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1. Abstract 
African trypanosomes, the causative agents of sleeping sickness (Trypanosoma brucei) 

and nagana (Trypanosoma congolense), experience host-derived increases in 

temperature, due to the prominent mammalian symptom of fever during infection. In 

response, these parasites activate a heat shock (HS) response that promotes survival 

under elevated temperatures. This work aimed to characterise the HS response in T. 

brucei, with preliminary comparative analysis in T. congolense.  

The results show that T. brucei immediately responds to a 1 hour 41 °C HS with a lag in 

cell growth lasEng around 24 hours, influenced by a HS-induced reversible cell cycle 

arrest observed as an enrichment of G2M cells, which was resolved following around 

8 hours of recovery. Immediately aLer HS in T. brucei an increase in DHH1 foci occurred, 

interpreted as the formaEon of P-bodies, alongside the collapse in polysomes. The 

collapse in polysomes reflects the state of global translaEonal arrest, through the 

decrease in acEve translaEonal machinery via a decrease in polysomes and an increase 

in ribosomal subunits. Polysome collapse in T. brucei post-HS was viewed as being more 

severe in procyclic form cells than bloodstream form cells, potenEally indicaEng 

differences in thermotolerance across the cell cycle. Polysome analysis in T. congolense 

also found a decrease in polysomes post-HS, also presenEng an increase in ribosomal 

instability as observed in T. brucei, indicaEng a level of conservaEon in the two species’ 

HS response. 

Understanding the HS response in trypanosomes is crucial for uncovering parasite 

survival strategies under host-induced stress and may highlight unique regulatory 

pathways absent in mammalian hosts. These insights offer potential avenues for 

future targeted therapeutic development; potential common targets in T. brucei and 

T. congolense are of interest due to their ability to co-infect the same hosts and their 

exposure to similar selective pressures. 
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2. Introduc8on  

2.1 Trypanosoma and disease  

Trypanosoma brucei ssp. are obligate extracellular parasiEc eukaryotes transmi`ed by 

sub-Saharan African tsetse flies, causing human African trypanosomiasis (HAT) (RodiE 

and Lehane, 2008; Daniels et al., 2010). This disease is also known as ‘sleeping 

sickness,’ due to its disEncEve symptoms of affected sleep pa`erns, caused by 

disturbed circadian rhythms through inflammatory responses in hypothalamic 

structures within the brain (Lundkvist et al., 2004). Further implicaEons of HAT include 

hypersensiEvity reacEons, cardiac arrhythmias, and liver portal infiltraEon (Dunn, 

Wang and Adigun, 2018).  

HAT has two disEnct stages of disease: iniEally the haemolymphaEc stage, in which 

trypanosomes circulate in the blood or lymphaEcs. It is characterised by symptoms 

including intermi`ent headaches, fevers, malaise, and arthralgia (Ibrahim et al., 2022). 

The second stage is the meningoencephaliEc stage, in which the trypanosomes 

penetrate the blood-brain barrier and infect the central nervous system (CNS), causing 

the characterisEc neurological symptoms of the disease (World Health OrganisaEon, 

2023).  

The incidence of HAT peaked in both 1997 and 1998 with records of over 35,000 cases 

(Franco et al., 2022). Improved preventaEve measures via vector control, for example 

the use of insecEcides in tsetse traps, have decreased the number of HAT cases 

(Bauer et al., 2011). Alongside the improvement in detecEon methods, the use of more 

sensiEve and faster anEgen-based tests as well as improved therapeuEc agents have 

reduced the burden of the disease (Geerts et al., 2020). Despite progress, surveys in 

2008 esEmated the annual burden of HAT to be at 70,000 cases, whilst exceeding a 

million disability-adjusted life years lost (Fèvre et al., 2008). A reducEon in cases has 

been observed, notably in 2020 there were 663 cases recorded, but issues of records 

on the field may not account for all paEents affected (Franco et al., 2022). 

Following the decline in cases, there has been a shiL in concern to the disease in 

animals known as animal African trypanosomiasis (AAT) and is also referred to as 
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‘Nagana.’ AAT is a significant concern due to its direct impact upon around 70% of rural 

poor people in Sub-Saharan Africa that are reliant upon livestock, with around 200 

million livestock owners in the region. Infected ca`le decrease in value (Erdaw, 2023):  

the disease results in fever, muscular wasEng, anaemia, and oedema, reducing milk 

producEon and meat yields (Love and Mair, 2012). This has a profound economic effect 

upon African agriculture, with annual losses of US $4.75 billion, through the death of 

3 million ca`le implicaEng gross domesEc producEon, for example due to the loss of 

animal power for tracEon (Food and Agriculture OrganizaEon and World Health 

OrganisaEon, 2001). 

Further to the discussed microenvironments of the blood, lymph and CNS that cause 

the characterisEc symptoms of trypanosomiasis, trypanosomes also inhabit 

extravascular Essues including skin and adipose Essues (Trindade et al., 2016). This has 

been shown in in vivo mouse infecEons, finding that 28 days post infecEon 6 depots of 

fat were found to contain more trypanosomes than in the blood, brain and all other 

tested organs combined (Trindade et al., 2016). These alternaEve parasite host niches 

are important as nearly all exisEng treatments and diagnosEcs of trypanosomiasis use 

the assumpEon that the parasites are within the bloodstream; therefore, in some cases 

some paEents may be treated incorrectly or misdiagnosed.  

 

2.2 Trypanosome Biology 

2.2.1 Species of African Trypanosoma 

The main species of African trypanosomes are Trypanosoma brucei, Trypanosoma 

congolense and Trypanosoma vivax (visualised in Figure 2.1), as the three main species 

contribuEng to HAT and AAT in Sub-Saharan Africa as vector-borne parasites (Katabazi 

et al., 2016). The most detected sub-species in HAT cases is T. brucei gambiense, found 

in 98% of paEents (Vourchakbé et al., 2020), with the remainder of paEents infected 

with T. brucei rhodesiense, the only other human-infecEve sub-species. T. vivax is the 

most prevalent trypanosome species found infecEng African ca`le (Ooi et al., 2016). 

However, T. vivax is a trypanosome that is also found outside of Sub-Saharan Africa, in 
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Central and South America and the Caribbean, where other biEng flies transmit the 

parasite mechanically (Boes and Durhan, 2017). 

 

 

 

 

 

 

 

 

Figure 2.1: Schema5c highligh5ng the morphological differences between the species of 

Trypanosoma. Such differences may be exploited for species iden7fica7on, however with 

biological variability PCR techniques are used for accuracy (Kizza et al., 2021). (Figure extracted 

from Kizza et al., 2021). 

T. congolense and T. vivax are the major causaEve agents of Nagana and are unable to 

infect humans (Gardiner and Mahmoud Musa Mahmoud, 1992; Pereira et al., 2022). 

Co-infecEons occur where the host may be infected by mulEple species at one Eme, 

this is highlighted by Paguem et al (2019) in finding 11.4% of infected ca`le to have 

mixed infecEons. Co-infecEons of both T. brucei spp. and T. vivax were most common 

at around 70%; 0.68% of animals were found to be infected with all three species 

(Paguem et al., 2019). The prevalence of the African trypanosome species is locaEon-

dependent, T. vivax is predominantly in the East, T. congolense in the West and T. brucei 

spp. is more sporadic across Sub-Saharan Africa, thus making co-infecEons with T. 

brucei more common (Katabazi et al., 2021). 

The different trypanosome species causing HAT and AAT affects the disease 

epidemiology, severity, and management; therefore, efficient detecEon is vital (Adams, 
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Hamilton and Gibson, 2010). The species are disEnguished using their differing genes 

encoding a small ribosomal subunit for detecEon in PCR (Desquesnes and Dávila, 

2002). However, in Sub-Saharan Africa diagnosEc tesEng is limited, parEcularly as PCR 

detecEon requires specialist equipment and is more expensive than the treatment 

costs (Gummery et al., 2020).  

 

2.2.2 African Trypanosome Life Cycle 

Trypanosomes have a complex lifecycle that occurs in two phases of within the tsetse 

fly (Glossina) vector and within the mammalian host bloodstream, this lifecycle for T. 

brucei is shown in Figure 2.2; this complete cycle occurs over three weeks (Centers for 

Disease Control and PrevenEon, 2019). Within the mammalian host T. brucei 

bloodstream form parasites iniEally have a slender morphology and undergo binary 

fission, before reaching a density threshold to produce an oligopepEde stumpy 

inducEon factor (SIF) (Rojas et al., 2019). SIF is used in cell-to-cell communicaEon via 

quorum sensing, inducing the differenEaEon into stumpy form trypanosomes, 

required for the chronic stage of disease for subsequent transmission (Rojas et al., 

2019). 
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Figure 2.2: Schema5c of the extracellular biphasic lifecycle in Trypanosoma brucei 

gambiense and Trypanosoma brucei rhodesiense. The life cycle involves an infected tsetse fly 

injec7ng metacyclic trypomas7gotes into a mammalian host, enabling entrance into the 

lympha7c system and bloodstream. In which, these parasites differen7ate into bloodstream 

form trypomas7gotes, which replicate via binary fission and penetrate further within the host. 

Within the bloodstream, to maintain infec7vity in the host, the trypanosomes differen7ate 

from prolifera7ve slender forms into non-prolifera7ve stumpy forms (Larcombe et al., 2023). 

A tsetse fly becomes infected upon inges7on of these bloodstream form trypanosomes in the 

uptake of blood from an infected host. Within the tsetse fly midgut, the trypomas7gotes 

differen7ate into procyclic trypomas7gotes, that migrate to the fly salivary gland and undergo 

replica7on via binary fission, enabling con7nued transmission (Centers for Disease Control and 

Preven7on, 2019). (Figure extracted from Centers for Disease Control and Preven7on, 2019). 

To complete the digeneEc cycle, trypanosomes have adaptaEons that enable 

conEnued metabolism across different hosts. Transcriptomic data demonstrated that 

iniEal expression is of high affinity hexose transporters and glycolyEc enzymes that 

support glycolysis in the glucose-rich mammalian bloodstream (Naguleswaran et al., 
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2021). A shiL in mitochondrial acEvity occurs alongside the differenEaEon of slender 

to stumpy cells, with increased mitochondrial acEvity seen in stumpy form cells in 

preparaEon for the environment of the tsetse fly midgut (Dewar et al., 2018). Gene 

expression switches to facilitate proline uptake and catabolism within the midgut of 

the tsetse fly, thus enabling conEnued survival in changed extracellular environments 

of the host and vector (Naguleswaran et al., 2021).  

The life cycle for T. congolense differs to that of T. brucei within the vector, as T. 

congolense undergoes an asymmetric division stage that facilitates the differenEaEon 

of proventricular trypomasEgotes into epimasEgotes (Peacock et al., 2012). 

Furthermore T. congolense is iniEally established in the fly midgut with differenEaEon 

of the parasites into PCF before their migraEon to the anterior of the fly and invasion 

of the mouthparts or proboscis in their metacyclic form (Peacock et al., 2012). The 

insect-form T. congolense parasites do not colonise the salivary glands for transmission 

as observed within the T. brucei life cycle (Peacock et al., 2012). In contrast to T. brucei, 

T. congolense does not have a morphologically disEnct stage of parasites in stumpy 

form; instead, they transiEon into cell cycle arrest at peak parasite burden within the 

mammalian host to control growth (Silvester, Ivens and Ma`hews, 2018). Bloodstream 

T. congolense adjust their transcriptome at higher densiEes, decreasing the expression 

of genes involved in the cell cycle, whilst genes associated with stress responses and 

immune evasion are upregulated; therefore T. congolense do not have a stumpy 

morphology but their transcriptome is modified to be stumpy-like (Silvester, Ivens and 

Ma`hews, 2018).  
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Trypanosomes complete a life cycle that enables the parasites to sustain proliferaEve 

and differenEaEon stages, to infect both the insect vector and mammalian host 

(Wheeler, Gull and Sunter, 2019). The cell cycle enables the duplicaEon of the nucleus, 

kinetoplast and cytoskeletal structures through the progression from quiescence to 

mitosis, summarised in Figure 2.3 (Benz et al., 2017). However, within the literature 

there is disagreement that quiescence is not a disEnct form due to its associaEon with 

stumpy form differenEaEon, potenEally acEng as a transiEonal state before cells re-

enter the cell cycle for proliferaEon within a suitable environment (Reuter et al., 2023). 

Within the cell cycle the flagellum duplicates to form a new flagellum, which assembles 

alongside the old from the pro-basal body acquiring a transiEon zone or axoneme prior 

to cytokinesis (Vaughan and Gull, 2015).  

Figure 2.3: A summary of events that occur within the cell cycles of T. brucei and T. 

congolense. The 1 and 2 for the nucleus count highlights uninucleate and binucleate cells 
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respec7vely. The 1 and 2 for the kinetoplast count highlights monogenomic and bikinetoplas7c 

cells respec7vely. These nuclear and kinetoplast counts are visually shown in the diagram along 

with flagellar changes that occur in the Trypanosoma cell cycle (Adapted and extracted from 

Benz et al., 2017).  

 

2.2.2.1 African trypanosome survival of the mammalian host immune 
response 
Virulence refers to the degree of harm or damage a pathogen causes to its host; is a 

measure of severity of disease caused by the pathogen (Sharma et al., 2016). The 

degree of virulence has evoluEonary significance in maximising 'parasite fitness' and 

survival for selecEon (Bose, Kloesener and Schulte, 2016). Virulence factors enable 

conEnued pathogen survival and subsequent harm to the infected host, oLen 

overcoming the host’s defences (Sharma et al., 2016). 

 

Variant surface glycoproteins (VSGs), compose a dense coat to the outer surface of 

Trypanosoma spp. BSF parasites, which subsequently “shields” or limits access of host 

immune cells to other invariant surface proteins (Mugnier, Stebbins and Papavasiliou, 

2016). An example of a virulence factor is anEgenic variaEon through VSG switching; 

this changes the surface molecules enabling acEve evasion from the immune system 

of the mammalian host (Mugnier, Stebbins and Papavasiliou, 2016). The immune 

system generates a specific response via polyclonal B cell acEvaEon iniEally resulEng 

in the producEon of IgM anEbodies against the VSG to support parasite eliminaEon 

(Donelson, 1998). Therefore, following change in VSG, the anEbodies are no longer 

able to bind, resulEng in increased parasite burden (Figure 2.4) (Oldenburg, 2021).  

VSG switching provides trypanosomes protecEon against the host immune system 

a`ack, as specific anEgen-anEbody binding is required to support parasite eliminaEon. 

For example, by marking the parasite for phagocytosis or acEvaEng the classical 

complement pathway for subsequent parasite lysis (Forthal, 2014). Therefore, with an 

absence of anEbodies with specificity to a changed VSG coat, subsequent downstream 

immune system acEviEes are unable to be promoted, supporEng parasite survival.  
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VSG switching occurs through various mechanisms including gene conversion or 

telomere exchange between polycistronic transcripEon units, a transcripEonal switch 

in which a new expression site is expressed and gene conversion acEvaEng a silent VSG 

gene via in situ recombinaEon events (Li and Zhao, 2021).  

 

 

 

 

 

 

 

 

 

 

 
 
Figure 2.4: Graphical representa5on of the effect of VSG switching upon the immune 

response resul5ng in waves of parasitaemia. The figure demonstrates in ini7al infec7on the 

increase in parasite burden or parasitaemia with parasites with VSG1, once at the peak of 

parasitaemia the host immune system responds specifically subsequently decreasing 

parasitaemia. The parasite completes VSG switching to express VSG2, causing an increase in 

parasitaemia in the absence of specific immunity. This con7nues un7l peak parasitaemia at 

which the immune system specifically responds with an7-VSG2 an7bodies, decreasing 

parasitaemia before repeated events with further VSG switching and resul7ng waves of 

parasitaemia (Magez et al., 2002). (Figure extracted from Oldenburg, 2021). 

 
 VSG also limits the impact of the mammalian immune response via the removal of 

bound anE-VSG anEbodies. This occurs through movement via hydrodynamic forces 

to the flagellar pocket for endocytosis and degradaEon of the anEbodies (Mugnier, 

Stebbins and Papavasiliou, 2016).  

 

Late infecEons of T. brucei subspecies cause severe neurological symptoms to the host, 

which occur due to the penetraEon of parasites across the blood brain barrier (W. 

Masocha et al., 2008). This movement across the cerebral vessels is facilitated by 
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lymphocyte-derived interferon-gamma (Masocha et al., 2004). Trypanosomes within 

the CNS results in increased pathology and provides the parasites with protecEon from 

the host’s immunological response. This is because the CNS vessels provide a barrier 

to inflammatory cell infiltraEon through a structure composed of endothelial cells, 

astrocytes and basement membranes (Masocha et al., 2004). However, this also has 

the capacity to limit parasite survival as increased pathology is associated with 

increased mortality of the required mammalian host. 

 

These abiliEes of the parasites to survive the defence of the immune system increases 

the difficulty for a paEent to eliminate the infecEon; therefore, drug treatments for 

trypanosomiasis are essenEal. This is emphasised by VSG switching prevenEng vaccine 

development, as there is no constant anEgen present for vaccines to specifically 

target.  

 

2.2.3 Trypanosome Genome Structure and Protein Expression 

2.2.3.1 Trypanosome Genome Structure  

Trypanosoma and Leishmania are kinetoplasEds, which are protozoan flagellates 

characterised by DNA localising to both the nucleus, and unlike other eukaryotes, 

mitochondrial DNA is localised to a discrete body (kDNA, or the ‘kinetoplast’) (Stuart 

et al., 2008). The genome of T. brucei is composed of approximately 9068 predicted 

genes that are organised as 11 megabase chromosomes, compacted to fit within the 

2.5 µm diameter of the nucleus (Berriman, 2005; Daniels, Gull and Wickstead, 2010). 

Most eukaryotes use a monocistronic transcripEon system, with each gene having a 

specific promoter enabling the producEon of its own mRNA (Cortazzo da Silva, Aoki 

and Floeter Winter, 2022). However, kinetoplasEd parasites lack specific promoters for 

each gene; therefore, RNA polymerase II binds to few iniEaEon sites. This generates 

long clusters of precursor messenger mRNA (pre-mRNA), which are described as a 

polycistronic transcripEon units (PTUs), and these contain up to 100 kb of funcEonally 

unrelated genes (KieL et al., 2024) (shown in Figure 2.5). The PTUs in T. brucei are 

arranged in head-to-tail fashion with around 8,131 protein-coding open reading frames 
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(ORFs) (Subramaniam et al., 2006; Daniels, Gull and Wickstead, 2010). Due to the 

sequence of conEnuous ORFs, trypanosomes lack introns (non-coding genes), with 

0.00022 introns per gene compared to 10.37 introns per gene in humans; convenEonal 

intron splicing is not required in trypanosomes (Sakharkar, Chow and Kangueane, 

2004; Kramer et al., 2016). The PTUs are further arranged via histones, which support 

the regulaEon of transcripEon iniEaEon and terminaEon via altering the chromaEn 

structure to being more open or compacted and influencing the access of effector 

proteins (Saha, 2020; Gauri Deák et al., 2023). 

Figure 2.5: Schema5c of polycistronic gene expression in trypanosomes. Trypanosome post-

transcrip7onal mRNA modifica7ons are completed following polycistronic RNA synthesis; 

including trans-splicing of the spliced leader RNA, polyadenyla7on, and internal splicing (Kie^ 

et al., 2024). The blue numbered arrows represent large clusters of unrelated genes as 

polycistronic transcrip7on units (PTUs), which are transcribed by RNA pol II from the 

transcrip7onal start sites. This results in individual monocistronic mRNAs that have the 

addi7on of the capped splice leader (SL) via trans-splicing coupled with polyadenyla7on. 

Mature mRNAs are then exported to the cytoplasm for alterna7ve RNA processing or internal 

trans-splicing and polyadenyla7on occurs (Teixeira et al.,2018). (Figure extracted from Teixeira 

et al.,2018). 
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In T. brucei the PTUs of different stabiliEes and lengths are located at different 

chromosomal regions. ‘Core’ chromosomal regions contain long and stable PTUs; are 

the site of conserved housekeeping genes (Müller et al., 2018). Whilst subtelomeric 

regions contain shorter and fragmented PTUs with frequent strand switches, these are 

enriched to support the rapidly evolving gene families, for example those required for 

VSG switching (Müller et al., 2018).  

Ribosomes translate a single coding sequence per mRNA, and as a result trypanosomes 

require processing to separate unrelated genes within a PTU (shown in Figure 2.5). RNA 

processing is completed via trans-splicing, in which an idenEcal 39 nucleoEde 5’ spliced 

leader (SL) cap sequence is added to the 5’ end of ‘cut’ mRNAs from the PTUs (Liang et 

al., 2003). This SL sequence is encoded by a separate spliced leader gene; its presence 

is vital for the stability and translaEon of the mRNA. PolyadenylaEon is the 3’ addiEon 

of a polyA tail and is co-ordinated to occur one transcript downstream of SL addiEon 

(Koch et al., 2016). Like trans-splicing, polyadenylaEon influences the stability and 

translaEon iniEaEon of the mRNA; together this processing results in the producEon 

of individual, mature, capped and polyadenylated mRNAs for transcripEon. AlternaEve 

splicing may occur in trypanosomes as around 11% of protein-coding transcripts 

present a unique 3’ single SL site (Kolev., 2010). AlternaEve polyadenylaEon may also 

occur in trypanosomes, through recogniEon of different polyA sites at the 3’ end, 

resulEng in altered 3’ untranslated region (UTR) lengths, which can influence stability 

and translaEon (Koch et al., 2016). The polycistronic genome prevents regulaEon at 

transcripEon iniEaEon, meaning post-transcripEon provides an essenEal level of 

control (2.2.4.2) (KieL et al., 2024). 

 

2.2.3.2 Trypanosome Post-transcripDonal control 

Control of gene expression is determined through the fate of mRNA, which is reliant 

upon their associated RNA-binding proteins (RBPs) that can alter mRNA abundance 

and translaEon (Sabale`e et al., 2023). This is completed by ApaH-like phosphatase 1 

(ALPH1), which binds to the coding regions of mRNA, and as a phosphatase is 

hypothesised to remove phosphate groups from the 5’ of mRNA to prepare for its 
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degradaEon by XRNA, their co-localisaEon at the cellular posterior indicates their 

connecEon (Kramer, 2017). The acEvity of ALPH1 is essenEal as its RNAi depleEon is 

lethal to trypanosome cells, due to an increase in deadenylated mRNAs that have not 

yet started decay (Kramer, 2017). Other RBPs can have the opposite effect in stabilising 

RNAs or enhancing translaEon, for example DRBD18, which forms essenEal 

interacEons with DRBD2 in bloodstream form, and ZC3H41 in procyclic form T. brucei, 

shown in its depleEon resulEng in the decreased translaEonal efficiency in around 40% 

of transcripts analysed in ribosome profiling (Clayton, 2013; Ciganda et al., 2023). 

The importance of RBPs for translaEon regulaEon is demonstrated in the trypanosome 

life cycle, for example ZFP1 and ZFP2 (Hendriks et al., 2001). ZFP1 has a significant role 

in expression of EP procyclin within procyclic forms of T. brucei; knockdown of ZFP2 

reduced the EP procyclin expression and as a result inhibited differenEaEon of cells 

into PCF (Kolev, Ullu and Tschudi, 2014). The precise mRNA targets of ZFP1 are not yet 

established, but for ZFP2 it is understood that for its acEvity it binds to proline-rich 

regions in other proteins (Hendriks, 2001). ZFP2 RNAi knockdown highlighted its 

requirement for differenEaEon into procyclic forms, causing reduced EP procyclin 

expression, impaired kinetoplast reposiEoning and inhibited morphological changes 

(Hendriks et al., 2001; Kolev, Ullu and Tschudi, 2014).  

RBP10 in T. brucei has an important role in modulaEon of the BSF stage, as its 

knockdown resulted in a decrease in expression of typical BSF-specific mRNAs (Kolev, 

Ullu and Tschudi, 2014). This translaEonal suppression is specifically achieved through 

RBP10 binding to procyclic-specific mRNAs with a ‘UAUUUUUU’ moEf at the 3’ UTR 

(Mugo and Clayton, 2017). AddiEonally, RBP10 expression in PCF cells resulted in an 

increase in these BSF-specific mRNAs, highlighEng the control it exhibits within the 

trypanosome life cycle (Wurst et al., 2009; Kolev, Ullu and Tschudi, 2014).    

Finally, within the trypanosome cell cycle RBPs are uElised to control expression within 

the tsetse fly, for example RBP6 which is increased in expression in parasites within the 

fly proventriculus, compared to PCF cells within the midgut (Kolev, Ullu and Tschudi, 

2014). RBP6 binds the 3’ UTRs of target mRNAs, parEcularly those encoding 

transmembrane proteins to regulate mRNA stability (Trenaman et al., 2019). 
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Therefore, RBP6 is able to support life cycle progression with expression of infecEve 

metacyclic-specific surface glycoproteins (Kolev et al., 2012; Kolev, Ullu and Tschudi, 

2014). The significance of RBP6 in differenEaEon is shown in vitro, that RBP6 alone may 

be used in in its inducible expression to trigger the differenEaEon of cells from procyclic 

to metacyclic to bloodstream form (Shi, Butler and Tschudi, 2018).  

 

2.2.3.3 Trypanosome TranslaDon  
TranslaEon is the process of producing polypepEde chains from mature mRNA, this 

process in trypanosomes is comparable to mammalian translaEon, due to evoluEonary 

conservaEon (Clayton, 2019). TranslaEon is shown within mammalian organisms to be 

one of the most Eghtly regulated cellular processes, essenEal for correct gene 

expression and protein synthesis (Jia et al., 2024). Therefore, translaEon in 

trypanosomes is comparaEve to the process in other eukaryotes, consisEng of stages 

of iniEaEon, elongaEon and terminaEon.  

