transfections into T. brucei cells were performed using standard conditions, but as
transfections in T. congolense cells have not previously been performed in this lab,
conditions had to be optimised. For the first transfection using G418 drug, all the negative
control cells, which had not been transformed with any plasmid DNA, were able to survive
G418 treatment. Drug treatments were then screened against T. congolense cells to

determine which drug concentration caused cells to die, results are shown in table 5.2.

Table. 5.2 Concentration of drugs tested for T. congolense cells

Drug Concentration Time taken for cells to
die (days)
G418 0.02 pg/ml 7
0.04 pg/ml 3
Hygromycin 0.025 pg/ml 7
0.05 pg/ml 4
0.075 pg/ml 3

A concentration of 0.4 ug/ml was chosen for G418 during transfections and selection which
was then decreased to 0.2 pg/ml when clones are transferred into flasks. For hygromycin a

concentration of 0.5 pg/ml was chosen.

Overall, 4 cell lines were successfully generated through transfections, these are shown in
table 5.3. A transfection to generate the cell line for eYFP-XRNA in T. congolense was

attempted, and clones were seen during the screening phase, however when these were
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transferred to flasks the cell lines did not survive. The concentration of hygromycin to use for

T. congolense transfections must still be optimised.

Table 5.3 Clones generated from transfections

Cell line Organism Number of Selection Concentration
Successful clones | drug of drug
mSt-DHH1 T. brucei 4 G418 2.5ug/ml
eYFP-ZC3H11 T. brucei 4 Hygromycin | 2.5ug/ml
mSt-DHH1 T. congolense 2 G418 0.2-0.4 ug/ml*
eYFP-ZC3H11 T. congolense 4 Hygromycin | 0.25-0.5
ug/ml*

eYFP-XRNA T. congolense 0 Hygromycin | 0.5 pg/ml

*Different concentrations of drug were used for initial selection and then maintenance of

the cell line

5.2.5 Validation of mSt-DHH1 cell lines

Once successful transfections had been performed and clonal populations had been

established, cells had to be analysed to confirm that the correct gene had been tagged with a

fluorescent protein. Firstly, gDNA was extracted from the GM cell lines and a PCR was

performed using a forward primer that binds upstream of the modified gene and a reverse
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primer that either binds to a section in the drug resistance cassette in the GM gene or the
ORF which represents the wild type gene (Fig 5.7a). It was expected that both products could
be able to be amplified from template gDNA from the modified cell lines as the construct

should only recombine with one allele of the gene.
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(a)

WT G
e T 5 0UmR 1 ORF T 30TR 1

R1

—
GM Gene I 5 utR | I' Backbone Im-Strawberry! ORF I3 utrR |

R2

(b) T. brucei mSt-DHH1

Clone 1 Clone 2 Clone 3 2T1 Negative

WT GM WT GM WT GM WT GM WT GM

(c) T. congolense mSt-DHH1

Clone 1 TcoSM Negative
WT GM WT GM WT GM

Figure 5.7 PCR amplification of genetically modified DHH1 genes. In order to validate cell lines,
primers were designed to amplify sections of the wild type and genetically modified DHH1 gene,
(a) schematic shown. (b) For T. brucei clones the expected band size for the WT gene is 625 bp and
GM gene is 1,370bp, (c) for T. congolense clones expected band size for the WT gene is 1,149 bp

and GM gene is 2,056bp. Ladder labels are in bp.
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All cell lines contained one allele of the wild type gene and one allele of the tagged gene
(figure 5.7). Primers were designed to amplify a section of 1,370 bp in T. brucei and 2,056 bp
in T. congolense from the genetically modified gene, containing a sequence from the G418
resistance cassette and directly upstream from the gene. This ensures that the resistance
cassette, and plasmid as a whole, has been inserted into the correct location in the genome.
All clones were able to amplify this section. All clones also were able to amplify the wild type
gene with primers designed to amplify a section containing the 5° UTR and some of the ORF
of the DHH1 gene which is 625 bp in T. brucei and 1,149 bp in T. congolense. As all clones
could also amplify this section, it shows that the recombination has occurred in only one
allele, as expected. Positive controls using the wild type gDNA were only able to amplify the
WT gene as expected, through the TcoSM gDNA had a lower DNA concentration, so the band

is faint.

Next, western blots were performed to confirm the expression of DHH1 with m-Strawberry.
Whole cell lysates from transfection clones were prepared and then run on an SDS-PAGE gel,
these were then transferred, and western blots were stained with a-mCherry antibody to
detect the presence of m-Strawberry, as these proteins contain the same epitope that the

antibody binds to.
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(a) T. brucei mSt-DHH1 (b) T. congolense mSt-DHH1
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Figure 5.8 Western blots of mSt-DHH1. (a) T. brucei mSt-DHH1 cell lines, (b) T. congolense mSt-
DHHZ1 cell lines Cell lysates were prepared of all clones expressing mSt-DHH1 in both T. brucei and
T. congolense. Western blots were stained with a-mCherry antibody and fluorescent secondary
antibody, then visualised using a LI-COR odyssey FC, or with a HRP secondary and visualised on a
chemidoc. EFla protein was used as a loading control, an a-EFla primary antibody and
fluorescent or HRP secondary antibody was used. Ladder labels are in kDa and C1 refers to clone

1.

The westerns performed show that all clones are expressing a tagged form of DHH1 (figure
5.8). DHH1 tagged with m-strawberry is predicted to migrate to 72 kDa in both T. brucei and
T. congolense, and this is what is seen on the western blots. Clone 3 of the T. brucei cell lines
has a slightly smaller band which may be a degradation product, clones 1, 2 and 4 were
chosen for any further analysis. As for T. congolense, both clones are expressing the protein.
A control is shown for T. brucei , parental 2T1 cells have no band when probed with a-
mCherry, unfortunately due to issues with western blots, this was the only control which

could be performed.

89



5.2.6 Validation of eYFP-ZC3H11 cell lines
To validate the T. brucei and T. congolense cell lines expressing eYFP tagged ZC3H11, PCRs
were performed as in 1.6.1. Genomic DNA was extracted from all cell lines and primers were

designed to amplify sections of both the wild type and genetically modified gene (Figure 5.9).