However, key differences include the unique six cap binding translaEon iniEaEon 

factors, a novel de-capping enzyme and the role of RNA-BPs that recruit a mRNA 

stabilising factor to regulate translaEon, to compensate for the lack of transcripEonal 

control (Clayton, 2019). TranslaEon is shown to be crucial in the stage-specific 

regulaEon within the parasite life cycle for the shiL in protein expression between the 

forms in mammalian host and tsetse fly vector (Clayton, 2019). The importance of 

extensive translaEonal complexity in the life cycle has been demonstrated through 

comparaEve ribosome profiling of bloodstream and procyclic forms, finding a 100-fold 

range and life cycle-specific differences in translaEonal efficiency (Vasquez et al., 2014).  

 

2.2.4 Parasite Burden and Host Temperature 

Fever or pyrexia occurs within the mammalian host as a response to infecEon and has 

been conserved in warm and cold-blooded vertebrates for over 600 million years of 

evoluEon (Evans, Repasky and Fisher, 2015). Fever is defined as being an increase in 

the body’s ‘set point’ temperature beyond the daily variaEon threshold; in humans the 
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body temperature is expected to vary by around 0.5 °C, therefore increases greater 

than this are classified as feverous (Balli, Sharan and Shumway, 2023). This increase is 

of the body’s core temperature, causing the elevaEon of both intravascular and 

extravascular Essue temperatures, both of which trypanosomes use as niches during 

infecEon (Trindade et al., 2016; Balli, Sharan and Shumway, 2023). Fever is iniEated 

when an infecEon triggers an increase in the hypothalamic ‘set point’ temperature, 

causing vasoconstricEon of blood vessels to increase body temperature (Evans, 

Repasky and Fisher, 2015). The fever response is associated with inflammatory disease 

as ‘calor’ or heat via body temperature is recognised as one of the four cardinal signs 

of inflammaEon (Evans, Repasky and Fisher, 2015). Fever has an immunological 

benefit, specifically in adapEve immunity, through promoEng the overall acEvaEon, 

funcEon and delivery of immune cells, whilst causing direct damage to the pathogen 

(Appenheimer and Evans, 2018).  

Pyrexia occurs differently in poikilotherms as they are unable to internally raise their 

body temperature and instead complete behavioural fever which increases their body 

temperature through movement into warmer environments (HunEngford, Rey and 

Quaggio`o, 2020). For example, fish move to warmer water as a part of their response 

to infecEon, to support the sEmulaEon of a strong immune response to eliminate a 

pathogen (HunEngford, Rey and Quaggio`o, 2020). This is important within the life 

cycle of trypanosomes as the tsetse fly vectors are poikilotherms, meaning insect-form 

parasites may also experience HS due to the fly compleEng behavioural fever (Lord et 

al., 2018). 

Peaks in trypanosome parasitaemia or parasite burden have been closely associated 

with fever since 1910; this relaEonship is defined by the peak in temperature 

corresponding with the ascending wave of parasitaemia (Figure 2.6) (Ross and 

Thomson, 1910). An effecEve immune response decreases the parasite load, therefore, 

as the load increases, the immune response also increases which signals to the 

hypothalamus to increase the temperature of the host; thus, causing a conEnuaEon of 

the period of fever or triggering further pyrexia (Evans, Repasky and Fisher, 2015; 

Macaluso et al., 2023).  
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Figure 2.6: Graphical representa5on of the waves of parasitaemia during infec5on and the 

corresponding waves in fever experienced by the host. (Figure extracted from Ross and 

Thomson, 1910). 

Fever in humans results in an increased metabolic demand. This is shown in the 

increase in body temperature by 1 °C requiring a 10-12.5% increase in metabolism, 

weakening the host and facilitaEng a sustained parasiEc burden (Balli, Sharan and 

Shumway, 2023). As a result, parasite load and fever define the stage of infecEon. As 

in the acute phase, there is a rapid increase in parasitaemia and fever (Bush and 

Vazquez-Pertejo, 2024). Whilst in the chronic phase, the host’s immune system may 

act to reduce damage by downregulaEng the fever response and therefore enabling 

persistent parasitaemia (Bush and Vazquez-Pertejo, 2024).  

Temperatures within humans during a trypanosomiasis infecEon have been found to 

exceed 38 °C and reach 41 °C in two paEents infected with T. b gambiesense in Gabon 

within a case study in 2019 (Iroungou et al., 2020). Temperatures of ca`le infected with 

AAT can have rectal temperature measurements exceeding 39.4 °C and can have 

temperatures significantly higher than those recorded in non-infected ca`le (Magona 

et al., 2008).  

However, pyrexia is not the only instance that causes an increase in the temperature 

of the mammalian host beyond its physiological norms. Physical acEvity is also able to 

elevate the host’s temperature, for example the body temperature of ca`le can 
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increase up to 2 °C in the duraEon of the day due to movement (Magona et al., 

2008). Furthermore, a gazelle which is a natural host of AAT, have body temperatures 

recorded up to 43 °C upon physical acEvity (Taylor and Lyman, 1972). Therefore, 

physical acEviEes of a mammalian host may also result in an increase in the 

temperature trypanosomes are exposed to during infecEon without immunological 

involvement.  

Overall, the understanding of the relaEonship between parasite burden and host 

temperature is vital for the understanding of trypanosomes, as fever is a prominent 

symptom observed across mammalian hosts. Despite being insufficient for diagnosis, 

fever may indicate stage of infecEon as acute or chronic, which supports the use of 

drugs that are stage specific. Due to the role of fever within trypanosomiasis infecEons, 

treatment using anE-parasiEc drugs would also help to reduce fever as a symptom 

through a decrease in the parasite burden. Therefore, as an established side effect to 

the infecEon in both HAT and AAT, understanding of how trypanosomes sense and 

respond to the elevated temperatures they encounter during periods of host fever to 

ensure their conEnued survival is of great interest. In future work this understanding 

could be extended to support the discovery of new molecular targets to be used in 

drug development for the combined treatment of T. brucei and T. congolense.  

 

2.2.5 Treatments for Trypanosomiasis 

In the process of understanding potenEal new molecular targets, it is vital to consider 

the exisEng treatments and how they target trypanosomes to reduce the parasite 

burden. Historically, the disease stage was vital in deciding the methods of treatment, 

as upon CNS involvement in the meningoencephaliEc stage, treatments required more 

toxic and invasive drugs that penetrate the blood-brain barrier (World Health 

OrganizaEon, 2023).  

The early observaEon in 1904 by Paul Ehrlich of the anE-trypanosomal acEvity of the 

dye trypan blue, led to the development of more potent derivaEves and ulEmately 

suramin (Wiedemar, Hauser and Mäser, 2020). Therefore, the first stage of disease was 
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treated with suramin, used for its trypanocidal acEvity by its interference with 

trypanosome energy producEon in respiraEon and glycolysis, via inhibiEon of enzymes 

involved in the oxidaEon of reduced nicoEnamide-adenine dinucleoEde (Drug Bank, 

2025). Pentamidine was introduced as a treatment of early disease stages, which acts 

through interfering with Trypanosoma DNA biosynthesis and disrupts mitochondrial 

processes, following acEve transport of the drug intracellularly, resulEng in parasite 

death (Sands, Kron and Brown, 1985; Babokhov et al., 2013). Both agents cause side 

effects ranging from nausea to renal issues (Babokhov et al., 2013).  

Treatment of the second stage primarily used melarsoprol, which enters the 

trypanosomes via adenosine transporters, allowing interacEons with thiol groups on 

essenEal proteins, resulEng in the deprivaEon of the main sul}ydryl anEoxidant and 

trypanothione reductase inhibiEon (Friedheim, 1949; McCarthy, Wortmann and 

Kirchhoff, 2015). This acEvity impairs the ability of trypanosomes to uElise oxygen. 

Melarsoprol is highly toxic as it may cause the complicaEon of reacEve arsenical 

encephalopathy which itself has a high mortality, killing 5% paEents (Lejon, BenEvoglio 

and Franco, 2013).  

The use of both melarsoprol and pentamidine has been limited due to cross-resistance 

observed over 60 years, due to adaptaEon of the T. brucei adenosine transporter to 

avoid drug uptake, through the loss of funcEon of aquaglyceroporin 2, which has the 

role of supporEng drug accumulaEon (Baker et al., 2013).  

InfecEons within the CNS can also be treated by eflornithine, which inhibits ornithine 

decarboxylase, which catalyses amine-based compound synthesis (Milord et al., 1992; 

Rogers, 2024). This interferes with replicaEon within the CNS, whilst having side effects 

of gastrointesEnal disturbances, bone marrow toxicity, convulsions and hearing 

impairment (Burri and Brun, 2003).  

Replacing eflornithine monotherapy, NifurEmox-Eflornithine CombinaEon Therapy 

(NECT) has been the front-line treatment since the early 2000s, due to its ability to be 

administered more easily, requiring fewer human and material resources (Yun et al., 

2010). The combinaEon uses nifurEmox with its producEon of toxic reduced products 

of oxygen and eflornithine with ornithine decarboxylase inhibiEon (Scholar, 2008; 
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Rogers, 2024). The use of NECT as a treatment for the second stage of HAT was 

recognised for its improved safety and efficacy profiles, compared to other exisEng 

stage 2 treatments, leading to its addiEon to the WHO EssenEal Medicines List in 2009 

(Yun et al., 2010).  

Recent developments have also enabled the use of fexinidazole to treat both the first 

and second stage of T. brucei gambiense infecEons as an oral treatment, with further 

reduced life-threatening adverse effects (Lindner et al., 2024). This is achieved through 

generaEng damage to the trypanosome DNA and proteins using acEve amines, 

sulfoxide and sulfone as acEve metabolites (Tarral et al., 2014; Ryan, Gutman and 

Chancey, 2022). However, idenEfying both the disease stage and species of infecEon 

remains essenEal for effecEve treatment of trypanosomiasis (Table 2.1). 

Table 2.1: Notable drug treatments for trypanosomiasis, with their specific disease stage for 

treatment, their target Trypanosoma species and year of first use. Table made using 

Babokhov et al., 2013 and Lindner et al., 2024. The numbers in disease stage are indica7ve of 

first (1) or second (2) stage. References for the first year of use in corresponding order: Suramin 

(Wiedemar, Hauser and Mäser, 2020), Pentamidine (American Chemical Society, 2017), 

Melarsoprol (Darby, 2017, pp.195–211), Eflornithine (Steverding, 2010), NECT (Drugs for 

Neglected Diseases ini7a7ve, 2003); Fezinidazole (Drugs for Neglected Diseases ini7a7ve, 

2004). 

Drug  Disease stage Target species  Year of first 

use 

Suramin HaemolymphaEc (1) T. brucei gambiense 1922 

Pentamidine HaemolymphaEc (1) T. brucei rhodesiense 1937 

Melarsoprol Both (1+2) T. brucei rhodesiense 

T. brucei gambiense 

1949 

Eflornithine MeningoencephaliEc 

(2) 

T. brucei gambiense 1990 
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NifurEmox-

Eflornithine 

CombinaEon 

Therapy 

MeningoencephaliEc 

(2) 

T. brucei gambiense 2009 

Fexinidazole Both (1+2) T. brucei gambiense 2018 

 

Furthermore, current work has oxaboroles in clinical trials, which are small compounds 

that contain boron, which have promise in their potency, oral acEvity and have efficacy 

aLer one dose (Jacobs et al., 2011). Specifically, acoziborole has been shown to cross 

the blood-brain barrier and therefore has success in treaEng both stages of disease, 

whilst maintaining a low toxicity (Tarral et al., 2023).  

 

2.3 Heat Shock Response in Eukaryotes 

An increase in temperature causes protein unfolding, which acts as a signal of stress 

inducing the heat shock (HS) response. The HS response is an evoluEonary conserved 

response in eukaryotes, working to protect cells from a proteotoxic environment in 

increased temperature, maintaining protein homeostasis (Mahat et al., 2016). The 

response occurs at the transcripEonal level enabling the immediate expression of 

cytoprotecEve genes that encode molecular chaperones and powerful protein re-

modelers (Verghese et al., 2012). 	

The mechanism is well-established in eukaryotes including the increased expression of 

heat shock proteins (HSPs) that limit damage to cellular proteins upon increased 

temperatures, reducing the effects of heat-induced protein denaturaEon and mis-

folding (Zheng et al., 2024). The extent of heat-induced protein damage is dependent 

upon the protein, as each has its own melEng temperature (Tm). Upon increasing the 

temperature of exposure by a few degrees towards a protein’s Tm, there is an increase 

in the proporEon of proteins that are aggregated and parEally unfolded; complete 

denaturaEon occurs beyond a protein’s specific Tm value (Day et al., 2002).  
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In this state of stress with heat-induced damage to proteins, general housekeeping 

genes, including those involved in growth and metabolism, are downregulated to 

‘prioriEse’ the expression of the HS response-specific genes to support survival. This is 

shown in the upregulaEon of 1,500 genes and the downregulaEon of 8,000 genes 

(Mahat et al., 2016). Examples of genes upregulated include heat shock factor 1 (HSF1) 

and serum response factor (SFR), which are translaEon factors altering the promoters 

of specific genes and increasing transcripEon by RNA polymerase II (Mahat et al., 

2016).  

Within the mammalian response, heat shock transcripEon factors trimerize and 

translocate to the nucleus where they bind to heat shock elements within the 

promoter regions of heat shock genes, acEvaEng transcripEon and selecEvely 

upregulaEng HSP expression (Alagar Boopathy et al., 2022). EssenEal HSPs upregulated 

in this process include HSP70, HSP90 and small HSPs (Hu et al., 2022).  

Due to the polycistronic genome in trypanosomes, specific gene regulaEon via 

promoters, HSF1 and SFR are absent within their HSR. As a result, disEnct differences 

in the response may be used as a novel target for therapeuEc development to treat 

trypanosomiasis. However, further research is required in understanding the response 

in pathogenic proEsts prior to exploring drug opportuniEes.  

 

2.3.1 TranslaDonal arrest and phosphorylaDon of eIF2a 

In mammalian models, the HSR is triggered through intracellular sensing of stress 

through damaged proteins, this stress triggers the phosphorylaEon of eukaryoEc 

iniEaEon factor 2 alpha (eIF2a) (Jagadeesh Kumar Uppala et al., 2018). PhosphorylaEon 

occurs specifically at serine 51, resulEng in the inhibiEon of the eIF2-GTP-tRNAMet 

ternary complex, which has vital acEvity in iniEaEng protein translaEon (Kedersha et 

al., 2005). Therefore, when its acEvity is inhibited, it results in translaEonal arrest and 

reduced protein synthesis. This phosphorylaEon is also vital for the formaEon of stress 

granules (Kedersha et al., 2005). 
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2.3.2 The role of P-bodies and stress granules in the HSR 

Polysomes, or polyribosomes are groups of ribosomes that translate a single mRNA, in 

the condiEons of heat-induced stress polysomes collapse to monosomes and release 

mRNAs into the cytoplasm (Timur Baymukhametov et al., 2022). The increase in free 

mRNA in the cytosol results in the formaEon of stress granules and increase in 

processing bodies (P-bodies). Stress granules are used to store, stabilise and protect 

untranslated mRNAs, which following a decrease in the heat sEmulus may be released 

from the granules and move to the P-bodies to re-iniEate translaEon or to be degraded 

(Marcelo et al., 2021).  

The origin of the mRNAs in stress granules has been demonstrated using inhibitors of 

translaEon elongaEon that stabilise polysomes and result in the dissociaEon of stress 

granules, whereas inhibitors that destabilise polysomes increase the formaEon of 

stress granules (Kedersha et al., 2000; Kramer et al., 2008). This is suggesEve of a 

dynamic exchange of mRNAs between the polysomes and stress granules that may 

occur during and aLer a stress sEmulus (Kedersha et al., 2000; Kramer et al., 2008). 

During the stress response, P-bodies are formed and expanded. These are cytoplasmic 

granules that have a regulatory role in translaEonal repression through the decay of 

mRNAs (Luo, Na and Slavoff, 2018). Therefore, P-bodies have a vital role in prevenEng 

the producEon of damaged proteins and in favouring the expression of essenEal 

proteins during the HSR. The maintenance of P-bodies is reliant upon the presence of 

resident proteins. In humans this is specifically the RGG domain of Lsm4 and DDX6, 

with depleEon causing a decrease in the number of P-bodies (Luo, Na and Slavoff, 

2018). Like with stress granules, the dynamic associaEon between polysomes and P-

bodies has also been shown through the involvement of polysome-associated RNA 

binding proteins, including SCP160 which regulates the formaEon of P-bodies in yeast 

(Weidner et al., 2014).   

Both stress granules and P-bodies are membrane-less ribonucleoprotein-based 

granules that have been suggested to form via liquid-liquid phase separaEon in stress, 

sEmulated by the increased concentraEons of protein and mRNAs (Riggs et al., 2020). 

Fluorescence-acEvated parEcle sorEng was completed for P-bodies, enabling the 
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idenEficaEon of 125 stable protein components, of which 28 were idenEfied as being 

present within the core proteome of stress granules (Kearly et al., 2024). This presents 

a level of similarity that supports the exchange that occurs between stress granules 

and P-bodies.  

Furthermore, the similar composiEons of both stress granules and P-bodies are shown 

through their common proteins including translaEonal repressors, for example CPEB1, 

RAP55, YB-1, and the RNA helicase DHH1, but their roles may differ dependent on the 

granule (Stoecklin and Kedersha, 2013). However, differences in stress granules include 

the presence of translaEon factors, such as eIF3b, eIF4A and eIF4G, as well as RBPs 

(PABP and G3BP) (Stoecklin and Kedersha, 2013), whilst within P-bodies there are 

disEnct components that support their role in mRNA degradaEon including de-capping 

enzymes Dcp1 and Dcp2 (Stoecklin and Kedersha, 2013).  

Within the HS response, there is also the formaEon of heat shock granules (HSGs) 

which specifically occur only in the presence of a heat sEmulus. These are composed 

of HSPs, which may also be present in some stress granules. There are also HSG-specific 

proteins including HSP27 which has been found to be exclusive to HSGs over other 

stress-induced stress granules (Reineke and Lloyd, 2013). The role of HSGs uElises the 

HSPs in their sequestraEon of damaged proteins in the HSR.  

Overall, in the HS response, the collapse of polysomes results in the movement of 

mRNAs to stress granules for storage or to P-bodies for degradaEon. This supports the 

selecEve upregulaEon of the HS-essenEal proteins that facilitate survival including 

HSPs, through prevenEng non-essenEal mRNAs from accessing translaEonal 

machinery. 

 

2.3.3 HS response regula;on: The HSP70-HSF1 ;tra;on model 
The receiving of a HS signal is vital to iniEate the protecEve HS response; this is 

supported through the acEvaEon of HSF1, a vital component of the eukaryoEc heat 

shock pathway. HSF1 is a transcripEon factor, in non-stressed condiEons it is bound to 

HSP70 and therefore inacEve. In the stress of a heat shock sEmulus, causing damage 
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to intracellular proteins, HSP70 is recruited in its protecEve role as a molecular 

chaperone; therefore, is unbound from HSF1 (Masser, Ciccarelli and Andréasson, 

2020). The unbound status of HSF1 results in its acEvaEon via its trimerizaEon and 

causes it to translocate into the nucleus for downstream acEvaEon of HS response 

genes via RNA polymerase II (Sarge, Murphy and Morimoto, 1993; Masser, Ciccarelli 

and Andréasson, 2020). Following the producEon of sufficient HSP70 to respond to the 

sEmulus, HSP70 binds HSF1 resulEng in its inacEvaEon, thus creaEng a negaEve 

feedback loop called the HSP70-HSF1 EtraEon model (Figure 2.7) (Masser, Ciccarelli 

and Andréasson, 2020).  

Figure 2.7: Schema5c image demonstra5ng the change that occurs during the HS response 

controlled by the HSP70-HSF1 5tra5on model. Under normal condi7ons there is a lack of 

damage for HSP70 (blue) to respond to; therefore, is bound to HSF1 (red) in an inac7ve 

conforma7on, preven7ng the expression of HS genes. In stress induced by heat there is 

demand for HSP70 to act as a chaperone in the increased levels of damaged protein. This 

causes HSP70 to unbind HSF1 resul7ng in its ac7ve conforma7on, enabling it to ac7vate the 

expression of heat shock genes. This increases the expression of HSP70 un7l the levels exceed 

the demand for damage at which HSP70 binds HSF1, causing inac7va7on and the return to 

normal condi7ons. (Figure extracted from Masser, Ciccarelli and Andréasson, 2020). 
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2.4 Heat shock in Trypanosomes 

Unlike the equivalent heat shock response in eukaryotes, the response is less well-

defined in trypanosomes. However, there are known differences due to the 

polycistronic genome of trypanosomes, lacking the ability to complete the specific 

upregulaEon of individual genes. Therefore, one key difference in the response 

between trypanosomes and other eukaryotes is the control mechanism of changed 

expression, as trypanosomes lack the classical HSF1 pathway, highlighted in Figure 2.7 

(Schwede, Kramer and Carrington, 2011). Instead, trypanosomes use the zinc finger 

CCCH-type 11 (ZC3H11) RNA-binding protein, and an as-yet-unclarified mechanism of 

SL cap addiEon. However, the HS response is thought to have its similariEes across 

kinetoplasEds and eukaryotes through the conserved outcome of increased expression 

of select genes required for survival, whilst decreasing the expression of most other 

genes uninvolved in the response (Schwede, Kramer and Carrington, 2011).  

The HS response in trypanosomes may be summarised as being iniEated by exposure 

to an increased temperature, causing cellular damage including protein denaturaEon, 

triggering stress signalling pathways. This signalling enables the acEvaEon of HS 

transcripEon factors, the collapse of polysomes with global translaEonal arrest and the 

formaEon of stress granules. These changes to the cells enable the preferenEal 

expression of HS-essenEal proteins (including HSPs), whilst non-essenEal mRNAs 

uninvolved in the response are decreased in expression by being sequestered or 

degraded. Due to the change in expression of all mRNAs to be upregulated or 

downregulated to prioriEse survival, there is a lack of a comparaEve control that 

remains constant both pre- and post- HS in studies of the response. The overall change 

in expression levels enables HSPs to act as molecular chaperones to support protein 

refolding and limit aggregaEon, having a protecEve effect unEl the HS sEmulus 

subsides and HS recovery is able to occur for the cells to return to their pre-HS growth 

rate (Schwede, Kramer and Carrington, 2011). This process in T. brucei is outlined 

alongside the HS response pathway in mammalian systems for comparison in Figure 

2.8.  



 34 

Figure 2.8: Schema5c summary represen5ng the 5meline of events that occurs in the heat 

shock response at 41 °C in mammalian systems and T. brucei*. The differences in the 

trypanosome HS response are highlighted in orange. Across both systems the HS response is 

ini7ated through stress signals, for example heat-induced protein denatura7on. In mammals 

this ac7vates specific gene upregula7on using promoters, enabling the ac7vity of HSF1 in the 

7tra7on model with HSP70. Whilst, in trypanosomes there is no specific gene promoters due 

to the polycistronic nature of the genome; therefore, the parasites use post-transcrip7onal 

regula7on. These mechanisms of expression alongside the forma7on of stress granules and 

collapse of the polysomes, enables the selec7ve upregula7on of HSPs which act as molecular 

chaperones to enable the re-folding and stabilisa7on of heat-damaged proteins. This response 

is maintained in both organisms un7l the heat s7mulus subsides, enabling the return of 

homeostasis: via the dissolu7on of stress granules, the reforma7on of polysomes (end of 
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global transla7onal arrest) and the return to the normal levels of expression for housekeeping 

genes and HS-specific genes. This figure was made using BioRender.  

Due to the differences between the parasite and host HS response, understanding the 

trypanosome HS response may enable the discovery of novel drug targets that have 

limited effects upon the mammalian host.  

 

2.4.1 The heat shock response in Trypanosoma brucei mammalian and 
insect forms 

KinetoplasEd parasites demonstrate a conserved HS response involving heat shock 

proteins acEng as molecular chaperones, for example HSP90, HSP60 and small HSPs), 

which are upregulated in thermal stress (Prasanna and Upadhyay, 2021). Leishmania 

parasites use this mechanism for intracellular survival and to support their 

differenEaEon from promasEgotes to amasEgotes. The HS response is used within 

Leishmania life cycle progression as promasEgotes experience an increase in 

environmental temperature from the sandfly vector (around 25 °C) into the 

mammalian host (around 37 °C), enabling a remodelling of HSP expression and acEvity 

required for survival and proliferaEon (Prasanna and Upadhyay, 2021).  

The HS response in T. brucei can occur in both the bloodstream and procyclic 

morphological forms, with no established comparable role in the life cycle like in 

Leishmania; notably the response in PCF trypanosomes demonstrates a more 

pronounced rapid increase in heat shock protein expression. This is because PCF reside 

at cooler temperatures (around 27 °C). Therefore, they have a lower basal expression 

of HSPs than BSF parasites, which reside at a higher temperature (around 37 °C) and 

as a result require a higher baseline expression level of HSPs to ensure stability within 

their environment (Igor Minia et al., 2016).  

Thermotolerance is defined as a transient adaptaEon to thermal stress that enables 

cells to be more resistant to higher temperature (Dewhirst et al., 2003). PCF T. brucei 

may be interpreted as being more thermotolerant than BSF, as PCF parasites are 

required to withstand a greater range of temperatures experienced within the tsetse 
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fly between 20 and 37 °C (Droll et al., 2013). This large range in temperature exists as 

the fly’s internal temperature is regulated by its movements between light and shade 

(Pagabeleguem et al., 2016). This is emphasised within the laboratory se�ng as PCF 

cells are cultured at 27 °C, however they can be cultured for up to 4 days at 37 °C, 

surviving an increase of 10 °C from the standard culture condiEons (Droll et al., 2013). 