(a)

F
—
WTGene —T—F 7R 1 ORF T3 UTR 1
Pri—
R1
GM G -
e T 5utR | T Backbone | | ORF 3 UTR |
R2

(b) T. brucei eYFP-ZC3H11
Clone 1 Clone 2 Clone 3 2T Negative

WT GM WT GM WT GM WT GM WT GM

(c) T. congolense eYFP-ZC3H11
Clone 1 Clone 2 Clone 3 TcoSM Negative

WT GM WT GM WT GM WT GM WT GM

Figure 5.9 PCR amplification of genetically modified ZC3H11 genes. In order to validate cell lines,
primers were designed to amplify sections of the wild type and genetically modified ZC3H11 gene,
(a) schematic shown. (b) For T. brucei clones the expected band size for the WT gene is 512 bp and
GM gene is 1,323bp, (c) for T. congolense clones expected band size for the WT gene is 783 bp and

GM gene is 1,634bp. Ladder labels are in bp.
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As sections from both the WT and GM gene could be amplified by PCR (figure 5.9), all cell
lines contain both versions of the gene. The target sizes for these amplicons were 1,323 bp in
T. brucei and 1,634 bp in T. congolense for the WT gene and 512 bp in T. brucei and 783 bp in
T. congolense for the GM gene. The parental cell lines, 2T1 and TcoSM contain the WT gene
but the GM gene, also negative controls with no gDNA show no amplification. This validates
that the plasmid has been inserted into the correct part of the genome as the forward

primer in these reactions is upstream of the gene of interest.

Next, western blots were performed using whole cell lysates of cells from each cell lines to
detect if the cell lines are expressing the tagged version of ZC3H11. These were run on and
SDS-PAGE and transferred to western blots and stained with an a-GFP antibody which should

bind to the eYFP tag on ZC3H11.

(@) T. brucei eYFP-ZC3H11 (b) T. congolense eYFP-ZC3H11

After HS C1 C2 C3
Cl1 C2 C3 cC4 HS X X X
75- 50- s S
37" “ -,
o TETE
37- - 25
20-
H3 s e o H3 Pt ——_—

Figure 5.10 Western blots of mSt-DHH1. Cell lysates were prepared of all clones expressing eYFP-
ZC3H11in both (a) T. brucei and (b) T. congolense. Cells were treated with heat shock at 41 °C for
one hour so they would increase expression of ZC3H11. Western blots were stained with a-GFP
antibody and HRP-conjugated secondary antibody, then visualised using a chemidoc. H3 protein
was used as a loading control, an a-H3 primary antibody and HRP-conjugated secondary antibody

was used. Ladder labels are in kDa C1 refers to clone 1.
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It is known that ZC3H11 is expressed at very low levels in non-stressed PCF and BSF cells, so
cells were subjected to heat shock and then whole cell lysates were prepared. A more
specific femto ECL substrate kit had to be used to detect any protein on these western blots
for both T. brucei and T. congolense, when this is used, bands can be seen. In T. brucei it is
expected that eYFP-ZC3H11 will migrate to 65 kDa, the bands on the blot appear to range
from 50-60 kDa, there are 3 distinct bands which may represent post translational
modifications or degradation of the protein. In T. congolense the protein is expected to
migrate to 45 kDa, there is a strong band at about 48 kDa and 36 kDa and weaker smaller

bands.

5.3 Discussion

5.3.1 Summary of results

Overall 5 constructs were successfully generated and 4 were transformed into
trypanosomes. These cell lines are expressing mSt-DHH1 in both T. brucei and T. congolense
and eYFP-ZC3H11 in both T. brucei and T. congolense, and all were validated through PCR
and western blot. These cell lines will be used for further analysis to investigate how these

tagged proteins respond during the heat shock response and in the recovery period after.
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Table 5.4 Completed plasmids for N-terminal tagging

Protein Tag Plasmid Cell line

DHH1 (T. brucei') m-Strawberry Complete Generated
ZC3H11 (T. brucei ) eYFP Complete Generated
XRNA (T. brucei ) eYFP Not complete Not generated

DHH1 (T. congolense) m-Strawberry Complete Generated
ZC3H11 (T. congolense) | eYFP Complete Generated
XRNA (T. congolense) eYFP Complete Not generated

Due to time constraints the constructs planned for C-terminal tagging could not be created,
these are HSP100 and PABP1, which both respond to the heat shock response. In future
these constructs should be created and transfected into BSF T. brucei and T. congolense

trypanosomes to see their response.

5.3.2 Optimisation of T. congolense transfections

Genetic manipulation in T. congolense is a relatively new procedure and this work represents
the first time T. congolense transfections were attempted and successfully performed in this
laboratory. For fluorescent tagging in this project, the same plasmid backbones were used
for T. congolense as in T. brucei, but sections of the T. congolense specific-sequences were
cloned in, this was done according to the procedures outlined in Awuah-Mensah et al., 2021.

For the transfections themselves, the procedure between T. brucei and T. congolense differs
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and even in the literature different procedures are used as outlined in table 5.5, so these had

to optimised to find a successful procedure for T. congolense transfections.

Table 5.5 Differences in procedures for T. congolense transfections

concentrations

0.02 pg/ml G418

0.05 pg/ml

hygromycin

transfection, 0.025 pg/ml

for maintenance

0.04 pg/ml G418 for
transfection, 0.02 pg/ml for

maintenance

Condition Awuah-Mensah et | Steketee et al., 2021 Used in this project
al., 2021

Plasmid DNA 10 pg 12 pg 10 ug

Number of 2-3 x 107 4 x 107 3.5 x 10’

cells

Drug 0.05 pg/ml puro 0.05 pg/ml puro for 0.05 pg/ml

hygromycin, 0.025
ug/ml for

maintenance

0.04 pg/ml G418 for
transfection, 0.02
ug/ml G418 for

maintenance

The first attempt at T. congolense transfections was unsuccessful, a plasmid for Tub-B RNAI

was used as this has been successfully performed before. This first attempt failed as the X-

001 programme was used, and control cells did not die, but also cells couldn’t survive for a

long period of time in the concentrations of drug used, which was 0.05 pg/ml hygromycin

and 0.04 pug/ml G418. After this, drug concentrations used were tested in order to
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successfully transfect T. congolense cells, as described in table 5.2, once drug concentrations

were determined, transfections were attempted again.