Whilst BSF are cultured at 37 °C and are unable to survive 2 hours of heat shock at 41 

°C (Ooi, Benz and Urbaniak, 2020), this is suggesEve of a smaller range of temperatures 

BSF parasites are able to tolerate compared to that of PCF parasites. However, there is 

similarity between the responses in T. brucei PCF and BSF, including the inducEon of 

the HS response at around 41 °C, but the response in procyclic forms has been studied 

considerably more due to the presence of a clearer and more significant response.  

The heat shock response in T. brucei (BSF) has been shown experimentally to occur 

aLer incubaEon at 41 °C, with 1 hour being opEmal to measure the response (Kramer 

et al., 2008; Ooi, Benz and Urbaniak, 2020). This was demonstrated as 30 minutes at 

41 °C showed no difference in the growth rate of cells compared to cells without HS 

treatment, whilst, 1 hour at 41 °C caused an insignificant 22% decrease in moEle cells, 

with viable cells but a reduced rate of growth (Ooi, Benz and Urbaniak, 2020). Further 

exposure showed greater decreased capacity to recover, as 2 hours lead to a significant 

74% decrease in moEle cells, with a loss in viability up to 48 hours following exposure; 

and 4 hours incubaEon caused cell death following treatment (Ooi, Benz and Urbaniak, 

2020). The correlaEon of the increased exposure Eme at 41 °C with decreasing viability 

of the BSF cells is shown in Figure 2.9A and agrees with the work of Kramer et al (2008) 

in PCF cells and since supported by the unpublished Masters work by Aelmans (2022) 

and Taylor (2024); therefore, demonstraEng an effect upon growth across both life 

cycle stages of T. brucei and indicaEng similar levels of thermotolerance. 
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Furthermore, Ooi, Benz and Urbaniak (2020) confirmed that the remaining viable cells 

aLer exposure to the heat sEmulus were able to survive due to the HS response. This 

was demonstrated via RT-PCR, to observe the fold-change in mRNAs corresponding to 

heat shock proteins to confirm the HS response had occurred via the conclusion that 

HS proteins are being expressed in response to HS (Figure 2.9B). 

Figure 2.9: (A) A graphical representa5on of the impaired growth of BSF T. brucei for different 

5mes of treatment at 41 °C. (B) The fold change in HSP mRNA observed via qPCR for the 

change in treatment 5me at 41°C. (A) The increase in exposure to the s7mulus of 41 °C is 

shown to have a more detrimental effect on growth and recovery, with 1 hour being op7mal 

to observe the HSR. (B) Furthermore, 1 hour at 41 °C is shown as the ideal condi7on to measure 

the HSR, as it is the condi7on at which the greatest fold change in mRNA is observed across 

the selected HSPs. (Figures extracted from Ooi, Benz and Urbaniak, 2020). 

 

2.4.1.1 Mo;lity in trypanosomes 

A read-out this study uses, with the intenEon to represent the HS-induced lag in growth 

displayed in Figure 2.9A, is the analysis of trypanosome moElity as an addiEonal 

quanEficaEon of cell health. The name Trypanosoma or ‘auger cell’ refers to the 

parasite’s moElity driven by a single flagellum (Shimogawa et al., 2018). The movement 

is considered ’auger-like’ because the flagellum wraps around the cell body in a leL-

handed helix from the posterior to the anterior ends of the cell; its beaEng results in a 

spiral waveform causing the cell to rotate (Hill, 2003).  
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MoElity of trypanosomes is dependent upon the single flagellum, which emerges from 

the basal body at the posterior end of the cell, in proximity to the flagellar pocket 

invaginaEon in the plasma membrane (Hill, 2003). The flagellum is a`ached to the cell 

body via an ordered array of transmembrane cross-links, forming the flagellum 

a`achment zone, a unique cytoskeleton-membrane domain (Hill, 2003). The flagellum 

generates movement through ATP-dependent conformaEonal changes in the 

axonemal dynein motors a`ached to incomplete microtubule structures (Langousis 

and Hill, 2014).  

Within serum, T. brucei has been recorded to move as fast as 20 µm/second (Engstler 

et al., 2007). This level of movement is beneficial for the parasite’s transmission and 

pathogenesis, through allowing their migraEon to the tsetse fly salivary gland and 

supporEng the crossing of the blood brain barrier for the invasion of the CNS 

(Langousis and Hill, 2014). MoElity has value in highlighEng the viability of 

trypanosomes, as Broadhead et al (2006) demonstrated that RNAi knockdown of 

various proteins idenEfied within the trypanosome flagellar proteome in T. brucei 

inhibited moElity and subsequently resulted in non-viable phenotypes. This is 

explained as in the absence of flagellar moElity, cytokinesis is unable to occur, with the 

formaEon of new flagella and pockets formed in incorrect locaEons, causing an 

increase in endocytosis that is toxic to the cell (Broadhead et al., 2006). As a result, this 

study tests the hypothesis that because a reducEon in cell growth occurs post-HS (Ooi, 

Benz and Urbaniak, 2020) a reducEon in cytokinesis also occurs which is driven by a 

reducEon in cell moElity. 

 

2.4.1.2 Jus;fica;on of 41 °C as the standard HS experimental 
temperature 

This study uses 41 °C for 1 hour as the sEmulus for HS as both studies by Kramer et al 

(2008) and Ooi, Benz and Urbaniak (2020) provide evidence that 1 hour at 41 °C are 

experimentally tractable condiEons to measure the HS response in both PCF and BSF 

T. brucei respecEvely. However, this results in quesEons of physiological relevance 

parEcularly as in humans 41 °C is considered as the threshold for hyperpyrexia, which 
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is rare and can be fatal, causing ischemic brain injury and permanent hepatocellular 

damage (Balli, Sharan and Shumway, 2023). Therefore, experiments ran in these 

condiEons may be quesEoned as to whether the response measured is representaEve 

of the one that occurs in vivo. However, with the observed experimental survival of T. 

brucei cells aLer HS, this mimics the same survival that occurs in vivo in fever just over 

a shorter inducEon with a higher temperature. As a result, the use of 41 °C for 1 hour 

as a HS appears to sEmulate the same response that occurs within the host, whilst 

being experimentally tractable with the previous work of Kramer et al (2008) and Ooi, 

Benz and Urbaniak (2020) and producing comparaEve data.  

 

2.4.1.3 Polysome collapse and global transla;onal arrest 
Polysomes are RNA-protein complexes, potenEally associated with the cytoskeletal 

network; they each contain a single mRNA with a bound ribosome around every 100 

nucleoEdes, or a bound ribosomal subunit in the absence of mRNA (Reithmeier, 1996; 

Heyer and Moore, 2016). It takes approximately 30 seconds for a polysome in a 

eukaryoEc cell to synthesise a protein of 400 amino acids, demonstraEng their 

essenEal acEvity in protein expression (Reithmeier, 1996). Global translaEonal arrest 

is the halt of protein synthesis and polysomes collapse into monosomes: this occurs 

during the HS response to conserve cellular resources towards survival. The precise 

trigger of this arrest is not yet fully known if it is due to an unknown eIF2A 

phosphorylaEon mechanism or an eIF2A-independent mechanism (Ooi, Benz and 

Urbaniak 2020). However, Kramer et al (2008) found aLer HS a decrease in polysomes 

is associated with a global translaEonal arrest and occurs independent of 

phosphorylaEon of elF2A at its Thr169 site. The early events of phosphorylaEon in the 

trypanosome HS response are later discussed in more detail (2.4.1.6). 

Kramer et al (2008) characterised heat shock in PCF T. brucei as causing a reducEon in 

polysomes and mRNA levels, alongside an increase in cytoplasmic stress granules and 

P-bodies. This reducEon in polysomes was shown to occur aLer 15 minutes of HS at 41 

°C by measurement of the absorbance profiles of sucrose density gradients aLer 

centrifugaEon (Figure 2.10). Sucrose density gradients are used as an indicaEon of 
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translaEonal status, as mRNA found in more sucrose-dense fracEons have a higher 

ribosome content bound and are longer in length providing more space for ribosomes 

to bind to, indicaEng these mRNAs as being acEvely translated by the polysomes 

(Chassé et al., 2017).  

 

Figure 2.10: Polysome gradient frac5ona5on 

profiles of T. brucei with HS treatment. The profiles 

were generated using absorbance at 254 nm and a 

sucrose gradient. HS at 41 °C shows polysome 

collapse into monosomes via the loss of peaks, 

which is shown to increase with severity upon an 

increased exposure 7me to the s7mulus of 41 °C. 

This effect is compara7ve to the known posi7ve 

control of 50 mM EDTA treatment which dissociates 

polysomes. (Figure extracted from Kramer et al., 

2008). 

 

 

 

 

 

 

 

This method of using sucrose gradients for polysome gradient fracEonaEon to observe 

the collapse of polysomes was also used with PCF T. brucei at a lower HS temperature 

(37 °C) and addiEonally with bloodstream form T. brucei by Minia and Clayton (2016) 

(Figure 2.11). The HS of PCF cells at a lower temperature (37 °C), is shown to induce a 

weaker response than the one observed at 41 °C, indicated by less of a shiL in the 

polysome peaks. Taken together, this work presents evidence for the collapse in 
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polysomes with global translaEonal arrest within the T. brucei HS response in both 

procyclic and bloodstream forms, with its severity dependent upon the temperature 

and Eme. However, evidence for the re-formaEon of polysomes within HS recovery and 

the precise Eming alongside the dissoluEon of stress granules is unclear and requires 

more research (discussed further in 2.4.1.4).  

 

Figure 2.11: Polysome gradient frac5ona5on profiles of T. brucei with HS treatment. The 

profiles were produced using absorbance at 254 nm, with the peaks represen7ng the small 

(40S), large (60S) ribosomal subunits, monosomes (80S) and polysomes. Heat shock, with 

increased temperature in both procyclic (A) and bloodstream (B) forms show a decrease in the 

polysome peak, highligh7ng the collapse in polysomes within the T. brucei HS response. (Figure 

extracted from Minia and Clayton 2016). 

 

2.4.1.4 The forma;on of HS stress granules 

In trypanosomes, the formaEon of stress granules (SGs) is a key aspect of the HS 

response due to their potenEal funcEon as a reservoir to sequester non-essenEal 

mRNAs from the cytosol, shown in a decreased level of protein expression achieved by 

reduced access to acEve polysomes (Aye, Li and He, 2024). There is debate within the 
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literature as to whether these sequestered non-essenEal mRNAs are stored within SGs 

to be released and re-used following HS or if all mRNAs are degraded within SGs and 

new mRNAs are synthesised for expression aLer HS. 

The conEnued use of the mRNAs released by stress granules aLer cellular stress has 

been demonstrated in mammalian cells using RNA sequencing (Das et al 2022). 

However, another study also in mammalian cells found that a key role of SGs was in 

mRNA degradaEon, rather than storage (Namkoong et al.,2018). These observaEons 

of SGs post-stress have primarily been conducted in mammalian cells with other stress 

sEmuli and therefore further research is required to understand this aspect of HS 

recovery within trypanosomes. However, in trypanosomes it is established that SGs 

form in stress to support the expression of prioriEsed mRNAs, however evidence of 

this specifically within the HS response is lacking. The storage of mRNAs for future use 

aLer HS is supported by SGs containing translaEon iniEaEon complexes, including 

poly-A binding protein (PABP), eIF4E and eIF4G, as components of the eIF4F complex 

(Aye, Li and He, 2024). The presence of these complexes indicates them supporEng 

mRNAs re-entering an acEve translaEon cycle upon their release post-HS, facilitaEng 

the return of pre-HS mRNA expression levels (Kramer et al., 2008). 

However, the role of SGs as being degradaEve is highlighted by them containing 

essenEal components for mRNA decay for example AlaH-like phosphatase (ALPHA1), 

DEAD box RNA helicase (DHH1) and SCD6 (Aye, Li and He, 2024). ALPHA1 is a major 

mRNA decapping enzyme essenEal for 5’ mRNA decay that is enriched in SG punctates 

post-stress (Aye, Li and He, 2024). Whilst DHH1 funcEons as an ATPase in mRNA decay 

and translaEon repression (Sweet, Kovalak and Coller, 2012). Thus, DHH1 requires ATP 

binding for its localisaEon within the granules; the requirement of ATP is demonstrated 

in the SG composiEon differing in ATP depleted condiEons correlaEng with the change 

in SG dynamics (Mugler et al., 2016). SCD6 has a downstream effect of mRNA decay 

and storage, as it induces ribonucleoprotein granule formaEon and in the resoluEon of 

HS, the SGs release SCD6 which supports the formaEon of polysomes (Krüger, 

Hofweber and Kramer, 2013). As a result, the role of stress granules and the factors 

involved in determining the fate of mRNAs within the trypanosome HS response are 

areas requiring more work. 
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The formaEon of SGs is dependent upon the collapse of polysomes, which is a 

conserved mechanism also observed within mammalian cells (Kedersha et al., 1999; 

Kramer et al., 2008). The collapse in polysomes results in an increase in non-polysome 

associated free mRNAs within the cytoplasm to be incorporated into SGs (Kramer., 

2008). The requirement for polysome collapse to enable the formaEon of SGs is 

highlighted in T. brucei cells treated with cycloheximide, which stabilises polysomes to 

maintain their mRNA content, resulEng in inhibited SG formaEon due to an absence of 

free mRNA (Kramer et a., 2008). This was observed by Kramer et al (2008) as 

maintained polysomes in polysome analysis aLer HS and no increase in SG-like 

localisaEons observed by immunofluorescence microscopy. Further work of Aye, Li and 

He (2024) treated T. brucei cells with puromycin, which induces a premature 

terminaEon of translaEon and releases mRNA from acEve polysomes. Puromycin was 

shown to induce a collapse in polysomes but not increase the number of SGs, showing 

that the collapse of polysomes is not sufficient alone to promote SG formaEon (Aye, Li 

and He, 2024). Therefore, future work is required to develop our understanding of this 

dynamic relaEonship between polysomes and SGs, as well as to observe this 

relaEonship as the SGs dissolve and polysomes reform in recovery. 

One issue within this area of research includes the fact that the difference between P-

bodies and SGs is not well-defined within the trypanosome HS response. P-bodies are 

oLen recognised due to the presence of degradaEon markers, including XRNA; further 

differences are presented within Table 2.2 (Kramer et al., 2012). However, their 

composiEon overlaps as RBPs colocalise with each other; this level of similarity is 

represented in both having DHH1 and SCD6 as components (Kramer et al., 2008). DHH1 

has a crucial role in translaEonal repression; DHH1 is seen to localise to P-bodies with 

mRNA as an alternaEve to translaEon, but in early stress it is seen to relocate to the 

SGs (Kramer et al., 2010). SCD6 is present in both P-bodies and SGs, indicaEve of their 

roles in both translaEonal control and mRNA decay pathways, with SCD6 interacEng 

with translaEon iniEaEon factors and proteins required for de-capping (Krüger, 

Hofweber and Kramer, 2013). However, the composiEon of these foci may differ 

depending upon the stress that induced their formaEon. 
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Table 2.2: The protein components of stress granules and P-bodies in T. brucei. The sources 

for the informa7on presented within the table is highlighted for each component.  

 

Evidence for the formaEon of stress granules specific to the HS response or HSGs is 

limited to being observed in PCF T. brucei, following a heat shock at 41 °C. This was 

observed following polysome collapse by Kramer et al., 2008, using fluorescent 

microscopy to visualise stress granules, using stress granule markers expressed as eYFP 

fusion proteins. Comparing the cells at 27 °C and 41 °C, the fluorescence in heat 

shocked cells is more localised into punctate granules in the cytoplasm, suggesEve of 

the formaEon of stress granules (Figure 2.12) (Kramer et al., 2008). This SG formaEon 

is comparaEve to the SG visualised in other stress responses in PCF T. brucei, including 

Component Stress 

granules 

P-bodies Role  Sources 

PABP2 Present Not detected mRNA 

polyadenylaEon 

and polyA length 

Benoit et al., 2005; 

Aye, Li and He, 2024  

XRNA Not 

detected 

Present mRNA degradaEon Cassola, 2011; 

Kramer et al., 2012 

ALPH1 Present Not detected mRNA decapping Aye, Li and He, 2024 

eIF4E/4G Present Not detected TranslaEon 

iniEaEon 

Kramer et al., 2012; 

Aye, Li and He, 2024 

Alba3/4  Present Not detected Stress translaEonal 

control 

Subota et al., 2011 

UBP1 Present Not detected TranslaEonal 

regulaEon  

Kramer and 

Carrington, 2011 
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PBS starvaEon, showing their formaEon as a key event within the trypanosome stress 

response that is common across different stress sEmuli (Aye, Li and He 2024).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12: Immunofluorescence images of homologues of stress granule markers expressed 

as eYFP fusion proteins. Images of unstressed (27 °C) and heat shocked (41 °C for 1 hour) in 

PCF T. brucei are shown. Compared to the unstressed cells, the heat shocked cells show an 

increased granular appearance across the cytoplasm presen7ng the forma7on of stress 

granules within the HS response. (Figure extracted from Kramer et al., 2008). 
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2.4.1.5 The role of ZC3H11 in the HS response of African Trypanosomes 

The ZC3H11 RNA-binding protein is conserved across kinetoplasEds and has a crucial 

role in the HS response acEng as a ‘master regulator’ of the response (Droll et al., 

2013). An essenEal funcEon of ZC3H11 is to post-transcripEonally regulate the mRNA 

of chaperone proteins or HSPs (Droll et al., 2013). To prioriEse an increased translaEon 

of HSPs within the HS response, in HS condiEons there is an increase in ZC3H11 at the 

protein level (Droll et al., 2013).  

The same increase is not observed at the mRNA level of ZC3H11, remaining constant 

in HS and therefore, ZC3H11 increases in expression via post-transcripEonal regulaEon, 

with the movement of ZC3H11 mRNAs to acEve polysomes to increase their translaEon 

(Droll et al., 2013). Sucrose density centrifugaEon and polysome profiling following 

heat stress show that ZC3H11 mRNA is recruited to the polysomes, with 71 nucleoEdes 

within the ZC3H11 3’UTR governing its regulaEon (Minia and Clayton, 2016). Due to a 

lack of evidence, the stability of ZC3H11 mRNA is speculated to be supported by 

phosphorylaEon events enabling the binding of an RBP, driven by an unknown 

translocaEon (Ooi, Benz and Urbaniak, 2020). Furthermore, Minia and Clayton (2016) 

also highlight that translaEon iniEaEon has a role in controlling ZC3H11 protein levels 

in T. brucei as both protein stability and translaEon efficiency facilitate ZC3H11 

accumulaEon (Minia and Clayton, 2016). ZC3H11 is an in vitro substrate for casein 

kinase 1 isoforms 2 (CK 1.2) and in vivo CK 1.2 RNAi reduces phosphorylaEon of ZC3H11 

and reduces its stability (Minia and Clayton, 2016).  

ZC3H11 is rapidly degraded under normal culture condiEons for PCF T. brucei but at 37 

°C ZC3H11 is degraded at a slower rate, supporEng the increased abundance of ZC3H11 

in HS. This change in the rate of degradaEon of ZC3H11 in HS of PCF T. brucei is shown 

by an increase in the protein half-life from 20±8 to 123±55 hours aLer a 41 °C HS, 

presenEng increased stability post-HS (Minia and Clayton, 2018). Therefore, Minia and 

Clayton (2016) demonstrate that both translaEon iniEaEon and protein degradaEon 

have a regulatory role in determining the expression of ZC3H11, but the control of both 

mechanisms is not understood. 
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This increase observed in ZC3H11 at the protein level upon HS has been shown by 

western blo�ng of ZC3H11 N-terminal V5-epitope tagged procyclic and bloodstream 

form T. brucei, visualising a band at 60 kDa (Droll et al., 2013). This band intensifies 

following HS of the cell lines, demonstraEng an increased expression of ZC3H11 (Figure 

2.13) (Droll et al., 2013). 

 

Figure 2.13: Western blot result for V5-ZC3H11 procyclic T. brucei in HS. The bands highlighted 

with arrows show the in situ expression of V5-ZC3H11 in PCF cells across the different 

condi7ons of treatment. At an increased temperature from the procyclic culture temperature 

of 27 °C to 37 °C a transient induc7on of ZC3H11 was observed, which is shown to be 

intensified at 41 °C with a stronger banding pakern on the blot. Puromycin treatment at low 

concentra7ons also shows an increased expression of ZC3H11 in response to mild transla7onal 

stress. The aldolase lanes are present to demonstrate an even load of cells as a loading control. 

(Figure extracted from Droll et al 2013).  

ZC3H11 is shown to have a direct role in the upregulated expression of HSPs in HS, 

shown by upon RNAi depleEon of ZC3H11 there is a decrease in HSP70 at the mRNA 

level (Droll et al., 2013). This is emphasised in microarray analysis of mRNAs, 

comparing ZC3H11 RNAi cells with non-RNAi cells, revealing that, aLer HS, 27% of all 

mRNAs required ZC3H11 for their upregulaEon (Droll et al., 2013). This demonstrates 

the crucial role of ZC3H11 in stabilising mRNAs for their preferenEal upregulaEon 

within the HS response. But this conclusion is limited by the limitaEons of RNAi 

experiments, including that upon RNAi the ZC3H11 protein is not immediately 

depleted; the inability to disEnguish between primary or secondary effects and 
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therefore it is unknown if the observed results are a direct consequence of ZC3H11 

knockdown.  

Increased expression of HSPs occurs via increased ZC3H11 protein abundance binding 

HSP mRNAs and increasing their stability. ZC3H11 binds specific 3’ UTR sequences of 

target mRNAs via the contribuEon of AUU repeat moEfs (Droll et al., 2013). The binding 

of ZC3H11 to mRNAs within the stress response was shown in over half of those 

sequenced by RNASeq, notably including 13 cytosolic HSPs that support protein 

refolding as chaperones in the HS response (Droll et al., 2013). However, ZC3H11 also 

binds to the mRNA that encodes proteins unrelated to the stress response including 

GPEET (Droll et al., 2013).  

A proposed model for mRNA stabilisaEon involves ZC3H11 being bound to AUU 

repeat elements on a target mRNA, enabling the recruitment of PBP1 binding protein 

1 (PBP1) via MKT1 and PABP1 (Figure 2.14) (Singh et al., 2014). MKT1 binding with 

mRNAs promotes the subsequent binding of mRNAs to PABP2 for translaEon using 

eIF4E1 (Zinoviev et al., 2011; Singh et al., 2014). This model differs from that in other 

eukaryoEc organisms, in which the AU-rich sequence at the 3’ UTR of target mRNA 

has an opposite role in destabilising mRNA (Singh et al., 2014). 
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Figure 2.14: A diagram of the poten5al mechanism for the ac5vity of ZC3H11 in stabilising 

mRNAs to increase their expression in the HS response. ZC3H11 N-terminal region is proposed 

to bind RNA, whilst the C-terminal region interacts with PBP1 and MKT1 which recruits PABP 

(1+2) and LSM12; these proteins can interact with the polyA tail as well as eIF4G; resul7ng in 

downstream interac7ons with chroma7n assembly factor 1 and protein kinases, influencing 

mRNA stability. (Figure extracted from Singh et al 2014).  

For the acEvity of ZC3H11 to increase HSP expression it requires an interacEon with 

MKT1 which acts as a stabilising scaffold (Singh et al., 2014). The ZC3H11-MKT1 

complex occurs as a key integraEon node within the HS response via the binding of a 

conserved HNPY interacEon moEf (Singh et al., 2014; Ooi, Benz and Urbaniak, 2020). 

The stabilisaEon effect induced by MKT1 is enhanced by the binding of further proteins 

including PBP1 and SM like 12 (LSM12), thus creaEng a complex of proteins for the 

increased HSP expression during HS (Singh et al., 2014). The importance of MKT1, PBP1 

and LSM12 as interacEon proteins with ZC3H11 in T. brucei is demonstrated in their 

high percentage coverages within a ZC3H11-TAP purificaEon as 48%, 47% and 20% 

respecEvely (Singh et al., 2014). These higher percentages indicate a more stable and 

stronger associaEon with ZC3H11 than other proteins, demonstraEng that these 

proteins associate within a complex to support ZC3H11 as the master regulator of the 

HS response (Singh et al., 2014). InteresEngly, in T. brucei MKT1 and PBP1 relocate to 

stress granules in response to starvaEon, but these remain dispersed in the cytosol 

alongside ZC3H11 in HS, suggesEng a stress sEmuli-specific response which is not yet 

fully understood (Singh et al., 2014).  

 

2.4.1.6 Phosphoryla;on in the early events of the HS response 

Droll et al (2013) demonstrated that phosphorylaEon of ZC3H11 is a key event in the 

HS response of T. brucei. Following a HS at 41 °C a shiL in the molecular weight band 

of ZC3H11 is observed in western blo�ng (Figure 2.13). This shiL was comparable to 

the shiL observed in the molecular weight of ZC3H11 upon phosphatase inhibitor 

treatment (Figure 2.15). Therefore, this presents that HS induces phosphorylaEon 

events of ZC3H11 that are responsible for the observed shiL in molecular weight (Droll 

et al., 2013). This phosphorylaEon of ZC3H11 occurs for its stabilisaEon to support its 
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accumulaEon and its role of increasing the expression of HSPs (Droll et al., 2013). This 

observaEon of ZC3H11 phosphorylaEon post-HS was confirmed by Ooi, Benz and 

Urbaniak (2020), finding that ZC3H11 experienced a 16-fold change at a single 

phosphorylaEon site (S279) aLer heat shock. 

 Figure 2.15: The phosphoryla5on shia of ZC3H11 shown via western blobng. The T. brucei 

cell samples were incubated with lambda phosphatase in the presence or absence of 

inhibitors. The single band at around 60 kDa observed in lane 1, its forma7on was prevented 

in the samples treated with inhibitors. Instead, the cells treated with the inhibitors showed a 

band migra7on of around 10 kDa to ~50 kDa, which is a similar migra7on observed in cells heat 

shocked at 41 °C, shown in lanes 8-10 in Figure 2.13 (Droll et al., 2013). Sugges7ng that in HS 

ZC3H11 is shown to be phosphorylated. (Figure extracted from Droll et al 2013). 

The phosphorylaEon events upon HS have been invesEgated by Ooi, Benz and 

Urbaniak, (2020) using SILAC-based quanEtaEve phosphoproteomic analysis. 

Bloodstream form T. brucei cells were heat shocked for 1 hour at 41 °C. 193 

phosphorylaEon sites on 148 proteins were found to respond to HS significantly, with 

138 sites increasing by an average of 6-fold and 55 sites decreased in abundance by an 

average of 4-fold (Ooi, Benz and Urbaniak, 2020). However immediately aLer HS the 

proteomic analysis of the change in abundance of 2581 proteins found that only 20 

proteins that showed a significant change. Therefore, this presents that 

phosphorylaEon is part of the immediate HS response, whilst changes in protein 

expression, for example the increased expression of HSPs, occurs during later stages 

within the response to support recovery (Ooi, Benz and Urbaniak, 2020; Muhich, Hsu 



 51 

and Boothroyd, 1989). As a result, phosphorylaEon may be used within a signalling 

mechanism to induce the subsequent changes in protein expression.  

In response to HS a significant difference in phosphorylaEon is observed on RNA 

binding proteins, stress granule and P-body associated proteins, the translaEon 

iniEaEon 4F complex and the ZC3H11-MKT1 complex (Ooi, Benz and Urbaniak, 2020). 

Using the interacEon data from Singh et al (2014) alongside this phosphorylaEon data, 

a model was developed to highlight the ZC3H11-MKT1 complex as being a key signal 

integraEon node within the HS response (Figure 2.16) (Ooi, Benz and Urbaniak, 2020). 

 

Figure 2.16: Schema5c showing the phosphoryla5on sites in rela5on to the complexes 

associated with the ZC3H11-MKT1 complex. The phosphoryla7on sites shown are those that 

significantly increased a^er heat shock of the T. brucei cells. This visually demonstrates the key 

proteins, and their phosphoryla7on observed within the HS response. (Figure extracted from 

Ooi, Benz and Urbaniak 2020).   

Proteins known to be involved in the HS response were shown to be phosphorylated 

aLer HS, for example DHH1 with a 140-fold increase at two of its phosphorylaEon sites 

and PABP2 with an 8-16-fold increase across all its phosphorylaEon sites. Further 

changes were observed in translaEonal machinery proteins shown in Table 2.3. This 

dataset is valuable in providing a read-out immediately aLer HS, allowing comparison 

with experimental data detailed in the literature and in highlighEng the key 

phosphorylaEon events that occur in the early events of the HS response.  

Table 2.3: Selected transla5onal machinery proteins and their phosphoryla5on sites in T. 

brucei that showed an increase following heat shock at 41 °C for 1 hour. Data from Ooi, 

Benz and Urbaniak (2020). 
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Name Phosphoryla?on site Fold-change  

eIF4A-1 S51 

S101 

S147 

T155   

S237 

T325 

24-fold up 

17-fold up 

3.5-fold up 

3.0-fold up 

13-fold up 

7.7-fold up 

eIF4E-3 S424 3.5-fold up 

eIF4G-4 S23 

S68 

3.9-fold up 

6.3-fold up 

TranslaEon associated 

element 2 

S502 26.2-fold up 

PABP2 S93 

T167 

S212 

S259 

16-fold up 

8.2-fold up 

8.8-fold up 

8.1-fold up 

 

There was no significant change observed in the phosphorylaEon state of the HS-

essenEal proteins PABP1, HSPs 110, 84 and 83 (Ooi, Benz and Urbaniak, 2020). This 

may be explained that such phosphorylaEon of these proteins may occur at a later Eme 

point within HS recovery that was not captured within this experiment or that their 

phosphorylaEon is not required within the response. Therefore, to confirm their 

phosphorylaEon status upon HS, an extended Eme course for analysis would thus be 

required. This would enhance our understanding of the signalling pathways that occur 

within the HS stress response. 

 

2.4.1.7 The expression of heat shock proteins and heat shock resolu;on 

In general, HSPs increase in expression upon HS, and their transcripts conEnue to be 

trans-spliced, despite other trans-splicing events being halted by HS (Muhich, Hsu and 

Boothroyd, 1989). An example of a HSP that is upregulated at the mRNA level during 
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HS is HSP70, which is protecEve against the cytotoxic effects of denatured and 

aggregated proteins that appear upon heat-induced stress (Hartl, 1996; Ooi, Benz and 

Urbaniak, 2020). RNAi knockdown of HSP70 highlights its requirement for survival 

across the life cycle, suggesEng a role for HSP70 in the cellular response against the 

range of environmental temperatures experienced across the life cycle (Bentley, 

Jamabo and Boshoff, 2018). 

However, the requirement of HSP70 in T. brucei may be for its roles outside of the HS 

response, for example HSP70 is shown to play an important role in mitochondrial DNA 

replicaEon and maintenance (Týč, Klingbeil and Lukeš, 2015). Cytosolic HSP70 interacts 

with mitochondrial proteins encoded by the nucleus, prevenEng the proteins from 

adopEng its folded structure; enabling their passage across the mitochondrial 

membranes (Larburu et al., 2020).  

For its role in HS, HSP70 is supported by HSP40 as a co-chaperone, required to 

sEmulate HSP70 ATPase acEvity (Burger, Ludewig and Boshoff, 2014). The upregulated 

acEvity of HSP40 in the HS response enables HSP70 to re-fold damaged polypepEdes 

into their naEve states, supporEng cell recovery (Bentley and Boshoff, 2019). The 

upregulated HSP90 also acts as a chaperone to stabilise proteins maintaining 

proteostasis, however, less is known on its specific interacEons in trypanosomes 

(Meyer and Shapiro, 2013).  

Upon the HS sEmulus subsiding, homeostasis is restored with the polymerisaEon of 

monosomes re-forming polysomes, a resoluEon of global translaEonal arrest and the 

dissoluEon of stress granules (Kramer et al., 2008; Fritz et al., 2015). As conserved in 

mammalian cells, HSPs prevent toxic aggregaEon of proteins and support the 

degradaEon of misfolded proteins, enabling the cells to return to an undamaged state 

(Hu et al., 2022). Once the cells are in this state, as a reversible change the mRNA 

expression of general housekeeping genes increases again, and HS-specific genes 

decrease back to their baseline expression levels; this is observed aLer around 3 hours 

of recovery in PCF T. brucei (Kramer et al., 2008). Dependant on the extent of damage 

by the heat and the success of this recovery, some trypanosomes are able to complete 

repair and conEnue to proliferate (Kramer et al., 2008; Ooi, Benz and Urbaniak, 2020).  



 54 

2.4.2 The heat shock response in Trypanosoma congolense 

2.4.2.1 Comparing Trypanosoma brucei and Trypanosoma congolense 

As both T. brucei and T. congolense are within the same phylum (Figure 2.17), they have 

similariEes as flagellated kinetoplasEd parasites. Both species complete cyclic 

transmission, interacEng with the same tsetse fly vector to infect the same animal 

hosts and cause a form of trypanosomiasis disease (Eyford et al., 2011). The most 

recent common ancestor of both species is predicted to have lived 100 million years 

ago (Kay, Williams and Gibson, 2020). With this evoluEonary difference, the species 

have different gene content and their expression resulEng in phenotypic differences. 

Figure 2.17: A phylogene5c tree of the Trypanosoma species within the Euglenozoa clade. 

The phylogeny was generated using 119,006 aligned amino acid posi7ons (1,546,078 amino 

acids) from 959 nuclear genes (Kelly et al., 2014). T. brucei and T. congolense are on 

neighbouring branches of the tree, showing their evolu7onary proximity and gene7c 

similari7es. (Figure extracted from Kelly et al., 2014). 

Their geneEc differences result in disEnct properEes, T. congolense is an intravascular 

parasite with adherence, whilst T. brucei is able to migrate from blood vessels for 

invasion of further Essues, having virulence implicaEons (Coustou et al., 2010). 

Divergent metabolic pathways have also been elucidated between T. congolense and 
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T. brucei. For example, unlike T. brucei BSF which uses glucose metabolism leading to 

high pyruvate excreEon, T. congolense BSF metabolises glucose to other end products 

including succinate, malate and acetate (Steketee et al., 2021). Furthermore, unlike T. 

brucei which synthesises lipids and fa`y acids de novo, T. congolense scavenges these 

from their environment; therefore, they are less sensiEve to inhibitors of fa`y acid 

synthesis (Steketee et al., 2021). 

Further differences between T. brucei and T. congolense are exhibited in their cell 

structure and morphology (Table 2.4). Such differences implicate the movement of the 

cells, as the shorter flagellum of T. congolense follows a straight path of movement, 

whilst the path in T. brucei is more asymmetric and flexible compleEng 180° half turns 

(Bargul et al., 2016). As a result, T. brucei cells swim faster than T. congolense (Bargul 

et al., 2016). 

 Table 2.4: Differences in morphological or cell structure components in T. brucei and T. 

congolense. This table was synthesised using the following references Bargul et al., 2016; 

Ber7aux et al., 2020. 

Component T. brucei T. congolense 

Size (cell volume) Larger (76 µm3) Smaller (27 µm3) 

Shape Rounder, S-shaped cell 

body 

Thinner, slender-like 

Flagellum Long, free (up to 30 µm) Lack of free anterior 

flagellum 

UndulaEng membrane DisEnct Poorly defined or not present 

Kinetoplast posiEon Posterior Perinuclear 

 

There are mulEple different cell lines of T. brucei that are extensively worked with, but 

for T. congolense only the IL3000 cell line is extensively used; therefore, most 
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understanding of T. congolense is developed using a single cell line (Awuah-Mensah et 

al., 2021). These T. brucei and T. congolense cell lines are cultured differently in vitro. 

This includes temperature as T. brucei is grown at 37 °C, whilst T. congolense is cultured 

at 34 °C; however, both require 100% humidity and 5% CO2 (Awuah-Mensah et al., 

2021). AddiEonally, the species require different media, T. congolense media notably 

containing 15% goat serum, and media containing fetal bovine serum for T. brucei 

(Awuah-Mensah et al., 2021).  

However, these culture differences may not reflect in vivo differences between the 

species, instead these differences may have occurred due to an artefact of adapEon 

through exposure of different condiEons via different culture histories (Chantal, Minet 

and Berthier, 2021). The processes of adapEng the cells for culture will have differed, 

for example the number of passages completed in laboratory rodents; the number of 

which is shown to induce changes in gene copy numbers in T. brucei and this could 

further phenotypic differences between T. congolense and T. brucei (Mulindwa et al., 

2021). 

Overall, T. brucei and T. congolense are closely related in their phylogeny, therefore 

both infect the same mammalian hosts and cause disease with common mechanisms. 

However, differences include their geneEc content, metabolism, cell structure and 

their condiEons in culture. Further differences are exhibited within the trypanosome 

life and cell cycles (2.2.2).   

 

2.4.2.2 Exis;ng understanding of the Trypanosoma congolense HS 
response 
There has been li`le experimental work directly carried out on T. congolense, and to 

date nothing is published concerning their HS response. T. congolense is considered a 

close relaEve of T. brucei, both having the ability to infect the same hosts and being 

exposed to the same selecEon pressures (Silvester, Ivens and Ma`hews, 2018). 

Therefore, it leads to the assumpEon that they have similar responses to HS, but this 

is unconfirmed as it is unknown whether conserved HSPs and proteins with increased 
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phosphorylaEon increase alongside a global translaEonal arrest during the HS 

response in T. congolense as observed in T. brucei. 

This assumpEon is supported through there being homology in the key components of 

the response. BioinformaEc analysis of six proteins with known involvement within the 

HS response in PCF T. brucei were compared to homologues in T. congolense; this found 

a 98% protein conservaEon and 85% phosphorylaEon site conservaEon (Aelmans, 

2022). Despite the clear homology, these proteins may have a different role within T. 

congolense. 

The difference in the response to temperature change between the sub-species is 

emphasised by their culture condiEons. T. congolense is cultured at 34 °C and is unable 

to survive the T. brucei culture temperature of 37 °C, with a reduced growth rate aLer 

4 days and complete culture death occurring by 7 days (Awuah-Mensah et al., 2021). 

This is supported by Aelmans (2020) finding for 4 days of T. congolense culture at 37 °C 

cell growth occurs at a normal rate, by day 5 a severe growth lag is observed before 

complete cell populaEon death by day 7.  

As a result, instead of reliance upon its homology to T. brucei to understand the HS 

response of T. congolense, more research is required to experimentally confirm its 

similarity to T. brucei or to potenEally elucidate a disEnct response mechanism.  

 

2.5 Project Aims and Objec;ves 
The aims of this project together aim to characterise how T. brucei responds to 

increased temperature as a stress stimulus, with initial work to compare the same HS-

induced response in T. congolense. The specific objectives of the project are to: 

1. Observe any disturbances to normal cell growth upon HS, producing growth 

analysis of BSF T. brucei comparable of that published by Ooi, Benz and 

Urbaniak (2020). 

2. Observe if HS causes deviation from the normal cell cycle events of BSF T. 

brucei, reproducing the unpublished work of Aelmans (2020) and Taylor 

(2024).  
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3. Visualise whether DHH1 localisation changes from before and after HS, to 

further corroborate the findings of Kramer et al (2008). 

4. To observe if change of intensity of a HS stimulus influences trypanosome 

motility and if motility may be used as a read-out for the fate of cells after HS.  

5. To observe whether the abundance of ZC3H11 changes at the protein level 

after HS, comparative to the observation by Droll et al (2013). 

6. To produce cell lines in T. brucei with a tagged MKT1 and a mutated HNPY 

interaction motif in ZC3H11 to support future work in observing the 

significance of the ZC3H11-MKT1 complex within the HS response.  

7. To use polysome profiling analysis to view if any changes occur to polysomes 

after HS, producing initial reproducibility with Minia and Clayton (2016) in PCF 

and BSF T. brucei, before making comparisons to that in T. congolense.  

Some of these objectives include the reproduction of figures discussed within the 

literature (for example Figures 2.9A, 2.10, 2.11, 2.12, 2.13; 2.15). This is important 

because upon repeatability, it may establish that standard HS conditions are being 

used. Therefore, any further data generated may contribute to the understanding 

of the HS response in African trypanosomes, that may be used alongside the 

existent knowledge from the literature.  

 

3. Materials and Methods 

3.1 Materials 

3.1.1 Cell Lines 
The T. brucei 2T1 BSF (Alsford et al., 2005), T. brucei Lister 427 wild-type PCF and T. 

congolense IL3000 TcoSM (Awuah-Mensah et al., 2021) cell lines were used across all 

experiments. The Ty-tagged DHH1 T. brucei 427 J1339 BSF cell line was kindly provided 

by Dr Caroline Dewar. 
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3.2 Methods 

3.2.1 T. brucei BSF cell culture 

All T. brucei BSF cells were cultured in an incubator set at 37 °C, with 5% CO2, and 100% 

humidity. Cells were cultured in 25 cm2 sterile filter cap flasks, with 5 ml HMI-11 media 

(Hirumi & Hirumi, 1989). HMI-11 media was made up to 5 L; contained 1 pack of HMI-

9 powder (Invitrogen), 10 g of sodium bicarbonate (Sigma S5761, RT) and 500 ml of 

Fetal Bovine Serum (Labtech), made to a 5L volume with molecular grade water 

(Sigma).  

The pH was adjusted accordingly with NaOH to reach pH 7.3, prior to the addiEon of 

50 ml of L-glutamine (100´, Labtech), and 50 ml of Penicillin-Streptomycin (100´, 

Labtech). This was filtered using a vacuum pump and a 0.2 µm filter under sterile 

condiEons into 500 ml aliquots in sterile bo`les, to then be stored at 4°C.  

The cells were split into new pre-warmed media to be maintained in a logarithmic 

growth phase (<2 ´ 106 cells/ml), with cell counts determined using a DeNovix cell 

counter.  

 

3.2.2 T. brucei PCF cell culture 

Procyclic form T. brucei were maintained at a higher density between 1 ´ 106 and 1 ´ 

107 cells/ml determined prior to spli�ng using a DeNovix cell counter. The cells were 

cultured in SDM-79 media (Table 3.1) in 25 cm2 sterile filter capped flasks which were 

placed into a 27 °C incubator. A notable difference of the T. brucei PCF media to the 

BSF includes the use of heat-inacEvated serum, which is significant as the heat disrupts 

and inhibits complement proteins present within the serum that would otherwise lyse 

the parasites in culture.  

Table 3.1: T. brucei PCF SDM-79 media composi?on. The media was made in a 5 L 

batch, making 10 ́  500 ml bo`les, which were stored at 4 °C unEl use prior to the fresh 

addiEon of the * components.  
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Ingredient  Product  Amount in 5 L   Amount in 

500 ml 

SDM-79 powder  Invitrogen 07490916  1 pack    

Heamin stock, 10 mg/ml in 0.1M NaOH  Sigma H9039, 4 °C  3.75 ml   

Sodium bicarbonate  Sigma S5761, RT  10 g    

Water MilliQ Up to 450 ml  

Foetal bovine serum, heat inac7vated *  Sigma F4135, -80 °C  -  75 ml 

Adjust to pH 7.3 with NaOH, sterile filter  

Glutamax 1, 100x * Gibco 35050038, -20 °C  -  5 ml  

 

3.2.3 T. congolense cell culture 

T. congolense cells were cultured in an incubator set at 34 °C, with 5% CO2 and 100% 

humidity. Cells were grown in TcBSF-1 (Coustou et al., 2010), made using the 

components of Table 3.2, made to a total volume of 850 ml using molecular grade 

water (Sigma). Prior to storage at 4 °C, the media was filtered using a vacuum through 

a 0.2 µm filter in sterile condiEons and stored as 425 ml aliquots across two sterile 

500ml bo`les. Before use, 425 ml of media had the addiEon of 75 ml of Goat serum 

(Gibco), and NaOH was used to adjust the pH to 7.3, before further filtraEon through 

a 0.2 µm filter for complete media.  

The cells were split into new media accordingly into 25 cm2 sterile filter cap flasks, to 

be maintained in a logarithmic growth phase, requiring agitaEon prior to spli�ng, due 

to cell-to-flask adherence.  

Table 3.2: T. congolense media components for 2 ´ 425 ml boKles. 

Ingredient Product Amount 
in 850 
ml 

Amount 
in 425 ml 

MEM powder 
 

Sigma, MO643 9.6 g 4.8 g 

Sodium bicarbonate 
 

Sigma, S576, RT 2.2 g 1.1 g 
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HEPES 
 

Melford, Mw 238.3 5.96 g 2.98 

Glucose 
 

Duschefa, Mw 198.2 1.1 g 0.55 g 

Sodium Pyruvate 
 

Sigma, Mw 110.0 110 mg 55 mg 

Adenosine 
 

Sigma, Mw 267.2 5.3 mg 2.65 mg 

Hypoxanthine stock soluEon* 
 

0.1 M, Mw 136.1 1 ml 0.5 ml 

Thymidine 
 

Sigma, Mw 242.2 4.84 mg 2.42 mg 

Bathocuproinedisuplonic acid 
 

Sigma, Mw 564.5 11.3 mg 5.65 mg 

2-mercaptoethanol 
 

Labtech, Mw 78.13, di 
114 

14 µl 7 µl 

L-glutamine 
 

Labtech, 100´ 10 ml 5 ml 

Penicillin Labtech 5 ml 2.5 ml 
* The Hypoxanthine stock was prepared using 1.36 g in 100 ml of 0.1M NaOH, warmed 

to dissolve, before storage of aliquots (0.5 ml) at -20°C. 

 

3.2.4 Heat Shock Protocol 
All the cell types were heat shocked at a mid-log density in a 10 ml volume, this was 

determined using triplicate counts generated by a DeNovix automated cell counter. 

The temperature of the water bath was validated using a calibrated digital 

thermometer (RS) to ensure consistency.  

There were two groups: the control (not subjected to heat shock, kept at 37 °C) and 

the experimental group. Both 10 ml culture groups were placed into 50 ml Falcon tubes 

with loose lids and were placed into a 37 °C incubator for 1 h to recover from the 

change from the flask condiEons. The experimental populaEon Falcons were placed 

into a pre-heated recirculaEng water bath (CliLon) for the specified Eme (0-2 hours), 

the Eme starEng from the first reading of the required temperature in a blank sample 

(with equivalent volume to the experimental tubes), measured using a digital 

thermometer (RS). During the assay the temperatures of both the blank and the water 

bath were monitored and recorded.  
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ALer the required HS Eme, the experimental tubes were removed from the water bath 

for subsequent analysis (including flow cytometry, growth and moElity analysis), 

compared to the control populaEon.  

 

3.2.4.1 Heat Shock Recovery 
Following HS, an increased mortality is observed but of the remaining viable cells, 

recovery was measured by transferring the culture from the experimental Falcon tubes 

into sterile Grenier 25 cm3 filtered culture flasks and were placed back into incubators 

for their standard culture condiEons (37 °C for T. brucei and 34 °C for T. congolense). 

Following Emepoints of 1-8 hours, samples were taken from these flasks hourly as a 

measure of immediate heat shock recovery.  

For the analysis of recovery via growth, cumulaEve growth curves were constructed 

using triplicate cell counts using a DeNovix automated cell counter, for the average 

counts in cells/ml to be plo`ed against the Eme in hours post-HS. BSF T. brucei cultures 

were split upon a cell count exceeding around 1 ´ 106 cells/ml to exactly 1 ´ 105 

cells/ml, recording the diluEon factor. The diluEon factors were used in the cumulaEve 

growth curve as a mulEplier for subsequent average counts, thus producing a growth 

curve of conEnuous growth and increasing the sensiEvity to observe any HS-induced 

defects in growth. For plo�ng the growth curves using Excel, average counts were 

calculated and for culture flasks that were split, subsequent average counts were 

mulEplied by the diluEon factors to produce cumulaEve cell counts. The data was 

plo`ed on Excel with the Eme (up to 4 days) on the x-axis and cumulaEve count on the 

y-axis; standard deviaEon error bars were applied to each point to account for the 

variaEon in counts. 

 

3.2.5 Flow Cytometry 
Flow cytometry sample preparaEon was completed for BSF T. brucei by isolaEng the 

cells (at around 1 ´ 106 cells/ml) by centrifugaEon of 1.5 ml of a sample at 5,500 ´g for 

3 minutes, then removing the media (supernatant). The remaining pellet of cells was 
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resuspended in 300 µl of Phosphate Buffered Saline (PBS), then mixed with 700 µl of 

methanol and stored at 4 °C for overnight fixaEon.  

Following fixaEon, the samples were centrifuged at 5,500 ´g for 3 minutes to isolate 

the pellet for resuspension in 1 ml of PBS, with staining using 10 µg/ml of propidium 

iodide (Invitrogen) and 10 µg/ml of RNaseA (Sigma). These samples were incubated in 

the dark at 37 °C for 45 minutes-1 hour. 

Flow samples were run on a Beckman Coulter flow cytometer, using CytExpert Cytoflex 

soLware, on which 50,000 events were recorded. Subsequent analysis used graphical 

gates on a plot of forward sca`er against side sca`er, disEnguishing the size of cells. 

The populaEon of selected cells (P1) were then gated using the Phycoerythrin (PE) 

signal channel which corresponds to emission from PI, by plo�ng signal area against 

PE signal height, to allow doublets discriminaEon creaEng a P2 populaEon. Across a 

single experiment of flow cytometry samples for HS recovery, the doublet 

discriminaEon range used in following analysis was 47.47% to 93.93% with an average 

of 62.75% across all samples; variaEon in doublets gated out was dependent upon cell 

health or recovery. The P2 populaEon were plo`ed as histograms of PE intensity, with 

gates to idenEfy the number of cells within the cell cycle phases of G1, S, and G2/M, 

AddiEonal gates were used to idenEfy outliers to the normal cell cycle phases, labelled 

as <G1 and >G2M, which indicate abnormal DNA content. The gaEng process to get to 

this final data of the P2 populaEon with cell cycle gates is outlined in Figure 3.1.  

Figure 3.1: Flow chart summarising the progression of ga?ng within CytExpert 

SoSware, completed for all flow cytometry analysis. StarEng with all 50,000 events, 
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size filtering got the P1 populaEon which was filtered using PE area and height to 

collect the P2 populaEon. The P2 populaEon was then gated for doublet 

discriminaEon, prior to peaks in PE intensity being idenEfied as stages within the cell 

cycle (blue for G1, orange for S and green for G2M). This gaEng was kept constant 

throughout an experiment.   

 

3.2.6 Mo;lity analysis 

3.2.6.1 Video acquisi;on 
A DroiX 4K colour camera system was set up on an Oxion Inverso inverted light 

microscope, set at its lowest magnificaEon with a 10´ objecEve lens. At the relevant 

Emepoints within the HS assay 500 µl of culture was taken from the experimental 

Falcon (> 5 ´ 105 cells/ml exposed to a given temperature) and pipe`ed into a well of 

a sterile 24-well plate in triplicate. The plate was agitated to reduce the effects of 

cellular driL via meniscus formaEon prior to imaging. Three widescreen 30 second AVI 

videos were recorded across the three wells per Emepoint. These videos were then 

analysed visually by making comparison to non-HS cells, as well as through using Icy 

bioimaging SoLware analysis (de Chaumont et al., 2012). 