The second attempt used plasmids for mSt-DHH1, eYFP-ZC3H11 and eYFP-XRNA fluorescent
tagging and the procedure outlined in table 5.5. All transfections successfully generated
clones in 96-well plates, however when transferred to flasks, the clones for eYFP-ZC3H11 and
eYFP-XRNA were not growing at the normal rate in 0.5 pg/ml hygromycin, and unfortunately
the clones for eYFP-XRNA died out. Drug concentration was lowered to 0.25 pg/ml, but still
needs to be fully optimised to ensure clones can grow at a normal rate but there is still

enough drug to ensure selection.

Overall, successful cloning and transfections were performed in T. congolense cells,
generating the first genetically modified T. congolense cell lines in this laboratory. Though

some optimisation is still needed, this was still very successful.

5.3.3 ZC3H11 Western Blots

When ZC3H11 from T. brucei cells was visualised on a western blot it formed a banding
pattern with 4 distinct bands ranging from 50 — 60 kDa (figure 5.10). This likely represents
different phospho-states and possibly degradation products of the protein. In the literature,

different banding patterns have been shown for this protein, examples in figure 5.10.
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Figure 5.11 ZC3H11 western blots from previous literature. (a) and (b) was adapted from Droll et
al., 2013, cells were treated with a phosphatase and phosphatase inhibitor, or heat shock and
puromycin treatment, prior to whole cell lysate preparation, then probed for ZC3H11-myc on a
western blot. (b) was adapted from Minia and Clayton., 2016, and shows cells heat shocked at 41

°C and treated with arsenite to simulate stress, prior to western blot and probe for V5-ZC3H11.

ZC3H11 with a myc tag or V5 tag has been shown to migrate to 60 kDa, but appears as a
smear. When treated with a phosphorylase, the bands collapse into one band at 50 kDa, this
can then be returned to the normal state with a phosphatase inhibitor (figure 5.11 a), from
this it was concluded that the bands are the protein at different phospho-states, it is known
that ZC3H11 has at least 4 phosphorylation sites (Ooi et al., 2020). When cells undergo heat

shock at 41 °C, this band at 50 kDa can also be seen (figure 5.11 b), so it was suggested the
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protein is dephosphorylated upon heat shock. Another experiment (figure 5.11 c) found a

similar banding pattern.

The bands seen in figure 5.10 do resemble those seen by Droll et al., 2013, though are more
defined. ZC3H11 has been tagged with eYFP, which is a much larger protein, so the size of
the bands differs. Repeating the phosphatase treatment would be useful to confirm if each
of the bands are phospho-states of the protein. This was attempted, but due to difficulties

with western blots it could not be completed.
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6 Examining the heat shock response using tagged cell lines

6.1 Introduction

Cell lines that express fluorescently tagged proteins involved in the heat shock response,
DHH1 and ZC3H11, in both T. brucei and T. congolense have been successfully created and
validated (Chapter 5). Here, these cell lines are used to examine how the tagged proteins

respond during heat shock and in the recovery period afterwards.

DHH1 has been shown to re-localise into P-bodies upon heat shock in PCF cells (Kramer et
al., 2008), but this has not been repeated in BSF T. brucei trypanosomes or to our knowledge
ever investigated in T. congolense. This protein can be examined using fluorescence

microscopy to observe any changes in localisation upon induction of heat shock.

ZC3H11 has been shown to increase in abundance upon heat shock and it is usually
undetectable in non-stressed cells (Droll et al., 2013). The abundance can be investigated
using western blotting to quantify the number of proteins in cells and any changes in the

isoforms present, by looking at the banding pattern.

Due to time constraints, only initial characterisation was possible and for many experiments
additional repeats are needed to be certain of any conclusions. Data has been presented

here to stimulate discussion and acts as an early insight into results.
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6.2 Results

6.2.1 Re-localisation of DHH1 in BSF T. brucei

DHH1 has been shown to re-localise into P-bodies upon heat shock treatment in PCF cells
(Kramer et al., 2013). Cells under normal conditions showed some foci, but the number
increased upon heat shock at 41 C for 1 h and remained increased for up to 4 hours upon
return to normal culture after heat shock. To investigate how DHH1 protein responds to heat
shock in BSF T. brucei and T. congolense cells, slides were made before and after heat shock
at 41°C for 1h for three different clones. This would show if the same localisation is seen and

if the response is consistent across all clones.

Clone 1 Clone 2 Clone 3

Before HS  After HS Before HS After HS Before HS  After HS

DAPI

DHH1

Merge

BF

Figure 6.1 T. brucei clones expressing mSt-DHH1 before and after heat shock at 41 °C. Cells were
exposed to heat shock at 41 °C for 1 hour and slides were prepared with 5 x 10° cells, fixed with 4%
PFA for 5 minutes and then flouroshield mounting medium was used to stain DAPI. Images were

taken using a Leica DM RXA2 fluorescence microscope and edited with Imagel Fiji software.
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In T. brucei BSF cells, DHH1 appears to re-localise into locales within the cytoplasm upon
heat shock, in cells before heat shock, DHH1 does localise into foci, and upon heat shock, the
number of foci appear to increase in all clones (figure 6.1). This consistently happens in all
clones, though clone 4 appears to be expressing DHH1 at a lower level in the control cells,
however these still re-localise into distinct foci upon heat shock. The cells shown in the
image are representative of the population, however there was variation in some slides, so
these results need to be quantified by counting the number of foci in each cell to have more

confidence in the conclusions.

Next, to investigate how long the punctate localisation persisted, a time course was
performed and slides were made every 2 hours after heat shock. As clones showed similar

results, clone 1 was used for further experiments.
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Figure 6.2 T. brucei expressing mSt-DHH1 recovery after heat shock at 41 °C. Cells were exposed
to heat shock at 41 °C for 1 hour and slides were prepared every 2 hours after heat shock. 5 x 10°
cells were used per slide, these were fixed with 4% PFA for 5 minutes and then flouroshield
mounting medium was used to stain DAPI. Images were taken using a Leica DM RXA2 fluorescence

microscope and edited with Imagel Fiji software.

The phenotype of increased foci containing DHH1, assumed to be P-bodies, was observed to
remain in the 6h period where cells are recovering from heat shock (Figure 6.2). At 2,4 and 6
hours after heat shock most cells in the population still had an increased number of foci.
Cells at 2 and 4 hours had an even brighter signal, which could mean the cells are expressing
more DHH1, and this appears to decrease at 6 hours. However, this could also be due to
variation in the signal seen on the microscope and bleaching of the mStrawberry fluorescent

protein.
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While localisation of DHH1 has been previously investigated (Kramer et al., 2008), it is not
known if the amount of protein increases in the recovery period after heat shock. To
guantify the amount of DHH1 in the cells, whole cell lysates were prepared and western

blots were performed. Samples were taken for 8 hours after heat shock and also at 24 hours.
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Figure 6.3 Western blot of DHH1 signal during heat shock recovery. T. brucei cells expressing
mSt-DHH1 cells were heat shocked at 41 °C for 1 hour and whole cell lysate samples were
prepared at hourly timepoints, using 2 x 10° cells per sample. These were run by SDS-PAGE and
transferred to a PVDF membrane. a-mCherry antibody was used as it binds to the mStrawberry
tag on the DHH1 protein, and a fluorescent secondary antibody was used, blots were imaged using
a LICOR. EFla was used as a loading control, with a-EF1a primary antibody. The trace in (b) was
made by normalising all DHH1 signals to their loading control, and then normalising all to the
before heat shock sample, so that a value of 1 is equal to the control sample. Ladder labels are in

kDa.
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The expected size for mSt-DHH1 is 72 kDa, and there is a band this size on the western in
figure 6.3, so this protein was used to make a trace of DHH1 signal in the cells. The trace is
normalised so that a signal of 1 represents the signal of the control sample, and anything
higher than 1 is an increase from normal levels. This trace suggests that in for 3 hours after
heat shock DHH1 signal increases, and then experiences a sharp decrease at 4 and 5 hours.
Then the signal increases again and remains increased at 24 hours. The western shows 2
bands at 3 and 24 hours after heat shock which could represent a degradation product.
There is an unexpected band at 95 kDa, this was not seen in previous western blots using this
cell line (see chapter 5) and is present in all samples including the control. This band was not

included in analysis as it was only seen in this experiment.

6.2.2 Re-localisation of DHH1 in BSF T. congolense

T. congolense clones expressing mSt-DHH1 were imaged before and after heat shock to see if

DHH1 re-localises in a similar way in this species of trypanosome.
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Figure 6.4 T. congolense clones expressing mSt-DHH1 before and after heat shock at 41 °C. Cells
were exposed to heat shock at 41 °C for 1 hour and slides were prepared with 5 x 108 cells, fixed
with 4% PFA for 5 minutes and then flouroshield mounting medium was used to stain DAPI. Images

were taken using a Leica DM RXA2 fluorescence microscope and edited with Image) Fiji software.

In T. congolense BSF cells, DHH1 displays a cytoplasmic signal in all clones before and after
heat shock (figure 6.4). The response in the 2 clones does not appear to be the same, with
clone 1 showing little change and a possible decrease in signal. Clone 2 shows some areas of
increased intensity and some limited in foci, but they do not appear the same as the distinct
foci seen in T. brucei cells. Next, a time course was using clone 1 to see if this signal changed

throughout the recovery period after heat shock
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Figure 6.5 T. congolense expressing mSt-DHH1 recovery after heat shock at 41 °C. Cells were
exposed to heat shock at 41 °C for 1 hour and slides were prepared every 2 hours after heat shock.
5 x 108 cells were used per slide, these were fixed with 4% PFA for 5 minutes and then flouroshield
mounting medium was used to stain DAPI. Images were taken using a Leica DM RXA2 fluorescence

microscope and edited with Imagel Fiji software.

DHH1 in T. congolense cells heat shocked at 41 °C remains mostly cytoplasmic straight after
heat shock and in the 6 hours afterwards (figure 6.5). There are some foci seen in all
samples, but a cytosolic background can be seen in all images, the number of foci does not
appear to increase. However the overall signal does increase in cells at 4 and 6 hours after
heat shock, this could be due to an increase in DHH1 in the cells, or could be due to
variations in the fluorescent signal picked up by the microscope. Further analysis by western

blot will be needed to confirm that this is an increase in protein levels.
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6.2.3 ZC3H11 response in BSF T. brucei

To investigate levels of ZC3H11 in T. brucei cells in the recovery period after heat shock, a
western blot was prepared using whole cell lysates. Cells were subjected to heat shock at 41
°C for 1 hour and samples were made every hour for 8 hours after return to normal culture

conditions with a final sample made at 24 hours.
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Figure 6.6 Western blot of ZC3H11 signal during heat shock recovery. (a) T. brucei cells expressing
eYFP-ZC3H11 cells were heat shocked at 41°C for 1 hour and whole cell lysate samples were prepared
at hourly timepoints, using 2 x 10° cells per sample. These were run by SDS-PAGE and transferred to a
PVDF membrane. a-GFP antibody was used as it binds to the YFP tag on the ZC3H11 protein, blots were
imaged using a chemidoc. The trace in (b) was made by normalising all ZC3H11 signals to their loading
control, and then normalising all to the before heat shock sample, so that a value of 1 is equal to the

control sample. Ladder labels are in kDa.
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The western blot of ZC3H11 shows a banding pattern with 4 separate bands (figure 6.6),
which represent different post translation modification states of ZC3H11 and possibly
degradation products. The expected size of eYFP-ZC3H11 is 65 kDa, there is a band at this
size, but also 2 smaller bands around 50 kDa and another at 45 kDa. The general trend of the
bands suggests and increase of protein and change in phosphorylation state after heat
shock, it is particularly odd that the sample before heat shock shows higher protein than 6,
7, 8 and 24 hours after heat shock. It is possible that the protein is actively degraded after

the heat shock response, but more repeats would be needed to confirm this.

6.3 Discussion

6.3.1 Summary of results

It appears that DHH1 in BSF T. brucei cells does re-localise into foci within the cell, possibly P-
bodies upon heat shock, and they remain for 6 hours after heat shock. In T. congolense this is
not seen, and the signal remains mainly cytoplasmic, although the protein may increase in
abundance. The IF images shown in these results are representative of the populations seen
on the slides, however in all experiments this will need to be quantified to truly draw
conclusions for results. This can be done by counting the number of foci cells contain across

a population of cells.