 

3.2.6.2 Mo;lity bioimaging analysis using Icy 
In the Icy soLware, the contrast of the videos was altered accordingly to enhance the 

visibility of the cells to improve the tracking efficiency. A further parameter adjusted 

was of that to include movement on the Z axis in the analysis, to account for the cells 

that moved the depth of the well rather than the length.  

A spot detector plugin within the Icy soLware was used to detect moEle cells, these 

were disEnguished from moEle debris that was excluded from the data through using 

a size range of 100-20,000 pixels. This plugin was also used to produce ‘tracks’ of the 

movement of an individual cell, examples of these tracks are shown in Figure 3.2. 
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Figure 3.2: Example of the tracks made by cells detected using the spot detector 

plugin on the Icy soSware (de Chaumont et al., 2012). 

A moEon profiling processor within the soLware (de Chaumont et al., 2012) was used 

to convert this data collected into a speed of microns per second. The average speed 

and maximum speed the cells reached was recorded and subsequently analysed using 

a single ANOVA with Tukeys ad hoc post-tests via the Real StaEsEcs plugin (Zaiontz, 

2023) on Excel soLware; data was deemed staEsEcally significant when p<0.05. The 

tracks produced (shown in Figure 3.2) indicated displacement of cells in mulEple 

direcEons, suggesEng that the flow of the culture was not an issue in implicaEng the 

moElity data. 

 

3.2.7 Immunofluorescence Assays 
Immunofluorescence assays (IFAs) were completed for the visualisaEon of P-bodies, 

via an anEbody against TY-tagged DHH1. P-body visualisaEon used DHH1 due to its 

localisaEon in P-bodies in HS (Kramer et al., 2008).  

Coverslips were prepared firstly by cell centrifugaEon (of cells at a 5 ´ 105 cells/ml 

density) at 550 ´g for 4 minutes to remove the media; remaining cells were pipe`ed 

onto a coverslip within a 24-well plate. The cells were incubated on the coverslips for 

approximately 5 minutes, before a 5-minute incubaEon with 4% paraformaldehyde 



 66 

(PFA), which was then removed, and PBS was added for overnight incubaEon at 4 °C, 

and wells were sealed with parafilm to prevent evaporaEon.  

The PBS was removed, and cells were permeabilised in 0.05% Tween-20 in 1´ PBS (PBS-

Tween) for 15 minutes. This was followed by the addiEon of 100 µl of 1 % BSA in PBS-

tween, which was incubated at room temperature for 1 hour in darkness on a rocking 

pla�orm. This block was then removed, enabling addiEon of > 100 µl of the primary 

anEbody (sufficient to enable coverage), prior to incubaEon for an hour at room 

temperature in darkness on a rocking pla�orm. The primary Ig used was anE-Ty Ig 

(GenScript) raised in a rabbit, in the diluEon of 1/300 in 1% BSA in 0.05% Tween in 1´ 

PBS soluEon (block). 

The primary anEbody was then removed, before compleEng a 5-minute wash in PBS-

Tween in triplicate, removing unbound anEbody. Following washes, the goat anE-

rabbit IgG (Sigma) conjugated to FITC secondary anEbody was added, in a 1/200 

diluEon in the block. A final 1 hour incubaEon was completed, prior to the removal of 

anEbody and repeated triplicate wash steps in PBS-Tween.  

The coverslips were mounted onto slides and fixed in Fluoroshield with DAPI (Sigma) 

avoiding air bubble formaEon. These slides were stored in the dark at 4 °C unEl 

visualisaEon using a DeltaVision Elite deconvoluEon microscope with a 60´ oil 

objecEve lens; all following analysis was completed using ImageJ SoLware.  

 

3.2.8 Western blot  

3.2.8.1 Western blot sample prepara;on 

5 ´ 106 cells/sample were collected from 10 ml cultures at a density of 5 ́  105 cells/ml. 

Cells were harvested by centrifugaEon at 200 ´g for 10 minutes at room temperature. 

The resultant pellet was washed in 500 µl of 1´ PBS and centrifuged at 5,500 ´g for 5 

minutes at room temperature. The supernatant was carefully removed before 

resuspension of the pellet in 15 µl 2´ sodium dodecyl sulphate (SDS) buffer (Table 3.3). 

This was denatured at 95 °C for 5 minutes prior to storage at room temperature unEl 
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use. The experimental cell samples that were prepared for western blo�ng are 

outlined in Table 3.4.  

Table 3.3: Composi?on of 2 ´ SDS buffer (10 ml). 

Component Amount 

Tris-HCl (pH 6.8) 1.25 ml 

SDS 0.4 g 

Glycerol 2 ml 

2-mercaptoethanol 1 ml 

Bromophenol blue 2 mg 

Water Up to 10 ml 

 

Table 3.4: Sample condi?ons of the cells used in western bloZng. MG132 (Sigma 

Aldrich) is a proteosome inhibitor and the + HS condiEons follow that of the heat shock 

protocol (3.2.3). 

Sample Experimental condi?ons 

-HS Sample kept at 37°C for 2 h 

+HS Sample at 37°C for 1 h and 1 h at 41°C 

+MG132 Sample at 37°C for 1 h, addiEon of 

MG132 (10 µg/ml) and 1 h at 37°C 

 

3.2.8.2 SDS PAGE and Semi-Dry Transfer 

15 µl samples were carefully pipe`ed into the wells of a pre-cast Mini PROTEAN TXG 

gel alongside a ProteinTech protein ladder, in the presence of 1´ SDS running buffer at 

150 volts for 45 minutes.  

The Semi-dry transfer method was used, with proteins transferred onto a PVDF 

membrane using the Transblot Turbo kit (Biorad), according to manufacturer’s 

instrucEons, using the mixed MW programme (7 minutes). The membrane was then 

blocked in a soluEon of 5% skimmed milk in 1´ PBS with 0.1 % Tween for 20 minutes 

whilst being agitated at room temperature. The gel was incubated in Coomassie Blue 
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stain to visualise the efficiency of the transfer from the gel to the membrane, enabling 

the visualisaEon of remaining protein within the gel.  

The membrane was then stained using primary anEbodies 1/2,000 rabbit anE-Ty 

(Genscript) and 1/20,000 mouse anE-EF1 (Santa Cruz Biotechnology) in 2.5% milk 

soluEon in 1´ PBS with 0.1% Tween in a cold room (4 °C) overnight. The membrane 

was washed for 5 minutes in 1´ PBS with 0.1% Tween, and probed with the secondary 

anEbodies, 1/5,000 anE-rabbit HRP (Sigma) and 1/20,000 anE-mouse (LI-COR) with 

peak excitaEon at 680 nm (via IRDye 680D) were added in 2.5% milk soluEon in 1´PBS 

with 0.1% Tween. These were incubated in the dark at room temperature for 1 hour, 

before washing. This membrane was then imaged using a ChemiDoc MP imaging 

system (Biorad) for brigh�ield images or ‘chemi’ for visualisaEon of anEbody staining. 

For the detecEon of fluorophores, a Thermo Fisher iBright was used with the selecEon 

of IRDye680 fluorescence and an exposure of 4 seconds.  

 

3.2.9 Genera;ng cell lines 

The pPOTv6-3´Myc-MScarlet plasmid (Paterou et al., 2025) was used in the generaEon 

of an MKT1 tagged cell line with the G418 resistance casse`e.  

The primers were designed accordingly using sequences from TriTrypDB (Asle` et al., 

2009), and their annealing temperatures were calculated using New England Biolabs 

Tm calculator (New England Biolabs, n.d.) using OneTaq polymerase. To find the 

locaEon of the HNPY interacEon moEf within the ZC3H11 sequence the Kazusa 

trypanosome codon usage database (Kazusa Database, n.d.) and the Quikchange II 

primer design program were used to design site-directed mutagenesis primers 

(Agilent, n.d.). The primers designed are detailed in Table 3.5 and were ordered from 

Sigma Aldrich. 

Table 3.5: Primers and their corresponding details, used in genera?ng cell lines. 
RestricEon enzyme (RE) sites and areas of mismatch to the genomic sequence are 
highlighted within the primer sequence by being underlined. The annealing 
temperatures are those experimentally used (aLer opEmisaEon). 
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3.2.9.1 Agar plates and bacterial media 
All Escherichia coli was cultured on LB agar plates. These were made by autoclaving 8 

capsules of LB with agar (Thermo ScienEfic) in 1 L of water. Carbenicillin was added to 

a final concentraEon of 100 µg/ml, and the mixture was poured into petri dishes which 

were set and stored at 4 °C prior to use. For blue-white selecEon, X-Gal (Thermo 

ScienEfic) (20 mg/ml) and IPTG (0.1M) were added and spread on the plates before 

the addiEon of the bacteria.   

The colonies picked from the agar plates were then cultured in LB media made with 25 

g of LB (Thermo ScienEfic) in 1 L of water, its pH was adjusted accordingly to pH 7.2, 

before being autoclaved. Carbenicillin was added to a 100 µg/ml final concentraEon 

and this complete media was stored at room temperature.  

 

3.2.9.2 Transforma;on  

E. coli DH5 alpha cells (50 µl, NEB) were incubated with 1 µl DNA plasmid on ice for 10 

minutes. These cells were heated to 42 °C for 45 seconds before being returned to ice 

for 2 minutes. 200 µl SOC growth medium (NEB) was added to the cells and incubated 

at 37 °C for 10-30 minutes in a rocking incubator. This was then plated out onto agar 

plates containing 100 µg/ml carbenicillin (3.2.8.1) and incubated overnight at 37 °C.  

Name Used in Direc?onality Length 
(nt) 

Sequence RE 
site 

Mismatch Annealing 
temperature 
(°C) 

ZC-F ZC3H11 Forward 30 TGGCAGTAGGCATTA 
TGTCGGACACGGCCA 

 CCC into 
GCC 

55 

ZC-R ZC3H11 Reverse 30 TGGCCGTGTCCGACATA 
ATGCCTACTGCCA 

 CCC into 
GCC 

55 

G4-F G418 Forward 34 ACATTAGCTAGCATGATTGA 
ACAAGATGGATTGC 

XhoI  46 

G4-R G418 Reverse 32 CGTATTCTCGAGTCAGAAGAA 
CTCGTCAAGAA 

NheI  46 

MK-F MKT1 Forward 18 ACATTAAAGCTTATGTACCC 
CCGACACGAT 

HindIII  58.8 

MK-R MKT1 Reverse 24 CGTATTGGATCCATAATATGTTT 
CTCGCACTCCC 

BamHI  58.8 
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The following day colonies were selected and individually resuspended in 3 ml of LB 

broth in 50 ml Falcon tubes and were cultured overnight in a shaking incubator at 37 

°C. 

 

3.2.9.3 DNA mini prep  
Following overnight culture, plasmid DNA was extracted from E. coli using the GeneJet 

Miniprep kit (Thermo ScienEfic) according to the manufacturer’s instrucEons (Thermo 

ScienEfic, n.d.). The concentraEon of the miniprep products were measured using a 

NanoDrop One with a raEo of 260 nm/ 280 nm to verify purity.  

 

3.2.9.4 Restric;on enzyme digest 
For each digest completed (either 100 U for a diagnosEc digest or 200 U for gel 

extracEons), the restricEon enzymes (New England Biolabs) comprised 1/20 of the 

total reacEon volume, and 10´ Cutsmart buffer (New England Biolabs) was 1/10 of the 

reacEon mix. Mini prep and was added up to the total reacEon volume and the mix 

was incubated for at least 1 hour at 37 °C. Recombinant Shrimp Alkaline Phosphatase 

(rSAP) treatment was completed to remove the 5’-phosphate groups generated by REs, 

by incubaEng the digest with 1 µl of rSAP for 30 minutes at 37 °C.  

 

3.2.9.5 Agarose gel electrophoresis 
Agarose gel electrophoresis was completed using 1% agarose gel plus SYBR safe DNA 

red gel stain (Invitrogen). The agarose gel was run in 1´ TAE running buffer, with 

samples run alongside 5 µl 100 bp or 1kb ladder (Promega). A 6´ purple loading dye (2 

µl) was added to stain colourless samples. Gels were run for approximately 30 minutes 

at 115 V, before imaging using a BioRad Gel Doc EZ imager. 
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3.2.9.5.1 Gel extraction 
The band of interest produced by gel electrophoresis was cut out, visualised using a 

UV transilluminator (Syngene). The DNA was extracted from this band using a 

ThermoScienEfic GeneJet Gel ExtracEon kit, following the method provided by the 

manufacturer.  

 

3.2.9.6 DNA Sequencing 
Sanger sequencing was performed at the University of Dundee using standard or 

custom primers (Table 3.6). Comparisons were made to genomic sequences available 

on TriTrypDB (Asle` et al., 2009) using ApE soLware (Davis and Jorgensen, 2022).  

Table 3.6: Complete list of primers used for sequencing, their direc?on and sequence. 

The * primers were custom primers. F corresponds to forward and R corresponds to 

reverse direcEons.  

Name of primer Direc?on Sequence 

SP6 F ATTTAGGTGACACTATAG 

T7 F + R TAATACGACTCACTATAGGG 

pSiS PFR2 IGS * F TTTCCTCCTTTGGGTGCACC 

pPOTv6 GS linker 1F * R GGTTCTGGTAGTGGTTCCGG 

 

 

3.2.9.7 Liga;on reac;ons 
Backbones (pGEM-T or the final backbone) and inserts were ligated together using 1 

µl of T4 DNA ligase (Promega), 1 µl of 10´ rapid ligaEon buffer (Promega), 1 µl of vector 

and 7 µl of insert. The 10 µl reacEon mixtures were incubated overnight at room 

temperature. 
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3.2.9.8 PCR Reac;ons 

PCR reacEons were used to amplify DNA of interest from genomic DNA. The reacEon 

mix was prepared as outlined in Table 3.7, using reagents from New England Biolabs.  

Table 3.7: Volumes of reac?on components used within the 50 µl PCR reac?on 

mixture. *The primer mix contained both forward and reverse primers diluted to a 

respecEve 10 µM concentraEon.  

Component name Volume used (µl) 

2 ´ OneTaq Master mix 25 

*Primer Mix (10 µM) 2 

DNA template 1 

Water 22 

 

PCR reacEons were performed in a BIO-RAD T100 Thermal Cycler (Figure 3.3). The only 

variaEons in the cycling condiEons were the annealing temperature, which was 

adjusted to accommodate the temperatures required for both the forward and reverse 

primers, and the extension Eme, which was adjusted based on the size of the amplicon 

as one minute/kb (Table 3.8). Following complete cycle run, the PCR reacEons were 

assessed using gel electrophoresis (3.2.9.5). 
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Figure 3.3: The general run cycle used for all PCR reac?ons using OneTaq or Superfied 

pol in the BIO-RAD T100 Thermal Cycler. Changes were made in the annealing 

temperatures and extension Emes for individual reacEons.   

 

Table 3.8: The final annealing temperatures and extension ?mes used for each 

named amplicon. OpEmisaEon meant that these values were altered, the final values 

indicated are those used to produce the final PCR product.  

Amplicon Annealing temperature 

(°C) 

Extension ?me (minutes) 

MKT1 58.8 4.0 

G418 46.0 1.5 

 

3.2.9.9 Site-directed Mutagenesis 
Site-directed mutagenesis (SDM) was used to mutate the HNPY interacEon moEf in the 

ZC3H11 gene (Tb927.5.810) using the Agilent SDM QuikChange II Kit according to 

manufacturer’s instrucEons, the reacEon components are shown in Table 3.9.  
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Table 3.9: Volumes of reac?on components used within the 50 µl SDM reac?on 

mixture. *The primer mix contained both forward and reverse primers diluted to a 

respecEve 10 µM concentraEon.  

Component name Volume used 

(µl) 

10 ´ ReacEon buffer 5 

*Primer Mix (10 µM) 2.5 

dNTP mix 1 

Water 39.5 

Plasmid DNA template (50 ng/µl) 1 

Polymerase (2.5 U/ µl) 1 

 

ALer PCR cycle compleEon (Figure 3.4), the tubes were placed onto ice for 2 minutes 

prior to the addiEon of 1 µl Dpnl and incubaEon at 37 °C for 1 hour. 10 µl of PCR 

reacEon was then transformed (as 3.2.9.2) using 50 µl of supercompetent E. coli cells 

(provided with the kit).  

 

Figure 3.4: The run cycle used for the SDM reac?on using the BIO-RAD T100 

Thermal Cycler. 
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3.2.9.10 Transfec;on into BSF T. brucei  

3.2.9.10.1 PCR for transfec;on 
The DNA used in the following ethanol precipitaEon (3.2.8.10.2) required two PCR 

reacEons, one to amplify sgRNAs and another to amplify the segment of DNA 

containing the blasEcidin resistance casse`e and mutated ORF; their reacEon 

components are respecEvely shown in Tables 3.10 and 3.11. 

Table 3.10: 50 µl CRISPR PCR reac?on mix. *The primer mix contained both forward 

and reverse primers diluted accordingly to a 10 µM concentraEon.  

 

 

 

 

 

 

 

 Table 3.11: 90 µl reac?on mix for PCR 2 used in ethanol precipita?on prior to 

transfec?on. *The primer mix contained both forward and reverse primers diluted 

accordingly to a 10 µM concentraEon.  

 

 

 

 

 

 

Reac?on component Volume (µl) 

Template plasmid (30 ng/µl) 4.5 

5´ SuperFi II buffer (ThermoScienEfic)  18 

dNTPs 1.8 

*Primer mix (10 µM) 9 

SuperFi Pol (ThermoScienEfic) (2 U/µl) 1.8 

Water 54.9 

Reac?on component Volume (µl) 

*Primer mix (10 µM) 5 

5´ SuperFi II buffer (ThermoScienEfic)  10 

dNTPs 1 

SuperFi Pol (ThermoScienEfic) (2 U/µl) 1 

Water 33 
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Following, compleEon of the PCR reacEon mixtures, the tubes were placed into a BIO-

RAD T100 Thermal Cycler for the cycles in Figure 3.5 to be completed. 

Figure 3.5: The run cycles used for the transfec?on PCR reac?ons using the BIO-RAD 

T100 Thermal Cycler. The PCR reacEons used the same cycles, only differing in 

extension Emes (step 4), for the CRISPR PCR this was 15 seconds and in PCR 2 this was 

1 minute.  

 

3.2.9.10.2 Ethanol precipita;on 
1/10 volume of sodium acetate (3M pH 5.5) was added to the PCR products, alongside 

a 2´ volume of 100% ethanol. The mixture was vortexed and was incubated overnight 

at -20 °C. This was then centrifuged at ~ 15,000 ´g for 30 minutes at 4 °C. The 

remaining pellet was resuspended in 2´ volume of 70% ethanol and centrifuged in the 

same condiEons for 15 minutes. The pellet was then air dried to evaporate any 

remaining ethanol. The pellet was resuspended in 10 µl of disElled water and stored 

at -20 °C.  

 

3.2.9.10.3 Transfec;on  

2 ´ 107 BSF T. brucei cells pelleted in a centrifuge at 200 ´g for 10 minutes. The cell 

pellet was resuspended in filter-sterilised 1´ PBS (1 ml) and were transferred to a 
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sterile Eppendorf. The cell pellet was resuspended in 100 µl room temperature RodiE 

buffer (Table 3.12). This resuspension was added to 10 µl ethanol precipitated DNA 

and transferred into a transfecEon cuve`e. A DN100 program was used on Lonza 

Nucleofector machine. Transfected cells were removed from the cuve`e and placed 

into non-drugged HMI-11 media with no addiEonal drugs added and leL at 37 °C.  

Table 3.12: The composi?on of Rodi? transfec?on buffer (100 ml) used for BSF T. 

brucei electropora?on. This buffer was filter-sterilised and stored at 4°C prior 

to use.  

Component Amount in 100 ml buffer 

KCl (120 mM) 0.894 g 

CaCl2 (0.15 mM) 2.2 mg 

K2HPO4 (10 mM) To adjust to pH 7.6 

HEPES (25 mM) 5.96 g 

EGTA (2mM) 0.76 g 

MgCl2 (5 mM) 0.102 g 

 

6 hours following the transfecEon, 4 µg/ml blasEcidin was added to the cells. DiluEons 

were made as in Table 3.13, which were plated out alongside the remaining undiluted 

cells across separate 24-well plates with 1 ml/well. These plates were monitored for 

their growth aLer 5 days and 6 wells with viable cells were picked to be cultured in the 

presence of 4 µg/ml blasEcidin.  

Table 3.13: The dilu?ons used in pla?ng up BSF T. brucei with blas?cidin resistance 

following transfec?on.  

Dilu?on Cell volume  Media volume Blas?cidin volume 

1/10 2.4 ml 21.6 ml 8.6 µl 

1/100 240 µl 23.8 ml 9.5 µl 

1/1000 2,400 µl 24.0 ml 9.6 µl 
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3.2.9.10.4 Genomic DNA (gDNA) extrac;on from transfected T. brucei 

gDNA was prepared for following PCR amplificaEon of an insert, for the confirmaEon 

of insert success via gel electrophoresis, gel extracEon and following Sanger 

sequencing. A 10 ml culture of 1-5 ´ 106 transfected cells were centrifuged at 3,900 ´g 

for 1 minute at 4 °C. The resultant pellet was resuspended in 100 µl of nucleofector 

soluEon (Lonza) and 1 µl of 10% SDS; the resuspension was incubated at 55 °C for 10 

minutes and 50 µl of 3M NaOAc was added. The Lonza nucleofector soluEon was used 

to rapidly lyse the cell membrane and break down the nuclear envelope without 

shearing DNA aggressively, acEng as a gentle and effecEve lysis buffer for improved 

DNA integrity compared to standard lysis buffers. An incubaEon was then completed 

on ice for 5 minutes before centrifugaEon at 20,000 ´g for 5 minutes at 4 °C. The 

produced supernatant was transferred into a sterile Eppendorf and 200 µl of 100% 

ethanol was added; the mixture was centrifuged in the same condiEons as previously. 

This produced a pellet of gDNA that was air dried at room temperature and was 

resuspended in 100 µl of ddH2O.  

 

3.2.9.10.5 gDNA insert PCR amplifica;on 
The insert of interest (ZC3H11) was amplified by PCR using the reacEon mix shown in 

Table 3.14, which was placed in a BIO-RAD T100 Thermal Cycler to complete the cycle 

shown in Figure 3.3, with an extension Eme of 90 seconds and an annealing 

temperature of 55 °C. This reacEon was used in gel extracEon and final sequencing 

using specific primers (Table 3.15) to confirm the success of a transfecEon. 

Table 3.14: Volumes of reac?on components used within the 50 µl PCR reac?on 

mixture. 

Reac?on component Volume (µl) 

5´ Q5 reacEon buffer (NEB) 10 

dNTPs (10 mM) 1 

Forward primer (10 µM) 2.5 
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Table 3.15: The sequences of primers used in the PCR of the ZC3H11 gene from gDNA. 

The locaEon where the primers anneal to the ZC3H11 gene are highlighted within the 

primer sequence by being underlined.  

 

 

 

 

3.2.10 Polysome Gradient Fractionation 

3.2.10.1 Production of sucrose gradients 
For iniEal validaEon of the gradient fracEonaEon system, 10% and 60% sucrose 

soluEons (w/v) were made with sucrose (Melford) and water, the 60% soluEon also 

had the addiEon of bromophenol blue (Sigma-Aldrich) at a 100 µg/ml concentraEon.  

For the experimental sucrose soluEons, 10% and 50% sucrose (w/v) were made using 

gradient buffer (Table 3.16) and sucrose (Melford). To produce the gradients the light 

sucrose soluEon (10%) was transferred to half-fill 13.2 ml ultracentrifuge tubes 

(Beckman Coulter) using a needle and 20 ml syringe; then the heavy sucrose soluEon 

(50 or 60%) was layered at the bo`om to fill the remainder of the tube also using a 

needle and 20 ml syringe. Long caps were then used to seal the tubes (Biocomp) before 

they were placed onto the Biocomp gradient master, and all gradients were made on 

a 15-50% sucrose funcEon. These produced gradients were stored at 4 °C for less than 

24 hours. Prior to use, the gradients were weighed to ensure balancing within the 

Reverse primer (10 µM) 2.5 

DNA template 2 

Q5 Polymerase (NEB) (2,000 U/µl) 0.5 

Water 31.5 

Primer direc?on Sequence 

Forward ACATTAAAGCTTATGAGCACTGCAACATCTG 

Reverse CGTATTAGATCTTCACAAGGAAAGAAACATATCC 
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ultracentrifuge, ensuring there was no more than 0.1g difference in weight between 

tubes.  

Table 3.16: Composi?on of 65 ml of gradient buffer. The * components were added 

upon use fresh.  

Component  Volume   
1M Tris-HCl  1.3 ml  
1M KCl  7.8 ml  
1M MgCl2  130 µl  
1M DTT  65 µl  
10mg/ml Leupeptin*  65 µl  
100 mg/ml cycloheximide*  65 µl  
Water (MilliQ)  55.6 ml  

 

3.2.10.2 Polysome sample prepara;on 

Samples for gradient fracEonaEon were prepared requiring > 1 ´ 108 cells total; the 

number of cells were observed using a DeNovix cell counter. The cells (+/- HS) were 

transferred into Falcons and had cycloheximide added in a final concentraEon of 100 

µg/ml to preserve polysomes in subsequent lysate preparaEon. The culture with 

cycloheximide was then placed into a 37 °C incubator for 10 minutes and then were 

chilled at 4 °C for a further 10 minutes. The cells were then pelleted in a centrifuge at 

700 ´g for 5 minutes at 4 °C, the media was removed, and the pellet was resuspended 

in 1 ml 1´ PBS with cycloheximide (100 µg/ml) and was transferred into an Eppendorf. 