The westerns shown for quantifying DHH1 and ZC3H11 will have to be repeated in triplicate
to see if the same response is seen. While the banding pattern in ZC3H11 is similar to what
was seen by Droll et al., 2013, experiments should be performed to determine what isoform
each band is. Overall the results from the westerns shown are inconclusive, and further
repeats and experiments are needed. The results shown in this chapter are only preliminary,

but enough of a response is seen to start a discussion.
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6.3.2 Response of DHH1

The response of DHH1 during heat shock had previously been shown in PCF cells, it re-
localises into P-bodies which remain for 4 hours after heat shock. These granules are present
in non-stressed cells, but increase in number upon heat shock (Kramer et al., 2008). In BSF
cells, there are more foci containing DHH1 in none-stressed cells (figure 6.1), the number of
foci increases upon heat shock and this effect remains for at least 6 hours (figure 6.2), and
the level of protein also possibly increases during this time. This result was expected as while
a change in localisation can happen instantly after heat shock, it would take longer for an
increase in protein to take place. It is possible that pathways for increased DHH1 are
triggered upon heat shock, which take 4 hours to take effect. The accumulation of foci occurs
at the same time as the cell cycle arrest seen in chapter 4, which peaks at 4-5 hours after
heat shock in T. brucei cells. It makes sense that the accumulation of foci occurs at the same
time as a cell cycle arrest, as they are thought to be sites of mRNA storage and degradation

(Kramer et al., 2008).

In T. congolense, this effect is not seen, there are not distinct foci in non-stressed or heat
shocked cells, both show a cytoplasmic localisation. This shows that DHH1 protein behaves
differently in T. congolense cells, different proteins may be involved in P-bodies and the
stress response in these cells. It is likely that 41 °C is not the correct temperature to trigger
DHH1 re-localisation fully, whether this is because the temperature is too high, and cells are
unhealthy or too low, so the heat shock response is not fully induced. DHH1 re-localisation

will have to be investigated at different temperatures to determine this.
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6.3.3 Analysis of western blots

The western blot results, though flawed, indicate that at 3 hours after heat shock there is a
change in both DHH1 and ZC3H11. At this timepoint DHH1 has a band that may be a
degradation product, and ZC3H11 shows very different banding, which may also be a
degradation product, or a large change in phosphorylation state. This timepoint matches up
with the arrest at 4-5 hours seen in T. brucei, and it could be theorised that at 3 hours there
is an important checkpoint in the response that leads to the arrest at 4-5 hours. The amount
of DHH1 appears to reduce at 4 and 5 hours, which would agree with the idea that at 3 hours
it is being degraded, however after this it returns to high levels. ZC3H11 returns to the
normal banding pattern at 4 and 5 hours, and after that the amount of protein appears to

reduce.

More work is needed to confirm the responses of DHH1 and ZC3H11 and truly draw any
conclusions. Starting with ensuring no bands appear when probing cell lysates of the
parental cell lines 2T1 and TcoSM, and repeating experiments a minimum of 3 times, in
multiple clones, this could not be performed due to issues with western blots (see section
7.3.2). Phosphatase experiments should also be performed, as described in section 5.3.3, to
be able to determine what the different ZC3H11 bands represent, which will be useful to

draw a conclusion of how the protein is responding to the heat shock response.
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7 General discussion

7.1 Studying the heat shock response in BSF T. brucei and T. congolense

The heat shock response is an important virulence factor for trypanosomes, and it is
especially relevant for BSF parasites as the heat shock response is triggered to survive the
high temperatures the parasites are exposed to during the fever elicited by the mammalian
host immune system. Previous work showed that T. brucei cells trigger the heat shock
response when exposed to 41 °C for 1 hour, there is a lag in growth for 24 hours after heat
shock and a halt in protein production and formation of heat shock granules. The key
regulator of the response, ZC3H11 has been identified and a mechanism for its action in
stabilising mRNAs of proteins needed in the heat shock response was proposed (Singh et al.,
2014). Most of this work was done in PCF cells, so this work has begun to characterise this

response in clinically relevant BSF T. brucei and T. congolense cells.

Genetic tools for T. congolense have recently been developed (Awuah-Mensah et al., 2021),
making this the perfect time to study the biological processes of this species of trypanosome.
Much of the previous work has focussed on a broader scale, looking at the systems in T.
congolense cells, such as their metabolism (Steketee er al., 2021), genome (Jackson et al.,
2012b) and gene expression (Silvester et al., 2018) . Currently, no work has been published

investigating the heat shock response in T. congolense.

The aim of this work was to characterise the BSF T. congolense heat shock response, and also
the BSF T. brucei response, and to compare the two. This was done by placing cells in a water
bath at 41 °C and 42 °C for varying amount of time to simulate heat shock, and then
investigating growth and cell cycle arrest. Then cell lines expressing fluorescent DHH1 and
ZC3H11, key proteins involved in the heat shock response, were developed. These were used

to investigate the behaviour of these proteins during and after the heat shock response.
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7.2 Analysis of results

One major conclusion of the results in chapters 4 and 6 are that T. brucei and T. congolense
may display more differences in the heat shock response than expected. They show different
kinetics of growth after heat shock, and while T. brucei shows a clear arrest in G2/M, with
75% of cells in this life cycle stage at 4 hours after heat shock, which resolves fully by 24
hours, T. congolense shows a less defined arrest, which doesn’t appear to fully resolve. It
may be that T. congolense is unhealthy at 41 °C and 42 °C, shown by the large amount of
abnormal cell types (<G1 and >G2), even though the lag in growth is less severe. Overall,
more investigation is needed at lower temperatures to try and find a point where we can be

sure T. congolense is undergoing a successful heat shock response.

An issue with this data is that the strain used, IL3000, does not grow at 37 °C (Coustou et al.,
2010) which is the temperature used to culture T. brucei cells, and the ambient temperature
in the mammalian bloodstream. This could mean an adaption has arisen in this strain during
lab culture which caused a change to the heat shock response pathway. There are some

IL3000 lines able to grow at 37 °C, which should be investigated.

T. brucei and T. congolense cells were genetically modified to tag DHH1 and ZC3H11 proteins
with fluorescent tags, allowing western blots and fluorescent microscopy to be performed. In
T. brucei BSF cells, DHH1 re-localises into foci immediately after heat shock and these foci
remain for up to 6 hours. This corresponds with the arrest seen, and it is likely that the foci
represent sites of MRNA storage and degradation as the cell shuts down unnecessary

pathways, such as growth, which leads to a cell cycle arrest.