The resuspension was pelleted by centrifugaEon (as previously) and the PBS was 

carefully removed; this wash step with PBS was repeated. The isolated pellet was then 

flash frozen in a -80 °C freezer unEl use.  

The pellets were placed on ice and were each resuspended in 250 µl of completed lysis 

buffer (Table 3.17), and the cell suspension was passed through a 21-gauge needle 15 

Emes and then a 27-guage needle 15 Emes using a 1 ml syringe. The cells in lysis buffer 

were then incubated at ~4 °C for 10 minutes, before being placed in a centrifuge at 

~15,000 ´g for 10 minutes at 4 °C. The supernatant was carefully removed and was 

slowly loaded on top of the sucrose gradients, by carefully pipe�ng against the wall of 

the ultracentrifuge tube.  
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Table 3.17: The composi?on of 10ml lysis buffer.  The * components were added 

fresh to complete the buffer on ice prior to use.    

Component  Volume (µl)  
1M Tris-HCl  200  
1M KCl  200  
1M MgCl2  20  
1M DTT  20  

RNasin*  125  
10mg/ml Leupeptin*  10  
10% IGEPAL  200  
1M Sucrose  2000  
100 mg/ml cycloheximide*  10  
Water (MilliQ)  Make up to 10 ml total volume  

 

3.2.10.3 Ultracentrifuga;on 
Gradients with layered cell lysates were placed accordingly within a pre-chilled SW 41 

Ti swinging-bucket rotor (Beckman Coulter). This rotor was placed into an OpEma L-

100 XP ultracentrifuge (Beckman Coulter) that had been pre-cooled to 4 °C. The 

ultracentrifuge was run at ~ 207,000 ´g (maximum speed) at 4 °C for 1 hour, with a 

maximum acceleraEon and deceleraEon set at 4.  

 

3.2.10.4 Gradient frac;ona;on 
Prior to running samples, the fracEonator was turned on and was zeroed using water. 

Gradients were then assembled in the fracEonator, the piston was then lowered to the 

top of the tube and 14 fracEons with a volume of ~250 µl were collected, whilst 

measuring absorbance at 254 nm across the posiEons, which was graphically displayed 

on the Biocomp TRIAX soLware.  

Following analysis was completed using Excel, enabling the change in scale to observe 

polysome peaks with an improved resoluEon and peaks were Etled 40S, 60S, 80S and 

polysomes according to comparison with the literature (Kramer et al., 2008). 

 
 



 82 

4. Temporal profiling of the forma7on and dissolu7on of P-
bodies and heat shock granules 

4.1 Valida;ng condi;ons that induce the HSR  
All heat shock experiments were induced by transferring the trypanosome cell culture 

into 50 ml conical centrifuge tubes and placing them into a stabilised water bath. To 

ensure that the HS response in African trypanosomes was being characterised, rather 

than a cell death phenotype, growth, cell cycle analysis via flow cytometry and moElity 

were measured as read-outs of cell viability. It was crucial to observe that the cells 

were able to survive a controlled heat shock by being placed in a water bath, equivalent 

to how they would survive within a mammalian host experiencing fever. Therefore, 

validaEng the temperature and Eme the cells were placed in the water bath for, 

enables the understanding of the HS response in experimental condiEons within the 

lab to be developed that are physiologically relevant.  

 

4.1.1 Heat shock at 41 °C for 1 hour induces a heat shock response in T. 
brucei  
IniEally, the effect of the length of HS exposure at 41 °C upon growth of BSF T. brucei 

was measured to ensure previous data was reproducible. The cells were placed into a 

water bath stable at 41 °C for 0.5, 1 and 2 hours then returned to 37 °C for growth 

analysis up to 100 hours, alongside control cells that remained at 37 °C (0 h HS). This 

was completed for the two background cell lines that were used in subsequent 

experiments pleiomorphic 2T1 (Figure 4.1) and monomorphic J1339 (Figure 4.2).  
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Figure 4.1: Growth of 2T1 T. brucei cells exposed to a HS at 41 °C for differing 5mes. Cell 

growth was recorded using counts in triplicate measured by a DeNovix cell counter up to 100 

hours following the heat shock. The error bars ploked represent the standard devia7on. The 

HS was completed for 0, 0.5, 1 and 2h; the base represents the star7ng cell count average from 

all cultures. 

Figure 4.2: Growth of J1339 T. brucei cells exposed to a HS at 41 °C for differing 5mes. Cell 

growth was recorded in triplicate up to 100 hours following the heat shock. The error bars 
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represent the standard devia7on. The HS base represents the star7ng cell count average from 

all cultures. 

HS at 41 °C for 0.5 hours caused cells to conEnue to grow at a rate comparable to the 

control no HS culture. In the 2T1 cells at 0.5 hours there was a slight lag before reaching 

growth parallel to the non-HS cells; in the J1339 cells 0.5 hours had near equivalent 

growth to the control throughout the Eme course of growth. Whilst, 1 hour of 41 °C in 

both 2T1 and J1339 caused a lag in growth unEl around 24 hours before returning to a 

non-HS cell growth rate. Finally, 2 hours at 41 °C caused cell death, observed by a 

decrease in cell number, shown to have occurred as a significant difference via a two-

tailed t-test producing a p-value of 0.023 in comparing the cell number before HS and 

24 hours post-HS in 2T1 T. brucei cells and a further p-value of 0.0017 via the same 

analysis in comparing the cell number before and 28 hours post-HS in J1339 T. brucei 

cells (significance when p <0.05). Therefore, aLer a 2 hour HS an increased recovery 

Eme is viewed as a longer lag in growth prior to an increased growth rate; in 2T1 cells 

this lag lasted over 70 hours and in J1339 this was just less than 60 hours following the 

HS.  

These results suggest 1 hour at 41 °C is suitable to measure the HS response, as both 

BSF T. brucei cell lines survived a lag in growth that was not detrimental to cell growth 

for an extended period of Eme, suggesEng compleEon of the HS response. This is 

comparable to the data published by Kramer et al (2008) in PCF T. brucei and further 

data produced by Ooi, Benz and Urbaniak (2020) in BSF T. brucei, showing that the 

condiEons used in following experiments were reproducible.  

To understand what occurs to the cells within this period of lagged growth following 1 

hour at 41 °C and to ensure the condiEons being used were comparable to those 

previously used (by Aelmans, 2022; Taylor, 2024) analysis of the cell cycle was 

completed by flow cytometry. Samples were taken and fixed hourly before and for 8 

hours aLer a heat shock, for following DNA staining using propidium iodide (PI). This 

was completed for both T. brucei BSF 2T1 and J1339 cell lines, enabling idenEficaEon 

of cell cycle phase distribuEon across the cell populaEon for each hour of recovery 

aLer HS (Figure 4.4 and 4.5).  



 85 

Figure 4.4: T. brucei BSF 2T1 cell cycle arrest following a HS at 41 °C for 1 hour. A sample was 

taken prior to HS (Pre-HS) and following hours a^er HS 0-8 h. For each sample 50,000 events 

were recorded and gated on a Cytoflex flow cytometer, the following PI signal was used to 

dis7nguish the cell cycle phases. The cell cycle gates were adjusted accordingly to fit the cell 

cycle phase peaks using CytExpert so^ware, these are shown in panel B of the figure. The 

propor7on of cells in each cell cycle phase as a percentage were ploked as a histogram, panel 

A of the figure which corresponds with the PI traces below in panel B.  
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Figure 4.5: T. brucei BSF J1339 cell cycle arrest following a HS at 41 °C for 1 hour. A sample 

was taken prior to HS (Pre-HS) and following hours a^er HS 0-8 h. For each sample 50,000 

events were recorded and gated on a Cytoflex flow cytometer, the following PI signal was used 

to dis7nguish the cell cycle phases. The cell cycle gates were adjusted accordingly to fit the cell 

cycle phase peaks using CytExpert so^ware, these are shown in panel B of the figure. The 

propor7on of cells in each cell cycle phase as a percentage were ploked as a histogram, panel 

A of the figure which corresponds with the PI traces below in panel B.  

ALer a HS at 41 °C for 1 hour, BSF T. brucei underwent a reversible cell cycle arrest, 

shown in 2T1 cells by an iniEal enrichment in S phase cells peaking at the third hour of 

recovery, starEng from a pre-HS proporEon of 20.89% and reaching 28.6% 3 h aLer HS. 

These S phase cells progress into a G2M phase arrest, where cells accumulated in G2M 

peak at the 5th hour of recovery, suggesEve of replicated DNA without cell division. This 

peak enrichment was observed as a proporEon of 56.9% of the cell populaEon being 

G2M cells 5 hours aLer HS. This arrest ended with the decrease in G2M cells back to 

32.29% at the 8th hour of recovery near to the pre-HS value of 29.44%; the other phases 
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of the cell cycle also returning to similar proporEons that were present before HS, 

suggesEng that the arrest is reversible.  

This same G2M phase arrest is shown in J1339 BSF T. brucei, however with a less 

prominent S phase shiL into the peak in G2M cells. The peak in S phase cells occurs at 

the second hour of recovery reaching 22.19% from an iniEal 16.98%. The following 

G2M arrest occurs later and greater than that in 2T1 cells at the 6th hour of recovery 

peaking from an iniEal 34.8% proporEon to 76.56%. As this arrest occurred later within 

the Eme course, the full resoluEon of the arrest was not observed within the Eme 

period analysed, but a decrease in G2M phase back towards the pre-HS levels at 8th 

hour of recovery (64.86%) suggests the return of proporEons of phases beyond the 

Emepoints. This experiment was repeated for both cell lines, finding similar trends with 

the peak G2M arrest occurring between the 4th and 6th hours of recovery but with a 

varied extent of arrest, with a range of 54.3-76.5 % of G2M cells. The differences 

between the cell lines in their response to HS may be explained as 2T1 is monomorphic 

and J1339 cells are pleiomorphic. As the J1339 cells are able to differenEate in vitro, 

this may alter their response to a heat sEmulus and may be more representaEve of 

how BSF T. brucei responds in vivo.  

To further understand the importance of 41°C as a HS condiEon, flow cytometry 

analysis was completed to observe the effect of an increased HS temperature of 42 °C; 

to examine the extremity of an effect as li`le as 1 °C difference of a HS temperature 

has upon the viability of the cells.  Therefore, 2T1 BSF T. brucei cells were heat shocked 

for 0.5, 1 and 2 hours at 42 °C, samples for flow cytometry were fixed immediately 

following HS. The cells were stained with PI and were gated to remove doublets for 

following gaEng to idenEfy stages of the cell cycle (shown in Figure 4.6). 
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Figure 4.6: T. brucei BSF 2T1 effect of 42 °C HS on cell cycle propor5ons. A sample was taken 

prior to HS (Pre-HS) and following HS at 42 °C for 0.5, 1 and 2 h. For each sample 10,000 events 

were recorded and gated on a Cytoflex flow cytometer, the following PI signal was used to 

dis7nguish the cell cycle phases (panel B). The cell cycle gates were adjusted accordingly to fit 

the cell cycle phase peaks using CytExpert so^ware. The propor7on of cells in each cell cycle 

phase as a percentage were ploked as a histogram which corresponds with the PI traces (panel 

A).  

ALer exposure to 42 °C for 0.5h an increase occurs in <G1 phase cells which are 

categorised as being fragmented or apoptoEc cells, suggesEve of a high extent of 

damage induced to the populaEon of cells. A further cell-cycle phase that increased 

uniquely at 42 °C includes the >G2 phase and the rapid increase of the G2M stage 

immediately following 1 hour of HS, reaching 57.1% which took up to around 5 hours 

of recovery to get to a comparable proporEon aLer a 1 h 41 °C HS. This demonstrates 

the severity of the effect of a 42 °C HS and as a result that 41 °C is a more favourable 
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temperature to induce the HS response in BSF T. brucei, due to the assumpEon that 

both <G1 and >G2M cells will die as typically non-viable phenotypes with irregular DNA 

staining beyond the cell cycle stages.   

4.2 Monitoring heat shock induced P-body forma;on 

Within the literature it is established that P-bodies form within the HS response in T. 

brucei (Kramer et al., 2008; Minia et al., 2016), these P-bodies containing DDH1 which 

mark non-essenEal mRNAs for degradaEon via exonucleases. It has been 

demonstrated by Kramer et al (2008) within PCF T. brucei that DHH1 relocates from 

being dispersed across the cell to be localised within P-bodies aLer HS.  

 

4.2.1 Forma;on of P-bodies in BSF T. brucei  
The formaEon of P-bodies is a crucial aspect of the HS response in supporEng the 

expression of ‘essenEal’ mRNAs and was therefore invesEgated further in BSF T. brucei 

via the response of DHH1. To observe the effect of a 1 hour 41 °C HS on BSF, slides 

were fixed before and aLer HS for immunofluorescence staining. The cell line 

expressed endogenously Ty-tagged DHH1; therefore, with anE-Ty staining it could be 

observed if a HS-induced change in DHH1 localisaEon occurs in BSF T. brucei. Six 

representaEve images of the cells prior to HS are shown in Figure 4.7 and post-HS in 

Figure 4.8.  
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Figure 4.7: BSF T. brucei expressing DHH1-Ty before HS. Cells at a density of ~ 7 ´ 105 cells/ml 

were fixed using 4% PFA; were stained with an7-Ty rabbit an7body (an7-rabbit FITC secondary) 

and DAPI via fluoroshield moun7ng medium. Images were taken using the 60´ objec7ve lens 

on a DeltaVision elite deconvolu7on microscope and normalised using ImageJ so^ware.  
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Figure 4.8: BSF T. brucei expressing DHH1-Ty aaer a HS at 41 °C for 1 hour. Cells at a density 

of ~ 7 ´ 105 cells/ml were heat shocked prior to fixa7on using 4% PFA; were stained with an7-

Ty rabbit an7body (an7-rabbit FITC secondary) and DAPI via fluoroshield moun7ng medium. 

Images were taken using the 60´ objec7ve lens on a DeltaVision elite deconvolu7on 

microscope and normalised using ImageJ so^ware. 

Prior to HS DHH1 in BSF T. brucei appears to have a dispersed appearance across the 

cytoplasm, with some foci in areas of more concentrated DHH1 shown in areas with 

increased signal. Following HS at 41 °C for 1 hour, DHH1 appears to localise into more 

punctate areas across the cytoplasm, producing increased foci with greater intensity 

throughout the cytoplasm and noEceably around the nucleus. This effect of increased 

abundance of DHH1 foci were observed across two experimental repeats, however the 

number of foci varied on a cell-to-cell basis, those presented represent the level of 

variaEon observed.  

 

4.2 Does HS-induced loss of mo;lity correlate with a growth defect? 

To enable future work of assessing the change HS induces upon growth over a shorter 

experimental Eme course, rather than compleEng outgrowth cell counts for growth 

curve analysis across several days, moElity analysis was invesEgated. This involved 

tesEng a hypothesis derived from the work of Broadhead et al (2006), that with a 

decrease in moElity there is a decrease in flagellum movement to support cytokinesis 

resulEng in a growth defect as cells are halted in G2M. As a result, due to the HS-

induced lags in growth observed in T. brucei it was hypothesised that a growth 

disturbance may be reflected in a decrease in cell moElity limiEng cytokinesis following 

HS. Furthermore, prior to cytokinesis VSG synthesis is at its peak, to support both 

daughter cells having a complete VSG coat upon their division. As a result, this analysis 

may provide an indirect readout of cells halted at this stage with increased VSG 

expression unable to complete cytokinesis, through decreased moElity.  

The Emepoints for each temperature vary from 0-8 hours dependent upon the HS 

temperature. The raEonale for this was the higher the temperature, the HS-induced 

damage to the cells would occur faster and to capture these events, earlier Emepoints 
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are needed; these Emepoints were conEnued unEl the culture looked visibly dead with 

few remaining moEle cells. Whilst for less severe HS temperatures (closer to the cell 

culture temperature), damage is assumed to occur as an accumulaEon of a longer-term 

exposure, due to this Emepoints were increased with the intenEon to capture this.  

HS-induced moElity effects were invesEgated in 2T1 BSF T. brucei using a varied Eme 

of HS exposure, placing the cells (> 5 ´ 105 cells/ml) into a water bath with controlled 

temperatures of 40 °C, 40.5 °C, 41 °C, 41.5 °C and 42 °C. Icy bioimaging soLware and 

Excel were used to plot experimental box and whisker plots to observe the implicaEon 

of these various HS temperatures alongside their increase of exposure to the maximum 

speed (Figure 4.9) and average speed (Figure 4.10) achieved by the cells. StaEsEcal 

significance was determined using a single ANOVA with Tukeys ad hoc post-tests using 

the Real StaEsEcs plugin (Zaiontz, 2023) and all HS p-values are outlined in the 

Appendix (9.1). 
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Figure 4.9: The effect of heat shock at 40 °C-42 °C upon the maximum speed of 2T1 T. brucei 

cells. A- cells were placed at 40 °C for 2, 4, 6 and 8 h. B- cells were placed at 41.5°C for 1, 2, 3, 

4 and 5 h. C- cells were placed at 41 °C for 0.5, 1 and 2 h. D- cells were placed at 41.5 °C for 1 

and 2 h. E- cells were placed at 42 °C for 0.25, 0.5 and 1 h. All cells were recorded in triplicate 

and were processed using Icy Bioimaging so^ware, producing data for the maximum speed 

reached by each cell, 200 of which were averaged across the repeats and ploked as box and 

whisker plots. The data was sta7s7cally analysed using a single ANOVA with Tukeys ad hoc post-

tests using the Real Sta7s7cs plugin (Zaiontz, 2023), data was deemed significant when p<0.05 

and is highlighted *.   
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Figure 4.10: The effect of heat shock at 40°C-42°C upon the average speed of 2T1 T. brucei 

cells. A- cells were placed at 40°C for 2, 4, 6 and 8 h. B- cells were placed at 41.5°C for 1, 2, 3, 

4 and 5 h. C- cells were placed at 41°C for 0.5, 1 and 2 h. D- cells were placed at 41.5°C for 1 

and 2 h. E- cells were placed at 42°C for 0.25, 0.5 and 1 h. All cells were recorded in triplicate 

and were processed using Icy Bioimaging so^ware, producing data for the average movement 

completed by each cell, 200 of which were averaged across the repeats and ploked as box and 

whisker plots.  

A HS sEmulus between 40 °C and 42 °C caused a lack of a consistent effect upon the 

maximum speed reached by 2T1 BSF T. brucei cells, with the variety of temperatures 

and Emepoints producing li`le fluctuaEon from the starEng maximum speed of non-

HS cells. However, the most noEceable changes occurred to the cells at 41 °C for 2 
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hours having an increased maximum speed (Figure 4.9C) and at 42 °C for 1 hour 

causing a decreased maximum speed (Figure 4.9E), indicaEng the variability of an 

overall effect occurring. Furthermore, most of the interquarEle ranges within Figure 

4.9 overlap, suggesEve of a high level of similarity across the data. 

However, the same HS condiEons (40-42 °C) had an effect upon the average speed of 

cells within the culture, which was consistent across technical replicates, suggesEng 

variaEon in overall effect upon prolonged HS. HS at both 40.5 °C and 42 °C (Figures 

4.10B & D) caused an increase in average speed in the earlier Emepoints before then 

decreasing in subsequent Emepoints; thus, indicaEng a bimodal effect. Variability in a 

HS-induced trend is observed in the HS at 40 °C (Figure 4.10A), showing an increase in 

average speed unEl 4 h, a decrease occurring at 6 h and an increase at 8 h. Whilst the 

heat shocks at 41 °C and 41.5 °C (Figures 4.10C & D) showed a general increase in the 

average speed of the cells which was not reflected in the change in maximum speed. 

This reflects the level of variability moElity analysis provides as a read-out of the HS-

induced growth defects. 

Further equivalent analysis was completed in J1339 BSF T. brucei cells using HS 

temperatures of 41 °C, 41.5 °C and 42 °C to produce box and whisker plots of average 

and maximum speeds of the cells throughout the duraEon of HS exposure (Figure 

4.11). The representaEve change in moElity observed via the change in track length 

using the Icy bioimaging soLware is displayed in Figure 4.12 for each HS and Emepoint 

completed in the J1339 cells. The box plots present the data recorded across three 

technical replicates, showcasing a wider variety across the dataset as a whole, whilst 

the tracks shown are from one of these technical replicates.  
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Figure 4.11: The effect of heat shock at 41 °C-42 °C upon the maximum and average speed 

of J1339 T. brucei cells. A and B- cells were placed at 41 °C for 0.5, 1 and 2 h. C and D- cells 

were placed at 41.5 °C for 1 and 2 h. E and F- cells were placed at 42 °C for 0.25, 0.5 and 1 h. 

Each 7mepoint was completed in triplicate and were processed using Icy Bioimaging so^ware, 
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producing data for the maximum and average speed reached by each cell, 200 of which were 

averaged across the repeats and ploked as box and whisker plots. The data was sta7s7cally 

analysed using a single ANOVA with Tukeys ad hoc post-tests using the Real Sta7s7cs plugin 

(Zaiontz, 2023), data was deemed significant when p<0.05 and is highlighted *. 

Figure 4.12: Tracks produced by J1339 BSF T. brucei cells showing the effect HS has upon 

mo5lity. HS at 41 °C, 41.5 °C and 42 °C were completed for mo7lity analysis, the tracks are 

displayed with their various 7mepoints indicated next to the image. The tracks displayed for 

each 7me point are one of each technical triplicate completed that was considered 

representa7ve of the 7me point. All tracks were captured using Icy bioimaging so^ware.  

ComparaEve to the equivalent data acquired in 2T1 cells, the moElity analysis output 

of maximum and average cell speeds in J1339 cells showed variability in an overall 

trend responsive to HS. This is shown by heat shocks at 41 °C and 41.5 °C causing a 

lack of change in the maximum speed of the cells whilst causing a decrease in average 

speed, highlighEng inconsistency in an overall effect upon moElity. Furthermore, HS at 

42 °C caused both increases and decreases to the maximum and average speeds at 

different Emepoints, indicaEng discrepancies in the read-outs of moElity and a lack of 

an overall correlaEon induced by HS. The data plots present differences to the shown 
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tracks data as the plots were generated from an average of 3 different panels of tracks 

for each Emepoint, the tracks displayed were selected for being most representaEve 

of the triplicate. The tracks data shows that as exposure to a HS sEmulus increases, 

there is a visible decrease in the length of paths taken by the J1339 T. brucei cells. This 

indicates that the moElity of the cells is being implicated by HS; that a shorter and 

more severe HS is able to have the same impact as a lower HS temperature for an 

increased Eme of exposure. This is shown by 1 h at 42 °C having short tracks 

comparable to those observed aLer 2 h at 41 °C and 2 h at 41.5 °C, presenEng a 

comparable effect induced by differing HS sEmuli.  

To produce a potenEal iniEal read-out of the effect HS has upon the growth of T. 

congolense to compare to that in T. brucei, an equivalent moElity analysis was 

completed in T. congolense cells. This observed the effect exposure to 41 °C for 0.5 and 

1 h has upon the average and maximum speed of T. congolense cells (Figure 4.13).  

Figure 4.13: Mo5lity analysis of T. congolense cells heat shocked at 41 °C. Cells were placed 

into a 41 °C water bath for 0.5 and 1 hours for their mo7lity to be compared with non-HS cells. 

Cells were recorded in triplicate for 30 seconds using a DroiX 4K colour camera system set up 
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on an Oxion Inverso inverted light microscope. The videos were processed using Icy Bioimaging 

so^ware, producing data for the maximum movement completed by each cell (A) and average 

speed of each cell (B), these measurements were averaged across the repeats and ploked as 

box and whisker plots. The plot boxes highlight the interquar7le range containing the marked 

mean and the whiskers represent the range in values, excluding outliers which are also 

highlighted. The data was sta7s7cally analysed using a single ANOVA with Tukeys ad hoc post-

tests using the Real Sta7s7cs plugin (Zaiontz, 2023), data was deemed significant when p<0.05 

and is highlighted *.  

HS at 41 °C shows to decrease the maximum speed of T. congolense cells from 9.56 

µm/second to 8.73 µm/second aLer 0.5 h and a further decrease to 6.07 µm/second 

aLer 1 h. StaEsEcal significance was determined using a single ANOVA with Tukeys ad 

hoc post-tests using the Real StaEsEcs plugin (Zaiontz, 2023) on Excel soLware (Table 

4.1). The greatest difference in maximum speed was observed between 0 h and 1 h 

shown by the smallest overlap in the interquarEle ranges. However, the same trend for 

reduced moElity was not indicated in the average speed of the T. congolense cells, as 

aLer 0.5 h at 41 °C the cells moved on average 0.14 µm/second faster lacking staEsEcal 

significance, which was further shown aLer 1 h with a 0.05 µm/second insignificant 

average increase from the 0 h cells. The lack of a significant change across the average 

speed of T. congolense cells at 41 °C for 0, 0.5 and 1 h is demonstrated in the overlap 

of both the ranges excluding outliers and interquarEle ranges. 

Table 1: p-values produced via single ANOVA with Tukeys ad hoc post-test for the change in 

mo5lity for T. congolense following HS. HS of T. congolense was completed at 41°C for 0.5 and 

1 hours. Analysis was completed using the Real Sta7s7cs plugin (Zaiontz, 2023) on Excel for 

both the maximum speed and average speed, presented are the p-values at 3 significant 

figures. *Significant data p<0.05.  