T. congolense did not show such a clear re-localisation of DHH1, which is most likely because
41 °Cis not the optimal temperature for these cells to trigger the heat shock response, there

was some increase in foci, which may represent a partial triggering of the response.
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This was the first time this arrest has been investigated. It has been previously theorised that
the heat shock response in T. brucei may be linked to cell cycle phase differentiation (Minia
et al., 2016). It is widely known that cells undergoing stumpy differentiation arrest in G1
(Reuner et al., 1997). Leishmania cells arrest in G1 when transitioning from the fly host to
the mammalian host (Wiesgigl and Clos, 2001), and it is known that heat shock is a trigger for
this differentiation. It could be theorised that heat shock is also linked to differentiation in T.
brucei . Though it is not the direct trigger, as it is known cells use a quorum sensing like
mechanism to trigger differentiation (Silvester et al., 2017), it may be an enhancer for this
process. The cell cycle arrest in G2/M shown in section 4 may be linked to differentiation

between cell cycle phases.

Another link between heat shock and cell differentiation is that ZC3H11 has been shown to
be upregulated in stumpy form cells (Silvester et al., 2018). While zinc finger proteins are
commonly linked to developmental events in T. brucei , ZC3H11 was the only zinc finger
protein of those investigated in this study to be upregulated in these cells, and it has
otherwise only been linked to the heat shock response. Interestingly, a different zinc finger
protein (TcIL3000_0_11070), which is not an orthologue of ZC3H11, was upregulated in T.
congolense cells, this protein is uncharacterised. This could suggest that ZC3H11 has
different functions in the 2 species, the results of this study cannot confirm or deny this, as

little analysis was able to perform with the T. congolense eYFP-ZC3H11 cell line.

7.3 Limitations

7.3.1 Unexpected differences between T. brucei and T. congolense
One limitation of this work which took some time to troubleshoot was unexpected
differences in T. congolense cells. A major difference that was found is that the standard

protocol for preparing T. brucei samples for flow cytometry could not be used for T.
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congolense, it led to a very small number of whole cells that could be stained with the PI
stain. Many protocols were tried, using Hoechst stain, PFA fixative instead of methanol and
testing out different lengths of fixation time. It was eventually found that fixing the cells in
70% methanol causes them to burst. They have to be fixed in 50% methanol to avoid cell

lysis, this was then increased to 70% after 1 hour to maintain the quality of the fixed sample.

Another difference is preparing whole cell lysate samples, as seen in figures 5.8 and 5.10, the
loading bands for T. congolense samples contains less protein than T. brucei . For all western
samples 2 x 10° cells were used. It is unlikely that T. congolense cells express much less H3
and EFla proteins as these are important housekeeping genes. It is more likely that some
cells are lost in the process of preparing samples, but it is not currently known at which stage
this occurs. It may be necessary to use more cells to prepare T. congolense whole cell lysate

samples.

T. congolense transfections also still need to be optimised. The concentration of G418 used
to grow transfected cell lines varies in the literature (Steketee et al., 2021;Awuah-Mensah et
al., 2021), and it was found in this work that switching using 0.4 ug/ml for the transfection
and clone selection and then 0. 2 pg/ml for maintaining clones worked. A similar method
may have to be used for hygromycin, it was found that transfections were successful, and
clones could be selected using 0.5 pg/ml, however clones grew very slowly in this
concentration of drug. Cells were grown in 0.025 ug/ml, however, even then they did not

appear to be growing at the normal rate, different concentrations still need to be tested.

7.3.2 Immunofluorescent tags
For immunofluorescence analysis, DHH1 was tagged with mStrawberry protein. A limitation
of using this fluorescent protein is that it bleaches very quickly, while images could be taken

of the protein using the Leica DM RXA2 microscope, the brightness of the fluorescence signal
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was not always consistent even when imaging cells from the same slides. This causes an
issue as it means the signal detected may not be consistent, and an increase or decrease
seen in different samples may actually be due to bleaching of the protein, and not represent
a change in DHH1 levels in the cells. It has been found that red fluorescent proteins with a
similar structure to mStrawberry bleach quickly (Drobizhev et al.,, 2022), so it may be
necessary to use a different fluorescent protein, such as eYFP or GFP, as these are more
stable. For all of the experiments looking into DHH1 localisation, results need to be
qguantified and repeated to be able to draw any conclusions, the work shown in this project is

just an early indication of the proteins response during heat shock.

7.3.2 Western blots

Western blots were used to detect the amount of protein present in cells. ZC3H11 is one of
the proteins investigated. As this protein is present in such low levels in cells, it had to be
detected using a highly sensitive ECL substrate, used to detect HRP conjugated antibodies.
While this substrate worked the first time it was used, problems were encountered later on.
When visualising westerns on the chemidoc system, the signal was far too strong and
detected every protein in the sample, and caused ghosting of the ZC3H11 bands, an example

is shown in figure 7.1.
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Figure 7.1 Western blot showing ghosting. Whole cell lysates were prepared and run on an SDS-
PAGE, then transferred via western blotting. a-GFP antibody was used to bind to the eYFP-ZC3H11
protein, and a femto kit ECL substrate was used for visualisation on a BioRad Chemidoc MP.
Ladder labels are in kDa
The western blot shown above had an exposure time of 1 second, dark bands for all proteins
appeared straight away, as well as a white band at the expected size of eYFP-ZC3H11 (64
kDa). To try to find the cause of this issue different antibodies and concentrations, blocking
times and detection systems were tested but this problem could not be resolved within the
timeframe of the project. This meant that no further investigations into the ZC3H11 protein,
such as repeating the time course after heat shock, and incubating with phosphatase, could

be performed.

7.4 Future work

There are many directions for future work after this project. The main thing that still needs
to be investigated is if T. congolense exhibits a clear cell cycle arrest and restart, with cells
accumulating in G2/M and then moving into G1, at lower temperatures. The experiments
should be repeated at 40 °C and possibly lower, to see if this can be achieved. It would also

be interesting to see whether PCF cells show this arrest, as most of the previous work on the
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heat shock response was done in these cells. The 113000 strain of T. congolense may have
adapted in the lab causing a change to its heat shock response, as it cannot be cultured at
the typical temperature of 37 °C. To look into what has caused this, the cell cycle of cells
grown at 37 °C could be analysed with flow cytometry, to see if there is a growth arrest

before the population crash.