Comparison p-value for Maximum speed p-value for Average speed 

0 H – 0.5 H 0.0862 * 0.451 

0 H – 1 H  4.16 ´10-10 * 0.393 

0.5 H – 1 H 4.86 ´10-10 * 0.9981 
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To confirm that the changes observed in the maximum and average speeds of both T. 

brucei and T. congolense cells occurred due to the HS sEmulus, a negaEve control was 

completed using BSF T. brucei cells maintained at 37 °C. Equivalent analysis across all 

previous Emepoints were completed using both 2T1 and J1339 BSF T. brucei cells; Icy 

bioimaging soLware and Excel were used to plot box and whisker plots (Figure 4.14). 

The acquired tracks of the cells were visually analysed to observe whether the flow or 

driL of the cells induced by a meniscus effect had a significant effect upon the 

movement of the cells (Figure 4.15). The absence of this effect was determined by a 

lack of a singular direcEonality of the tracks completed by the cells influenced by the 

movement of media. 

 

Figure 4.14: Mo5lity analysis of BSF T. brucei cells for up to 8 h at 37 °C. The effect of 37 °C 

across a 7me course of analysis upon the average speed of 2T1 cells is shown in panel A and 

of J1339 cells in panel B. The effect of 37 °C across a 7me course of analysis upon the maximum 

speed of 2T1 cells is shown in panel C and of J1339 cells in panel D. This data was produced 

using Icy bioimaging so^ware, to plot the output data of 200 average tracks using Excel.  
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Figure 4.15: Tracks produced by 2T1 BSF T. brucei cells up to 8 h of mo5lity analysis being 

completed with the culture at a constant temperature of 37 °C. The tracks displayed for each 

7me point are one of each technical triplicate completed that was considered representa7ve 

of the 7me point. All tracks were captured using Icy bioimaging so^ware.  

The box and whisker plots for both the 2T1 and J1339 T. brucei cells for average and 

maximum speed present a lack of significant change throughout the completed Eme 

courses, indicated through comparaEve means and constant overlap in the 

interquarEle ranges. Furthermore, the plots emphasise staEsEcal similarity via overlap 

in the ranges excluding outliers. The effect of flow or driL was shown to be limited due 

to there being mulEple direcEons of tracks completed by the 2T1 cells, with a level of 

visual similarity throughout the Eme course, indicaEng that any potenEal changes 

observed aLer HS may be independent of a meniscus-derived effect upon the cells. 

Due to the consistency observed in the control, it may suggest that HS implicates 

trypanosome moElity. However overall, moElity analysis did not provide a consistent 

read-out of a HS-induced alteraEon to moElity that could be used to infer a growth 

defect. As a result, outgrowth analysis remains the most efficient method to observe 

this effect, without variability due to the lack of influence from uncontrolled 

temperatures.  
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4.4 Summary- HS in African trypanosomes induces a lag in growth and a 
reversible cell cycle arrest 
An increase in the exposure of HS up to 2 hours at 41 °C was shown to increase a lag 

or induce a greater defect in growth of BSF T. brucei cells (in both 2T1 and J1339 cell 

lines). A HS of 1 hour at 41 °C is viewed to be a sufficient HS stimulus to initiate HS 

recovery, thus enabling the growth rate to lag and then return to a rate equivalent to 

that in non-HS cells after around 24 hours post-HS in 2T1 and J1339 cells. The first 8 

hours post-HS within this lagged growth period were investigated in cell cycle analysis, 

finding in both cell lines there is an initial S phase enrichment, before shifting to a peak 

proportion of G2M cells by the 5th or 6th hour of recovery. This peak of G2M cells is 

completely resolved in the 2T1 cells by the 8th hour of recovery and this proportion is 

shown to decrease towards the pre-HS level in the J1339 cells. HS at 42 °C is shown to 

be fatal to 2T1 BSF T. brucei cells, shown by a HS-induced increase in <G1 and >G2M 

cells, which are assumed to subsequently die. 

After 1 hour at 41 °C in BSF T. brucei there is a shift in localisation of DHH1 from being 

dispersed throughout the cytoplasm of the cell to being increased within punctate 

localisations. These accumulations noticeably increased around the nucleus. The 

increase in foci of DHH1, is the observation of an increase in DHH1-rich P-bodies post-

HS. 

 

Despite the association between motility and cell division, the motility analysis 

observing the effect of HS produced inconsistencies in the read-outs of maximum and 

average speeds reached by the cells. Therefore, no overall correlation was shown 

between motility and an increased exposure or severity of a HS stimulus as 

hypothesised; instead presenting variability in an overall effect. However, the initial 

tracks data demonstrated a decrease in the length of paths taken by J1339 BSF T. 

brucei cells in increased HS stimuli, suggesting decreased motility for less distance to 

be covered. But these same tracks were used to produce the data of maximum and 

average speeds of J1339 T. brucei cells, which did not provide evidence to confirm this 

visual observation. Motility analysis of T. congolense cells also showed this same level 

of inconsistency of a HS-induced effect to the maximum and average cell speeds. 
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Overall, indicating that motility analysis had limited accuracy as a predictor of cell 

growth defects caused by HS. 

 

 

5. Characterising the role of the ZC3H11-MKT1 complex in the 
HSR 
In T. brucei ZC3H11 plays an essenEal role in the HS response, binding to AU-rich 

elements in HSP mRNAs and stabilising them (Singh et al., 2014). ZC3H11 also interacts 

with MKT1, a cytosolic and polysome associated protein (Singh et al., 2014). Analysis 

of phosphorylaEon sites in T. brucei aLer HS by Ooi et al (2020) suggested that the 

ZC3H11-MKT1 complex has a role in thermotolerance to stabilise mRNAs essenEal for 

the HS response, with an increase in phosphorylaEon site abundance on DHH1 and 

PABP that associate with the complex (Ooi et al, Benz and Urbaniak, 2020). To directly 

confirm the role of the ZC3H11-MKT1 interacEon within the HS response, here we 

perform in situ mutagenesis of the HNPY moEf on ZC3H11 that is required for it to 

interact with MKT1 (Singh et al., 2014). 

 

5.1 Characterising ZC3H11 complex forma;on with MKT1 in the HSR in T. 
brucei 

5.1.1 Site-directed mutagenesis of the HNPY mo;f in ZC3H11 
The HNPY consensus interacEon moEf was idenEfied in ZC3H11 by Singh et al (2014). 

Singh et al (2014) mutated the interacEon moEf into either ANPA, AAPY and HNPA, and 

demonstrated that the moEf was required for interacEon with MKT1 by 

immunoprecipitaEon. InteresEngly, they also stated that they could not detect 

ectopically expressed tagged ZC3H11 mutants in PCF T. brucei and suggested that the 

proteins were unstable. We aimed to confirm whether the ZC3H11-MKT1 interacEon 

was essenEal for the HS response by generaEng BSF cells expressing both in situ TY1-

tagged mutated ZC3H11 (no ectopic expression was used throughout this project, 

instead a mutated copy of ZC3H11 replaced the endogenous copy) and myc-tagged 

MKT1 and followed by immunoprecipitaEon. We completed site-directed mutagenesis 
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of the ZC3H11 HNPY moEf with a different single base subsEtuEon mutaEon, changing 

the proline (CCC) into an alanine (GCC), altering the moEf to HNAY. In this process the 

mutant ZC3H11 keeps the endogenous 3’ UTR, as no modificaEons were introduced 

downstream of the coding sequence. The workflow used to generate the pPOTv6 

plasmid containing mutated ZC3H11 prior for transfecEon is shown in Figure 5.1.  

The pPOTv6 plasmid was chosen for its compaEbility with CRISPR-Cas9 ediEng, and has 

a cloning site flanked by three copies of the TY epitope tag to facilitate downstream 

detecEon (Paterou et al., 2025). The Cas9 guide RNA was generated in vitro during 

transcripEon using RNA polymerase from a PCR-amplified DNA template containing 

both the promoter and guide sequence. TransfecEon of the pPOTv6-ZC3H11(HNAY) 

plasmid, using a DN100 program on a Lonza Nucleofector machine, was completed into 

a 2T1-based parental cell line (previously transfected with a pRPa-dfLUC-Hsp100 3’UTR 

plasmid, allowing fLUC reporter expression under control of TbHsp100 3’UTR, and with 

a J1339 plasmid carrying a puromycin resistance marker, the Tet Repressor, T7 RNA 

polymerase and Cas9 all expressed consEtuEvely; with resistance to phleomycin, 

hygromycin and puromycin). This cell line was selected because under HS condiEons, 

the fLUC signal increases which can be used as a clear read-out of ZC3H11 acEvity, and 

for its compaEbility for CRISPR via the J1339 plasmid (Rojas et al., 2019).  
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Figure 5.1: Schema5c showing produc5on of plasmid pPOTv6-ZC3H11(HNAY). A^er SDM 

comple7on, pGEM-T containing the mutant ZC3H11 gene was digested using HindIII and BgIII 

to isolate its insert, allowing liga7on of the mutant ZC3H11 gene into a CRISPR-Cas9 edited 

pPOTv6 plasmid. In CRISPR-Cas9-aided gene7c recombina7on, Cas9 introduces double strand 

breaks, which induces homologous repair of the DNA, incorpora7ng the selec7on marker 

(blas7cidin resistance gene) and mutant tagged ZC3H11 via neighbouring homology arms. The 

ac7vity of Cas9 is guided by sg RNA, that forms a complex with Cas9, to direct double strand 

breaks to occur at a specific DNA sequence. This process specifically produces the HNAY 

mutant in transfected cells, but recombina7on events can occur upstream or downstream from 

the muta7on, which can result in transfected T. brucei clones that are resistant to the drug 

selec7on marker, which may or may not contain the muta7on.  

ALer carrying out the SDM protocol (Figure 5.2), the plasmid pPOTv6-ZC3H11(HNAY) 

was transformed into bacteria and purified by miniprep. Sequencing of 5 minipreps 

was completed to detect whether the mutaEon of interest had been introduced (Table 

5.1).  

Sequencing of the mutant ZC3H11 ligated into pPOTv6 used T7 primers as it was 

flanked by a T7 promoter sequence within the pPOTv6 vector backbone, enabling the 

confirmaEon of the induced SDM. Whilst the sequencing of the gDNA extracted from 

transfected cells used a custom primer, that was used because of its locaEon at the 

start of the ZC3H11 sequence, to allow sequencing to start immediately at the N-

terminus of ZC3H11 to confirm the presence or absence of an induced mutaEon 

transfected into the cell line.  
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Figure 5.2: A schema5c showing the use of SDM in the produc5on of plasmid pPOTv6-

ZC3H11(HNAY). Within mutant strand synthesis, the DNA template (ZC3H11-pGEM) is 

denatured, enabling the annealing of the muta7ng primers par7ally complementary to 

opposite strands of the template, thus enabling their extension, achieved via a PCR programme 

with DNA polymerase. Treatment with DpnI enabled the diges7on of the parental DNA 

template, due to its specificity to hemimethylated DNA (Agilent, n.d.). The resultant plasmid 

now containing mutant ZC3H11 was transformed in E. coli where the muta7on was confirmed 

by sequencing. Mutant ZC3H11 was digested out of pGEM and ligated into pPOTv6. The mutant 
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ZC3H11-pPOTv6 was transformed into E. coli, miniprepped and sequenced. This Figure is 

adapted from (Agilent, n.d.). 

 

Table 5.1: Sequencing results from minipreps to confirm the success of the SDM protocol. 

The T7 primer was used to sequence the pGEM inserts. The region of interest here is the 

gene7c region around the ZC3H11 HNPY mo7f. The underlined sequence here indicates the 

coding sequence of the mo7f with the mutant codon highlighted in bold. Sequencing shown 

in the 5’ to 3’ direc7on.  

 

 

 

 

 

 

In the resulEng sequencing data (Table 5.1), minipreps 1-4 showed the presence of a 

GCC codon within the HNPY moEf sequence, whilst clone 5 showed a CCC codon. The 

chromatogram sequencing data comparing the non-mutant clone 5 with the mutant 

sequence of clone 1 is shown in Figure 5.3. No other mutaEon was found within these 

ZC3H11 sequences. 



 108 

 

Figure 5.3: Chromatogram sequencing data using T7 comparing the mutant HNAY interac5on 

mo5f sequence with the non-mutated HNPY sequence in ZC3H11. Panel A presents the 

sequencing data produced by clone 1, containing the SDM-induced muta7on (GCC) indicated 

by an underline. Panel B presents the sequencing data produced by clone 5, with an 

unsuccessful SDM indicated by the WT (CCC) HNPY interac7on mo7f sequence, which is 

underlined. Sequencing shown 5’ to 3’.  

 

Miniprep 1 was then used in a RE digest using HindIII and BgIII alongside pPOTv6 for 

subsequent ligaEon. The gel used to confirm their size and for their following gel 

extracEon and subsequent ligaEon together is shown in Figure 5.4. The REs HindIII and 

BgIII were validated for their use in digests as the sequencing data was used to confirm 

that there were no addiEonal cut sites induced by the mutagenesis of ZC3H11; only a 

single site for each enzyme used to flank the mutant gene.  
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Figure 5.4: Gel electrophoresis gel showing the digest of HNPY mutant ZC3H11-pGEM 

miniprep 1 and plasmid pPOTv6. The digest used HindIII and BglII, the sites are schema7cally 

shown in Figure 5.1. Lane 1 contained pPOTv6 and lane 2 contained SDM-mutated ZC3H11-

pGEM. Size of ladder bands are shown in base pairs (bp) and, in red, sizes indicate the bands 

to be gel extracted. Double digests were only completed and compared to the expected sizes 

based off the loca7on of RE cut sites, further valida7on could use uncut plasmid and a single 

digest for each plasmid.  

In Figure 5.4, lane 1 containing the digest of pPOTv6 showed a band of approximately 

6,500 bp and a faint band around the lowest band of the ladder at 250 bp. Lane 2, 

containing the digest of mutant ZC3H11, showed two bands, the lower band being 

observed between 1,500 and 1,000 bp comparaEve to the ladder. These indicated 

locaEons correspond roughly with the outlined expected sizes of 6,000 bp (pPOTv6) 

and 1,092 bp (ZC3H11). ALer extracEon of the bands comparable to these sizes, the 

digested products were ligated together, the resultant plasmid was transformed into 

E. coli, miniprepped and sequenced to confirm the presence of correctly mutated 

ZC3H11 (data not shown). 

 To generate amplicons for the transfecEon of T. brucei, PCR reacEons were completed 

to amplify sgRNAs and for the amplificaEon of a segment of DNA containing the 
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blasEcidin resistance casse`e and mutated ZC3H11 ORF from pPOTv6-ZC3H11(HNAY). 

The success of these PCR reacEons was determined via gel electrophoresis (Figure 5.5).  

 Figure 5.5: Gel electrophoresis results showing the results of PCR reac5ons prior to ethanol 

precipita5on and transfec5on. PCR A is for the amplifica7on of sgRNAs, and PCR B is for the 

amplifica7on of the resistance casseke and ZC3H11 ORFs from pPOTv6-ZC3H11(HNAY).  

The gel in Figure 5.5A shows a solid single band of less than 250 bp. In Figure 5.5B the 

PCR produced a single strong band between 2,500 and 3,000 bp in size. Following 

transfecEon of the ethanol precipitated DNA using a DN100 program on a Lonza 

Nucleofector machine. A total of 8 clones were selected via blasEcidin drug selecEon: 

iniEally six clones were selected of which four were unable to grow further in culture 

upon conEnued blasEcidin selecEon; a further two clones were then picked which also 

were unable to grow. gDNA was extracted from the two surviving clones for the 

amplificaEon of the ZC3H11 gene via PCR (Figure 5.6). This produced bands at 1.1 kb, 

comparable to the size of ZC3H11, and therefore these were subsequently extracted 

and sequenced to confirm the presence of the mutated HNAY moEf (Table 5.2).  
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Figure 5.6: Gel electrophoresis result of the PCR amplified ZC3H11 from gDNA extracted from 

the transfected T. brucei clones. Lanes were loaded with 1Kb Promega ladder, followed by 

samples: (1) ZC3H11 PCR product from clone 1 gDNA and (2) ZC3H11 PCR product from clone 

6. Size of bands are indicated in number of base pairs (bp). 

Table 5.2: Sequencing results from the PCR amplified ZC3H11 from gDNA extracted from 

viable T. brucei cells post-transfec5on to confirm the presence of the HNAY muta5on in 

ZC3H11. A custom primer was used, the sequence of which is outlined. The region of interest 

here is the gene7c region around the ZC3H11 HNPY mo7f. The underlined sequence here 

indicates the coding sequence of the mo7f with the mutant codon highlighted in bold (not 

highlighted to represent its absence). Sequencing shown 5’ to 3’.  

 

 

 

 

Clone number Sequencing result of the region of interest 

using TGGTTGCTGCTGCTGCTG 

1 TGGCCGTGTCCGACATAATCCCTACTGCCA 

6 TGGCCGTGTCCGACATAATCCCTACTGCCA 
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The sequencing data in Table 5.2 shows an absence of a mutated HNPY moEf within 

ZC3H11 transfected into the 2T1-based T. brucei, with the endogenous CCC codon 

present instead of the desired GCC mutant sequence. The absence of the mutaEon is 

also illustrated in the chromatogram traces: when a heterozygous mutaEon is 

confirmed by Sanger sequencing from gDNA, two equal half-size peaks at the mutated 

geneEc locaEon would be present, due to there being one endogenous allele and one 

mutant allele present in these cells. Instead here, we see a full-size C (WT) base peak 

in the first posiEon within the codon that should have been mutated (Figure 5.7).  

Figure 5.7: Chromatogram produced from sequencing the region around the HNPY mo5f to 

confirm the presence of mutated ZC3H11 within T. brucei cells. Panel A corresponds to clone 

1 and panel B corresponds to clone 6. Underlined sequence indicates the sequence of the mo7f 

targeted by SDM. * Indicates traces of a random (non-SDM introduced) muta7on present in a 

subset of cells within the popula7on. 

The only mixture of bases evident within either chromatogram is in clone 6, containing 

both the CCC codon for proline within the HNPY moEf, and a less abundant CCA codon. 

The CCA codon is a redundant change due to it also encoding for proline and therefore, 

is not a phenotypic mutant. As a result, gDNA analysis of the two surviving transfected 

T. brucei clones confirmed that only ZC3H11 containing the WT HNPY moEf was 

present. Whether the ZC3H11 had been TY1-tagged and if the Ty tag interfered with 

the endogenous ZC3H11 was not checked as these clones were not to be used in 

following analysis due to lacking the SDM induced mutaEon. 
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5.2 Inves;ga;ng HS-responsive change in protein expression of ZC3H11 
in T. brucei  
Minia and Clayton (2016) report that upon HS ZC3H11 is stabilised and its expression 

increases at the protein level by at least 10-fold; this was observed by western blo�ng 

(WB). As a result, this study observed the repeatability of this finding by collecEon of 

T. brucei 3Ty-ZC3H11 2T1 cells without HS treatment, aLer 1 hour at 41 °C and cells 

with the addiEon of a proteosome inhibitor (MG132) for 1 hour at 37 °C for following 

WB analysis (Figure 5.8). 

Figure 5.8: Western blobng results of Ty-tagged ZC3H11 stained with an5-Ty an5body. Panel 

A (an7-Ty) shows the fluorescence detected used for ZC3H11 visualisa7on and panel B (an7-

EF1alpha) is the loading control highligh7ng the abundance of cells loaded within each lane of 

the gel. The lanes were loaded as cell samples of (1) no HS, (2) 1 h at 41 °C and (3) the addi7on 

of MG132 proteosome inhibitor with 1 h at 37 °C.  

The expected size of ZC3H11 was reported by Minia and Clayton (2016) to be 40 kDa 

and EF1alpha as 43 kDa by Alves, Oliveira and Goldenberg (2015). The WB in Figure 5.8 

showed a consistent band in the no HS and 1 h at 41 °C HS cell samples, less than 100 

kDa and a further band at around 45 kDa which is fainter in the non-HS sample. This 
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band at around 45 kDa is consistent with the reported size for ZC3H11, indicaEng this 

band as represenEng ZC3H11.  

However, the cell sample that had MG132 treatment showed no banding in this same 

blot. The MG132 was used to be a posiEve control to observe how an increase in 

ZC3H11 protein abundance is observed in the WB. This is because the MG132 blocks 

the 26S proteasome (Pajonk et al., 2005); therefore, proteins that are normally 

polyubiquiEnated and degraded accumulate. Thus, prevenEng the degradaEon of 

ZC3H11 and increasing the intensity of the expected ZC3H11 band on the blot, which 

was unable to be observed.  

In the loading control (anE-EF1alpha), the no HS sample showed the strongest band 

above 45 kDa, which also occurred in the 1 h at 41 °C sample but fainter and in the 

proteosome inhibitor sample no band was visualised; this indicates inconsistencies in 

the number of cells loaded across the gel. This band migraEng slightly higher than the 

expected 43 kDa of EF1alpha, but its comparability confirming these bands as 

represenEng EF1alpha. An increase in ZC3H11 may be interpreted aLer HS, as despite 

a visible decrease in the cell load, there is sEll an increase that seemingly overcomes 

the load difference. This is shown in the increased band intensity at around 45 kDa 

post-HS observed in the anE-Ty staining compared to the no HS sample.  

Due to Eme restricEons, confirmaEon of whether the potenEal generated HNAY 

mutant expressed ZC3H11 in absence of HS and if the same increase to ZC3H11 occurs 

post-HS was unable to be completed.  

 

5.2.2 Tagging of MKT1 for experimental interroga;on via co-
immunoprecipita;on 
To experimentally interrogate the formaEon of the ZC3H11-MKT1 complex in situ and 

its significance in the HS response, we aimed to generate a tagged version of MKT1 

that would allow compleEon of an immunoprecipitaEon assay with ZC3H11. This 

requires epitope tagging of MKT1 as the ‘bait’ to pull down ZC3H11. As a result, this 

study aimed to produce a Myc-tagged MKT1 cell line, and the workflow to generate a 

MKT1-G418-pPOTv6-myc plasmid (shown in Appendix 9.2) that could be transfected 
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into a 3Ty-ZC3H11 in a 2T1 cell line is summarised in Figure 5.9. The G418 resistance 

sequence was added alongside MKT1 into the cell line to confirm the success of the 

transfecEon as a selecEon factor, as puromycin resistance was pre-exisEng within the 

cell line.  

Figure 5.9: Schema5c of the aimed workflow to produce a MKT1-G418-pPOTv6-Myc plasmid. 

The G418 resistance casseke is extracted, following digest using XhoI and NheI (cut sites 

shown), and ligated into pGEM-T then pPOTv6 plasmid to replace the puromycin resistance 

casseke. MKT1 was also PCR amplified from gDNA and ligated into p-GEM-T; finally digested 

using HindIII and BamHI (cut sites shown) and ligated into a pPOTv6-G418-Myc to produce a 

MKT1-G418-pPOTv6-Myc plasmid.  

To amplify MKT1 from gDNA a PCR reacEon was performed. OpEmisaEon of the 

condiEons was required to achieve specific successful amplificaEon of MKT1; the 

process of opEmisaEon is outlined in gel electrophoresis results in Figure 5.10.  
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Figure 5.10: Complete op5misa5on process of MKT1 PCR reac5ons to achieve amplifica5on 

of MKT1 with increased yield. A- ini7al PCR reac7on of MKT1 using OneTaq pol and an 

annealing temperature 48 °C, 25 µl of reac7on was run in each well. B- PCR using a 

temperature gradient of annealing temperatures where the annealing temperature of the 

lanes were: 1- 65 °C, 2- 64.3 °C, 3- 63 °C, 4- 61.1 °C 5- 58.8 °C, 6- 56.9 °C, 7- 55.7 °C and 8- 55 

°C. C- PCRs of MKT1 ran with an annealing temperature at 58.8 °C with different templates of 

comparable quality where: 1- original SM 427, 2- mNG gDNA, 3- gDNA extracted from a 427 

J1339 cell line with the replacement of one copy of PABP2 with a PABP2-S212A muta7on and 

4- purified extract of gel B lane 5. D- Final PCR of MKT1 using an annealing temperature of 58.8 

°C, op7mal gDNA template and superfied II polymerase instead of OneTaq.   

As the steps of opEmisaEon for the PCR reacEon of MKT1 progressed from Figure 

5.10A to 5.10B a stronger band is shown to become more apparent smaller than 3,000 

bp in size, near to the size of MKT1 at 2.8 kbp. Figure 5.10A demonstrates that an 

annealing temperature of 48 °C is insufficient through a smear of non-specific DNA 

being present in the gel and faint bands. Figure 5.10B used a temperature gradient for 



 117 

a range of annealing temperatures between 55 °C and 65 °C, showing the temperature 

that specifically amplified DNA near the size of interest occurred at 55.8 °C, highlighted 

in red, jusEfying for following PCR reacEons for MKT1 to use this annealing 

temperature. The following step of opEmisaEon was tesEng the DNA template used 

within the reacEon, Figure 5.10C showed the strongest band using a template of gDNA 

extracted from a 427 J1339 cell line with the replacement of one copy of PABP2 with a 

PABP2-S212A mutaEon; this was therefore, used in future reacEons. Finally, Figure 

5.10C used a higher fidelity polymerase (Superfi II polymerase) and combined these 

opEmal condiEons to produce a strong single band at around 2,000 bp.   

The successful MKT1 amplicons were extracted and ligated into pGEM-T and the 

success of the ligaEon was confirmed by a diagnosEc digest. The digests of four MKT1-

pGEM-T ligaEon reacEon products were run on a gel (Figure 5.11), for subsequent 

extracEon and ligaEon into the pPOT plasmid. 