When looking at the cell cycle arrest using flow cytometry, one problem is the data is the
fact that cells that were alive at the time of fixation cannot be differentiated from dead cells.
A live dead stain could be used in to separate the cell cycles of just the live cells in the
sample, this could show whether the arrest is a sign of healthy cells that will survive after

heat shock, if it is only seen in live cells, or if it is linked to cell death.

When looking at the cells in an arrested state using IF, many cells were in either the 1N2K2F
and 1N2K2F stages of the cell cycle. It is known that cells arrest in G2/M but more clarity
could be provided through further experiments. One example is using an antibody that
distinguishes nuclei undergoing mitosis, such as the a-H3Me; antibody used b Benz et al.,
2017. This could further show what is occurring in these arrested cells, and at what point
they are unable to continue moving through their cell cycle. It is unknown if this arrest is
caused by damage to the cells or is a defensive mechanism that allows them to survive heat
shock. Arrested cells may either die off as they are unable to repair the cell damage, or they

may be the population that survives heat shock.

In general , this work has shown that looking into the hours after heat shock is important, as
the cells will have delayed effects from triggering the heat shock response. Due to the nature
of trypanosome gene regulation, with post transcriptional modifications being the dominant
mechanism for altering protein levels in response to stress, it will take some time for changes
in protein level to take place. Further work into the heat shock response should look into

later timepoints, especially at 4 hours after heat shock at 41 °Cin T. brucei and timepoints
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around it, looking into cells just before arrest may highlight pathways needed for cells to

survive, that are crucial to the heat shock response.

7.5 Conclusions

Overall, this work is some of the first looking into specific pathways in T. congolense. Some of
the kinetics of the heat shock response were shown and an unexpected difference between
T. brucei and T. congolense was found. More T. congolense cells die when exposed to heat

shock at 41 °C and 42 °C, however there is less of a lag of growth in the period afterwards.

An arrest in G2/M was also shown in response to heat shock was also shown in both T.
brucei and T. congolense, this has previously not been investigated. This arrest is important
as it supports the idea that the heat shock response may be linked to differentiation of cells,
with the ambient temperature of the host being a trigger that cells detect which is part of
initiating differentiation. This system is seen in Leishmania, and it is possible that this arrest

is part of preparing for differentiation of cells.

Two proteins were successfully tagged in both species, and DHH1 shows a clear re-
localisation in T. brucei cells after a heat shock of 41 °C, but not T. congolense, which further
suggests that the heat shock response is not being triggered. While lots of work could not be
performed due to time constraints, there are many directions to go in from here. Constructs
were made that need to be transfected into cells and proteins investigated, and different

temperatures and timepoints can still be investigated.

This work represents a success in T. congolense culture and genetic manipulation in this lab.
This was the first time in the lab that T. congolense was analysed using flow cytometry and
western blot, and the first successful transfection of this cell line. Many techniques were

tested and optimised, which will pave the way for more work moving forward.
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10 Appendix

Appendix 1. Table of all primers for 5’ tagging

Prim | Sequence Orientat | Target Target Anneal | Prod Enzym
er ion protein ID ing uct es
nam temp size
e (°c) (bp)
MA1 | ACATTATCTAGAGTAACCGAT F Tb927.10.399 | DHH1 49 532 Xbal
GATGATTGGAGG 0 ORF (T.
MA2 | CGTATTGGATCCGCGGCCGCC R brucei) BamH
CTTTACTAGCGAGATCCAC |
Notl
MA3 | ACATTATCTAGAGCGGCCGCG F Tb927.10.399 | DHH15' | 45 314 Xbal
TCTACTATAAGAAGGGAAGAA 0 (T.
MA4 | CGTATTGGATCCCGTATTCGTT R brucei) BamH
GCTGTTGTTAG |
Notl
MAS | ACATTATCTAGAGTCACTGAAG F TclL3000_10_ | DHH1 45 532 Xbal
ATGACTGGAA 3320 ORF (T.
MA6 | CGTATTGGATCCGCGGCCGCCC R congole BamH
TTTACTAGCAAGATCCAC nse) |
Notl
MA7 | ACATTATCTAGAGCGGCCGCTG F TclL3000_10_ | DHH15' | 46 532 Xbal
TTTCTATTATTGTATGAAATCAT 3320 (T.
CGA congole
MA8 | CGTATTGGATCCAGTAGTCGTC R nse) BamH
GGTATTGTTG |
Notl
MA9 | ACATTATCTAGAAGCACTGCAA F Tb927.5.810 ZC3H11 54 532 Xbal
CATCTGCAC ORF (T.
MA1 | CGTATTCTCGAGGCGGCCGCAC R brucei) Xhol
0 ACGTTGCATCGGACGACA Notl
MA1 | ACATTATCTAGAGCGGCCGCAA F Tb927.5.810 ZC3H11 46 355 Xbal
1 TAAAGCGGACTCGAAAAGAA 5'(T.
MA1 | CGTATTCTCGAGTTTCAAAACAC R brucei) Xhol
2 GTGAATAAACTC Notl
MA1 | ACATTATCTAGACCCGCAGCACT F TclL3000_0_3 | ZC3H11 54 532 Xbal
3 ATCCAAG 7550 ORF (T.
MA1 | CGTATTGGATCCGCGGCCGCGCT | R congole BamH
4 CGCTCGCAGATCCCT nse) |
Notl
MA1 | ACATTATCTAGAGCGGCCGCAAG | F TclL3000_0_3 | ZC3H11 48 494 Xbal
5 GTTGTTTTTCTTCTCTGTTC 7550 5'(T.
MA1 | CGTATTGGATCCCCTCCAATGTT R congole BamH
6 GAGTATCTTGT nse) |
Notl
MA1 | ACATTATCTAGAGGTGTTCCAAA F Th927.7.4900 | XRNA 46 532 Xbal
7 ATTCTTTCG ORF (T.
MA1 | CGTATTGGATCCGCGGCCGCATA | R brucei) BamH
8 ACGCTACAGTTTTGCCA |
Notl
MA1 | ACATTATCTAGAGCGGCCGCAAA | F Tb927.7.4900 | XRNAS5' | 45 532 Xbal
9 TACAAAGGAAAAAAAAGAAGTT (T.
G brucei)
MA2 | CGTATTGGATCCGTCTACACGTA R BamH
0 TATATAAACTGTTTCG |
Notl
MA2 | ACATTATCTAGAGGGGTTCCAAA | F TclL3000_7_4 | XRNA 51 532 Xbal
1 GTTTTTCCG 080 ORF (T.
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MA2 | CGTATTCTCGAGGCGGCCGCTA R congole Xhol
2 CACAACTTTGCAACTTTGCC nse) Notl
MA2 | ACATTATCTAGAGCGGCCGCGA F TcIL3000_7_4 | XRNA5' 50 532 Xbal
3 GGTGAGAGGTCAGACACG 080 (T.
MA2 | CGTATTCTCGAGGATTTTGGCTC R congole Xhol
4 GATACCGTT nse) Notl
*All reactions performed with GoTaq enzyme
Appendix 2. Table of all primers for 3’ tagging
Prim | Sequence Orientati | Target Target Anneali | Produ | Enzym
er on protein ID ng temp | ctsize | es
nam (°C) (bp)
e
MA2 ACATTAAAGCTTGCGGCCGC | F Th927.2.5980 | HSP100 54 532 Avrll
5 GGAC ORF (T. Notl
GGTGGACTTCAGCAAC brucei)
MA2 CGTATTCCTAGGTTCCCATTC | R HindIll
6 GTC
ACTGGTAAGC
MA2 ACATTAAAGCTTAGGCGCTG | F Th927.2.5980 | HSP100 49 532 Avrll
7 GACA 3'(T. Notl
AACAGAAA brucei)
MA2 CGTATTCCTAGGGCGGCCGC | R HindIll
8 GA
ACGACAAAGAATCTTGGAC
MA2 ACATTAGCGGCCGCACACGC | F TclL3000_2_1 | HSP100 57 532 Avrll
9 ATGG 630 ORF (T. Notl
GCGCA congolen
MA3 CGTATTCCTAGGAGAATTCA R se) HindIll
0 CAG
CAGCGCGCT
MA3 ACATTAAAGCTTTTGGTACG F TclL3000_2_1 | HSP100 47 532 Avrll
1 GTG 630 3'(T. Notl
GAGC congolen
MA3 CGTATTCCTAGGGCGGCCGC | R se) Hindlll
2 CAA
TAAAGCGCTCCCTTAAA
MA3 ACATTAAAGCTTGCGGCCGC | F Tb927.9.9290 | PABP1 57 532 Avrll
3 TGCA ORF (T. Notl
CCATATGCATCCTCCTCC brucei)
MA3 CGTATTCCTAGGAGCGCTTG R HindIll
4 AGG
CGTGTACCT
MA3 ACATTAAAGCTTAGTTGATT F Tb927.9.9290 | PABP1 3' 46 532 Avrll
5 TTGT (T. Notl
GAGTGAAAGT brucei)
MA3 CGTATTCCTAGGGCGGCCGC | R HindIll
6 ACA
AGTAGGATACTTCACGA
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MA3 | ACATTAAAGCTTGCGGCCGC TclL3000_9_3 | PABP1 52 532 Avrll
7 CCAT 370 ORF (T. Notl
GCTGAGGTTACAGCTG congolen
MA3 | CGTATTCCTAGGAGAATTTG se) Hindlll
8 AGGC
GTGCACTT
MA3 | ACATTAAAGCTTGGCATATA TclL3000_9_3 | PABP13' | 47 532 Avrll
9 GTTT 370 (T. Notl
ACTGAAGGTG congolen
MA4 | CGTATTCCTAGGGCGGCCGC se) Hindlll
0 CAA
ATTACAGAACATGCATGTG
MA4 | ACATTAAAGCTTGCGGCCGC Tb927.9.1077 | PABP2 53 532 Avrll
1 CTAT 0 ORF (T. Notl
GGGTGGCCTGATGGGT brucei)
MA4 | CGTATTCCTAGGCATGCCAA Hindlll
2 TGTG
ACGGTTGA
MA4 | ACATTAAAGCTTGATCAGCA Tb927.9.1077 | PABP23"' | 49 532 Avrll
3 TCACT 0 (T. Notl
GCAGCG brucei)
MA4 | CGTATTCCTAGGGCGGCCGC HindIll
4 CATTT
CCTTTTCACATTGTCACC
MA4 | ACATTAAAGCTTGCGGCCGC TclL3000_9_4 | PABP2 55 532 Avrll
5 GTGG 350 ORF (T. Notl
CCTCATGAGTGGGAT congolen
MA4 | CGTATTCCTAGGCGCGCGTA se) Hindlll
6 GGTG
GTTGTTG
MA4 | ACATTAAAGCTTACCAGCCT TclL3000_9_4 | PABP23' | 50 532 Avrll
7 ACAAC 350 (T. Notl
GCGA congolen
MA4 | CGTATTCCTAGGGCGGCCGC se) Hindlll
8 CcccTt
TGAAATGTACTTGCATCA

*All reactions performed with GoTaq enzyme
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Appendix 3. Primers for PCRs to determine genomic location of insert

Prime

Name

Sequence

Orientatio
n

Gene

Target

Annealin
g temp
(°C)

Produc
t size

(bp)

MA49

ACATTATCGCACACCTCTGTTTATAG

MAS50

CGTATTGTCTTGTAGCGCTCCG

MA51

CGTATTCGGACGAGTGCTGGG

ZC3H11 (T,
brucei)

Directly
upstrea
m of
gene

WT
(ORF)

49

512

GM (Hyg
cassette)

49

1,323

MA53

ACATTAGCGGGCACACATACATAACT

MA54

CGTATTTGCAGGGCCACAGGAATG

MA55

CGTATTGCTGCGAATCGGGAGCG

DHH1 (T.
brucei)

Directly
upstrea
m of
gene

WT
(ORF)

52

625

GM
(G418
cassette)

52

1,370

MA56

ACATTATCCTGGAGTTGGTACCTGCC

MA57

CGTATTGCAATGTTCATCTCCGCAGT

MA58

CGTATTCGGACGAGTGCTGGG

ZC3H11 (T.
congolense

)

Directly
upstrea
m of
gene

WT
(ORF)

52

783

GM (Hyg
cassette)

52

1,634

MA59

ACATTACCCAGGTATGTGGGGAAGTA
G

MA60

CGTATTGCGTTCAGACCCTTCTTCCA

MA62

CGTATTGCTGCGAATCGGGAGCG

DHH1
(T.
congolense

)

Directly
upstrea
m of
gene

WT
(ORF)

54

1,149

GM
(G418
cassette)

54

2,056

*All reactions performed with OneTaq enzyme
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