 

Figure 5.11: Gel electrophoresis of restric5on enzyme digests of MKT1-pGEM-T. The digests 

used BamHI and HindIII, their cut sites are schema7cally shown in Figure 5.9. The lanes were 

loaded as 1kb Promega ladder and lanes 1-4 as the MKT1-pGEM-T digest repeats. Double 

digests were only completed and compared to the expected sizes based off the loca7on of RE 

cut sites, further valida7on could use uncut plasmid and a single digest for each plasmid. 
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The digests of MKT1-pGEM-T ligaEons 1 and 3 present two bands, a fainter upper band 

exceeding 3,000 bp and a lower stronger band at around 2,000 bp; neither align with 

the expected size of MKT1 of 2.8 kbp, therefore these ligaEons could instead be of the 

vector with truncated MKT1 (~ 2 kbp). Whilst ligaEon reacEons 2 and 4 present two 

strong bands, the upper band exceeding 3,000 bp and the lower band is observed 

between 2,500 and 3,000 bp. These lower bands in ligaEons 2 and 4 align with the 

expected size of 2.8 kbp of MKT1 and were extracted. 

AmplificaEon of the G418 resistance gene was also required to be completed using a 

PCR reacEon with confirmaEon via gel electrophoresis (Figure 5.12).  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12: Gel electrophoresis result of G418 resistance gene PCR amplifica5on. The PCR 

amplifica7on used OneTaq polymerase, an annealing temperature of 46 °C and an extension 

7me of 1.5 minutes. The reac7on products were run alongside a 1kb Promega ladder.  

Following amplificaEon of the G418 resistance casse`e, a DNA band is observed 

between 500 and 750 bp when run via gel electrophoresis (Figure 5.12). This is 

comparable to the expected size of the G418 resistance sequence of 789 bp. The G418 

resistance sequence amplicons were extracted and ligated into pGEM-T with a 
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diagnosEc digest using the restricEon enzymes XhoI and NheI. The digests of both 

G418-pGEM-T and pPOTv6-Myc were run on a gel (Figure 5.13), for subsequent 

extracEon and ligaEon to produce Myc-tagged G418-pPOTv6. 

 

 

 

 

 

 

 

 

 

Figure 5.13: Gel electrophoresis result of digested G418-pGEM-T and rSAP treated digest of 

pPOTv6-Myc. A Promega 1kb ladder was run alongside the digested G418-pGEM-T (20 µl) (lane 

1) and digested pPOTv6-Myc plasmid (20 µl) (lane 2). XhoI and NheI were the restric7on 

enzymes used for both digests; their cut sites are schema7cally shown in Figure 5.9. Double 

digests were only completed and compared to the expected sizes based off the loca7on of RE 

cut sites, further valida7on could use uncut plasmid and a single digest for each plasmid. 

The digest of G418-pGEM-T shows a strong upper band exceeding 3,000 bp and a 

lighter lower band between 750 and 1,000 bp, thought to be the G418 resistance gene 

at around 789 bp. Whilst the digest of pPOTv6 run on a gel presents a strong upper 

band between 3,000 and 8,000 bp, assumed as the backbone, and a faint lower band 

below 1,000 bp. The bands comparable in size to the G418 resistance sequence and 

the pPOTv6-Myc backbone were extracted and ligated together. The success of the 

ligaEon was assessed by a further restricEon enzyme digest and gel electrophoresis 

(Figure 5.14). 
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Figure 5.14: Gel electrophoresis result of digested G418-pPOT. A Promega 1kb ladder was run 

alongside the G418-pPOT digests using XhoI and NheI (12 µl/lane). Lanes 1-4 were loaded as 

digest repeats from a single liga7on reac7on and lanes 5-8 were loaded as digest repeats from 

a second liga7on reac7on. The RE cut sites are schema7cally represented in Figure 5.9. Double 

digests were only completed and compared to the expected sizes based off the loca7on of RE 

cut sites, further valida7on could use uncut plasmid and a single digest for each plasmid. 

The digests of G418-pPOT gel electrophoresis result presented three consistent bands, 

the strong upper band appears between 6 and 8 kbp as a band for the pPOT backbone, 

a faint band is observed between 1,000 and 1,500 bp and a final band between 750 

and 1,000 bp. To confirm the idenEty of this lowest band as being the G418 resistance 

sequence, sequencing results are required.  

 

5.3 Summary- Inves;ga;ng the ZC3H11-MKT1 complex in the T. brucei HS 
response 

The involvement of the ZC3H11-MKT1 complex, suggested to be an ‘integraEon node’ 

in the HS response by Ooi, Benz and Urbaniak (2020) was aimed to be further 

characterised.  

The desired HNAY mutaEon of the HNPY moEf in ZC3H11 was iniEally observed in 

sequencing data in 4 of 5 clones post-SDM. However, following transfecEon drug 

resistance was only observed alongside the WT HNPY interacEon moEf sequence, 

however PCR and following sequencing data would be required to confirm the 
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presence of the drug resistance casse`e. This potenEally indicates that the mutaEon 

is not tolerated or that the transfecEon was unsuccessful. The transfecEon may have 

been unsuccessful potenEally due to poor health of the cells or quality of the nucleic 

acids. An increase in WT ZC3H11-TY expression aLer HS in T. brucei was observed via 

western blo�ng. 

Whilst for the tagging of MKT1, amplificaEon of MKT1 via opEmised PCR enabled 

successful ligaEon into pGEM-T. The G418 resistance casse`e was PCR amplified and 

ligated into pGEM-T. A digest of pPOTv6-Myc was also completed enabling the ligaEon 

of the G418 resistance sequence into pPOTv6, providing the plasmid into which MKT1 

could be sub-cloned. Due to the challenges of cloning MKT1 and the G418 resistance 

casse`e, sequencing data for each are required. The completed work contribuEng to 

the generaEon of the plasmids is summarised in Figure 5.15.  

Figure 5.15: Flow chart of work required to produce a ZC3H11 HNAY mutant cell line and 

MKT1-G418-pPOTv6 cell line. Work completed within this study is indicated by a green 7ck 

and incomplete work due to 7me restric7ons is denoted by a red cross. 

 

 



 122 

6. Temporal profiling of global transla7onal arrest and polysome 

dissolu7on.  

6.1 Valida;on of the gradient frac;ona;on methodology 
Polysome gradient fracEonaEon is completed using sucrose gradients and cell 

components are sorted accordingly due to their sedimentaEon velocity within this 

gradient. Therefore, polysomes are observed as being within the more sucrose-dense 

fracEons lower in the gradient than the smaller monosomes found higher up within 

the gradient. mRNA found within the more sucrose-dense fracEons alongside 

polysomes indicate that it is acEvely translated (Chassé et al., 2017). This study 

completed this method for the first Eme at Lancaster University; therefore, the 

equipment and condiEons being used required validaEon. As a result, variables of 

sucrose gradient preparaEon were tested.  

 

6.1.1 Gradient mixing device 
60% sucrose soluEon stained with bromophenol blue was layered within an unstained 

10% sucrose soluEon to produce ‘unmixed’ samples. ‘Unmixed’ samples were placed 

in a Biocomp Gradient Master preset for a 15-60% sucrose gradient, producing ‘mixed’ 

samples. Finally, ‘mixed’ samples were placed in an ultracentrifuge at top speed for 1 

hour to produce ‘spun’ samples; this sample producEon process is summarised in 

Figure 6.1.  
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Figure 6.1: A summary of the sample prepara5on for the three steps of gradient making that 

were validated using 10% and 60% sucrose solu5ons with bromophenol blue. Star7ng 

gradient solu7ons were layered and undisturbed (‘unmixed’), following use of a Biocomp 

Gradient maker (‘mixed’) and an ultracentrifuge at 207,000 ´g for 1 hour (‘spun’). 

‘Unmixed’, ‘mixed’ and ‘spun’ samples were individually run with a Biocomp piston 

gradient fracEonator. Their absorbance at 254 nm was recorded on Biocomp TRIAX 

soLware as the piston progressed down the sample tube (Figure 6.2), enabling the 

collecEon of fracEons starEng at the top of the tube (Figure 6.3). The bromophenol 

blue presence increases the absorbance of a fracEon and therefore, upon its 

fracEonaEon the absorbance is expected to increase. In the ‘unmixed’ sample where 

there is a sudden shiL in the concentraEon of bromophenol blue it is expected to result 

in a sudden increase in the absorbance, whilst in the ‘mixed’ and ‘spun’ samples the 

bromophenol blue occurs across a linear gradient, as a result the absorbance is 

expected to increase more gradually.  
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Figure 6.2: Absorbance at 254 nm across the ‘unmixed’, ‘mixed’ and ‘spun’ gradient making 

step sample tubes. All samples were chilled prior to frac7ona7on using a Biocomp piston 

gradient frac7onator and its associated TRIAX so^ware; the following read outs of the three 

samples were ploked on a single graph using Excel so^ware. For improved visualisa7on of all 

condi7ons on a single set of axes the ‘Unmixed’ was scaled by a factor of 0.8.  
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Figure 6.3: Frac5ons collected within a frac5on collector of the frac5onated ‘unmixed’, 

‘mixed’ and spun samples of gradient prepara5on steps. Shown are the 15 tubes of frac7ons 

extracted from each 13.2 ml sample tube using a Biocomp piston gradient frac7onator. This 

figure highlights the colour change across a gradient making condi7on from the 100 mg/ml 

bromophenol blue within 60% sucrose solu7on added to 10% sucrose solu7on.  

The traces of absorbance of the steps of gradient making match the expected results, 

as the ‘unmixed’ sample shows a sudden increase in absorbance at a posiEon of around 

50 mm. Furthermore, both the ‘mixed’ and ‘spun’ samples showed a gradual increase 

in absorbance, indicaEng the producEon of gradients. The ‘spun’ sample shows a 

cleaner gradient with less disturbances to the constant increase in absorbance, which 

are observed in the ‘mixed’ sample at posiEons around 25mm and 60 mm as peaks 

within the overall trend of gradual increased absorbance. This is confirmed in the visual 

observaEon of the fracEons collected (Figure 6.3), the ‘unmixed’ sample showing a 

near sudden presence of bromophenol blue; a gradient of dye being visible in the 

‘mixed’ sample and a cleaner gradient in the ‘spun’ sample. As a result, this confirmed 

that using all three steps used in the ‘spun’ samples would most efficiently produce 

gradients for fracEonaEon in future experiments.  

 

6.2 Determining the transi;on from polysome to monosomes within the 
heat shock response.  
ValidaEon of the technique of gradient making confirmed the method of layering the 

more dense gradient soluEon within the less dense followed by the use of a Biocomp 

gradient master and an ultracentrifuge prior to fracEonaEon. For the polysome 

analysis of cell samples, cell lysates were layered upon the gradients before being 

placed within an ultracentrifuge to effecEvely separate cell components according to 

their size across the gradient.  

 

6.2.1 The effect of HS upon polysome profiling in procyclic form T. brucei  

IniEal polysome profiling was completed upon PCF T. brucei, using cell lysates of a cell 

populaEon before HS and aLer 1 hour at 41 °C, to enable the direct comparison with 
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the published data by Kramer et al (2008) and further confirm the validity of the 

condiEons being used. ~2.52 ´ 108 total cells were collected in both the non-HS and 

HS samples with a maintained 100 µg/ml cycloheximide concentraEon throughout 

lysate preparaEon. These lysates were placed upon 10-50% sucrose gradients in 

gradient buffer maintained at 4° C prior to ultracentrifugaEon and fracEonaEon using 

a Biocomp piston fracEonator. Upon fracEonaEon the absorbance at 254 nm was 

recorded on Biocomp TRIAX soLware as the piston progressed down the sample tube 

(Figure 6.4). 

Figure 6.4: Polysome profile of PCF T. brucei pre-HS kept at 27 °C (no HS) and aaer 1 h at 41 

°C (+ HS). Frac7ona7on of 10-50% sucrose gradients in gradient buffer with PCF T. brucei used 

a Biocomp piston gradient frac7onator and its associated TRIAX so^ware; the produced 

absorbance values were ploked using Excel so^ware. The HS PCF profile was scaled by a factor 

of 0.28 to allow visualisa7on of the top of the 80S peak; +HS values were shi^ed by 10 mm on 

the x-axis to present both profiles on the same scale without artefacts or signal noise. The 

ribosomal subunit (40S, 60S and 80S) and polysome peaks were assigned accordingly using the 

published data by Kramer et al (2008). 

The profiles are interpreted by the peaks present at the lower posiEons correspond to 

the smallest components (furthest to the leL on the profile) due to being smaller in 

size and being found higher up within the gradient tube in less sucrose dense fracEons. 
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Therefore, as the posiEon increases (moving right on the profile), the sucrose density 

of the fracEons increases and therefore, the peaks correspond to larger components 

within these fracEons. As a result, the first defined peak is idenEfied as being the 40S 

ribosomal subunit as the smallest component, followed by 60S and 80S. The increase 

in subunit size is shown within eukaryotes as the 40S consists of an 18S rRNA and 33 

proteins, the 60S contains 5S, 5.8S and 28S rRNA and 47 proteins; the 80S is the largest 

monosome containing both the 40S and 60S subunits (Weisser and Ban, 2019).  

The peaks following the 80S peak are idenEfied as the polysomes, each peak indicaEng 

an increase in the number of ribosomes and mRNA associated with the polysome than 

the previous peak (Kopeina et al., 2008). Therefore, due to increased size through 

addiEonal ribosomes separate peaks are produced, being found in a more sucrose 

dense fracEon and at a further distance down the gradient tube. For example, 

according to the ribosome number, peaks are found in the order of disome, trisome, 

tetrasome from the leL of the profile (Kopeina et al., 2008).  

Following HS at 41 °C for 1 hour of PCF T. brucei cells a collapse in polysome peaks is 

observed, alongside an increase in the ribosomal subunits, most notably the 80S 

subunit. The non-HS cells show a ribosomal distribuEon across polysome fracEons and 

aLer HS a shiL is seen to occur towards the lighter fracEons of the profile. These 

findings corroborate with those by Kramer et al (2008), providing further evidence for 

the occurrence of the collapse in polysomes as a part of the HS response in PCF T. 

brucei. 

 

6.2.2 The effect of HS upon polysome profiling in bloodstream form T. 
brucei  
Following the agreement of findings using the same technique as the published work 

by Kramer et al (2008), the methodology of polysome gradient fracEonaEon was 

validated for further use. Therefore, this same experiment was completed using 2T1 

BSF T. brucei cells to observe whether a comparable effect occurs to the polysome 

profile aLer HS and to invesEgate if a change occurs within the life cycle. Cell lysates 

were prepared, each with a total of ~1.75 ´ 108 cells, one sample was kept at 37 °C and 
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one was heat shocked at 41 °C for 1 hour. The lysates were placed upon 10-50% 

gradients for following polysome gradient fracEonaEon analysis (Figure 6.5). 

 

Figure 6.5: Polysome profile of BSF T. brucei pre-HS kept at 37 °C (no HS) and aaer 1 h at 41 

°C (+ HS). Frac7ona7on of 10-50% sucrose gradients in gradient buffer with BSF T. brucei used 

a Biocomp piston gradient frac7onator and its associated TRIAX so^ware; the produced 

absorbance values were ploked using Excel so^ware. The ribosomal subunit (40S, 60S and 

80S) and polysome peaks were assigned accordingly using the published data of polysome 

profiles in BSF T. brucei by Smith et al (2009). 

ALer 1 hour at 41 °C BSF T. brucei shows a decrease in its polysome fracEons and a 

shiL in distribuEon into the lighter 80S fracEon compared to the non-HS cells. The 

polysome peaks in the heat shocked cells are observed as being less defined and 

peaking at a decreased absorbance, none of which exceeding an absorbance value of 

0.18. However, post-HS the 40S and 60S peaks each appear to decrease each by around 

0.02 aLer HS. 
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6.2.3 The effect of HS upon polysome profiling in T. congolense 

 The role of the collapse of polysomes within the HS of T. congolense was also 

invesEgated using polysome gradient fracEonaEon. Cell lysate samples were each 

prepared using a total of 2.52 ´ 108 cells, one cell populaEon was maintained at 34 °C 

and the other was placed at 41 °C for 1 hour. The lysates in a 10-50% sucrose gradient 

were fracEonated to produce polysome profiles (Figure 6.6). 

 

Figure 6.6: Polysome profile of T. congolense pre-HS kept at 34 °C (no HS) and aaer 1 h at 41 

°C (+ HS). Frac7ona7on of 10-50% sucrose gradients in gradient buffer with T. congolense used 

a Biocomp piston gradient frac7onator and its associated TRIAX so^ware; the produced 

absorbance values were ploked using Excel so^ware. The non-HS T. congolense profile was 

scaled by a factor of 0.5 to allow visualisa7on of the top of the 80S peak. The ribosomal subunit 

(40S, 60S and 80S) and polysome peaks were assigned accordingly using the published data by 

Kramer et al (2008) and Gandin et al (2014). 

Polysome profile analysis of T. congolense aLer HS showed a decrease in the peak 

absorbance observed across the ribosomal subunit and polysome peaks compared to 

that of non-HS cells. As, there was no published polysome profile for T. congolense, the 

peaks were assigned using assumed similarity with T. brucei (Kramer et al., 2008) and 

further data within mammalian cells (Gandin et al., 2014), presenEng conserved peaks 

across different species that were able to be defined in the profile of T. congolense.  
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6.3 Summary- Polysomes collapse or decrease in abundance in African 
trypanosomes in the HS response 
HS at 41 °C for 1 hour of PCF T. brucei induced a decrease in polysomes, whilst an 

increase occurred in the 40S, 60S and 80S ribosomal subunits. The same HS in BSF T. 

brucei caused the polysome peaks to reduce in their definition and their peak 

absorbance value to be decreased post-HS. Furthermore, in BSF T. brucei the 

ribosomal subunit 80S peak increased, whilst the 40S and 60S subunit peaks 

decreased. Finally, polysome profiling in T. congolense after HS found that all 

polysome and ribosomal peaks decreased compared to the non-HS sample. Overall, 

this presents that there may be differences in thermotolerance across the cell cycle of 

T. brucei, due to the polysome collapse in PCF cells appearing more severe than that 

in BSF. The polysome analysis in T. congolense showing a decrease in polysomes post-

HS, like in T. brucei may indicate a level of conservation between the two species’ HS 

responses.  

 

 

7. Discussion 

7.1 Analysis of results 

7.2.1 Analysis of the implica;on of HS upon growth and mo;lity  
The extent of HS-induced damage to trypanosomes is shown to be both temperature-

dependent and Eme-dependent, determining the severity of a HS sEmulus to cell 

viability. Outgrowth analysis indicated the effect of 41 °C, 2 h of exposure causing a 

pronounced growth lag for up to ~70 hours, 1 h causing a shorter lag of ~24 hours and 

0.5 h causing a less noEceable lag with decreased longevity. These results indicate a 

threshold of thermal tolerance to complete the HS response and recover from HS-

induced cell damage; exposure beyond this threshold causing irreversible cell damage 

and death, indicated in the 2 h HS due to the decrease in cell number. However, HS at 

41 °C for 1 h is shown to be below the threshold of thermotolerance with reversible 

damage, highlighted by an absence of a decrease in cell number and instead a lag in 

growth rate. Therefore, jusEfying 41 °C for 1 h as HS condiEons in following 
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experiments, to develop understanding on how the cells recover within this short-term 

reversible lagged growth phase.  

These findings align with the data produced by Kramer et al (2008) in PCF T. brucei, 

showing that increasing the Eme of HS exposure at 41 °C increases the severity of 

growth lag. However, PCF cells appear to be more thermotolerant as aLer 2 h the cell 

growth rate is recovered within 36 hours post-HS. PCF T. brucei may have a greater 

range of thermotolerance required for their survival in vivo, as BSF cells experience a 

more stable temperature environment maintained by the mammalian host compleEng 

thermostasis, whilst PCF experience a greater flux of temperatures within the tsetse 

fly. 

MoElity analysis was used to test the hypothesis that moElity could be used as read-

out of cell viability post-HS, reducing the necessity to complete longer Eme courses to 

complete outgrowth analyses. The variability in maximum and average speeds of T. 

brucei post-HS 40-42 °C, indicated moElity as being a poor measure of predicEve 

survival of cells as well as due to disagreement with the effect outlined within the 

literature. Droll et al (2013) described in PCF T. brucei aLer 1 h at 41 °C that cell moElity 

was ‘strongly reduced’. Furthermore, the work of Ooi, Benz and Urbaniak (2020) found 

that as HS exposure of BSF T. brucei at 41 °C increases the cell moElity decreases for 

up to 4 hours, aLer which no moEle cells are observed. The effect of 41 °C upon T. 

congolense moElity was also interrogated also finding an absence of a trend in both 

maximum and average cell speeds, like in T. brucei also indicaEng an unreliable level of 

variability, however there is no published data to compare to. Overall, moElity may be 

affected when there is a HS-induced growth defect present due to differences observed 

compared to the negaEve control cells, but this analysis was complicated by the 

influence of uncontrolled environmental temperatures.  

 

7.2.2 HS induces a reversible cell cycle arrest 
The published work of Droll et al (2013) found that 24 hours aLer a HS there was no 

difference in the distribuEon of cells across the phases of the cell cycle compared to 

pre-HS. But a halt within the cell cycle was inferred due to the halt in the expression of 
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proteins required for cell growth and replicaEon highlighted by Kramer et al (2008). 

Therefore, earlier Eme points following the HS were completed in the unpublished 

work by Aelmans (2022) and Taylor (2024) to invesEgate the occurrence of a cell cycle 

arrest aLer a HS. This study corroborated with the previous data in BSF T. brucei in 

presenEng a reversible cell cycle arrest, finding a temporary increase of cells within the 

G2M phase of the cell cycle and these cells arrested within G2M indicate a heat-

induced disrupEon to cytokinesis. This G2M arrest is interesEng as BSF T. brucei lack a 

G2M cell cycle checkpoint meaning nucleus and kinetoplast replicaEon can occur 

without cytokinesis (Hammarton, 2007); this indicates that the arrest observed post-

HS is not governed by an impact to a mitoEc process. 

The previous studies within the Urbaniak lab found that post-HS an equivalent cell 

cycle arrest does not occur in PCF T. brucei, instead Taylor (2024) observed an increase 

in <G1 or ‘zoid’ cells lacking nuclear DNA. As a result, the reversible arrest observed 

uniquely in BSF may be speculated to have a BSF-specific role, for example to support 

slender to stumpy morphological differenEaEon. Within the mammalian host, peaks in 

parasitaemia coincide with peaks of fever, the peak in parasitaemia is also when this 

differenEaEon occurs and therefore may be associated with HS (Ross and Thomson, 

1910; Silvester, Ivens and Ma`hews, 2018). Therefore, like in Leishmania 

differenEaEon (Zinoviev et al., 2011), HS may be used to induce a cell cycle arrest to 

support the stumpy to slender transiEon in T. brucei.  

A further notable difference in PCF to BSF cells is the expression of VSGs via the 

bloodstream expression sites; therefore, VSGs may influence the cell cycle post-HS in 

BSF T. brucei. This theory is supported by Sheader et al (2005), who showed in the RNAi 

knockdown of VSG a cell cycle arrest comparable to that observed post-HS with G2M 

enrichment occurs. But the reversibility of the cell cycle arrest was unable to be 

compared to that following HS, as the phenotype induced by RNAi is irreversible. This 

could indicate that HS causes damage and halts VSG expression to prioriEse essenEal 

mRNA expression, causing a cell cycle arrest unEl VSG expression is restored allowing 

cells to complete cell cycle progression.  

However, Taylor (2024) observed an increase in T. brucei VSG mRNA post-HS via the 

upregulaEon of VSG2 during an acEve HS. This presents that the cell cycle arrest is not 
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driven by the decrease in VSG expression aLer HS, but potenEally by an acEve 

dysregulaEon in the normal VSG mechanisms, which is unable to occur in PCF cells. 

Such dysregulaEon of VSGs may occur due to the HS-induced damage to the 

endosomes and Golgi apparatus, that are responsible for the endocytosis and recycling 

of VSGs (Umaer, Bush and Bangs, 2018). This theory is supported by studies within 

mammalian cells showing that HS causes damage to a transport receptor protein 

ERGIC-53, which is conserved in T. brucei in the p24 family (Spatuzza et al., 2004; Nihei 

and Nakanishi, 2021). Damage to ERGIC-53 impairs the intracellular transport of 

glycoproteins (Spatuzza et al., 2004), upon which in T. brucei would cause VSG 

disrupEons and could interfere with cell cycle regulaEon. However, such conclusions 

are limited due to the lack of comparaEve work in trypanosomes and the change in 

VSG post-HS was only observed at the mRNA level and not the protein level.  

 

7.2.3 The forma;on of P-bodies in BSF T. brucei aier 41 °C for 1 hour 

The formaEon of DHH1-rich localisaEons recognised as HS-induced P-bodies in BSF T. 

brucei aLer 1 hour at 41 °C agrees with previous data in both PCF and BSF within the 

Urbaniak lab and published data by Kramer et al (2008). This study agrees with past 

work that following HS, DHH1 migrates to granule-like areas with increased 

concentraEon oLen in proximity to the nucleus. The behaviour of XRNA a further P-

body protein, an exoribonuclease involved in mRNA metabolism (Cassola, 2011), has 

also been analysed by these groups, finding its localisaEon to areas at the posterior of 

the cell and perinuclear regions. This study observed an increase in DHH1 signal also 

in perinuclear regions, indicaEng the formaEon of P-bodies containing both DHH1 and 

XRNA occur near to the nucleus. LocalisaEon in this area has importance for P-body 

funcEon, as proximity to the nucleus increases access to mRNAs damaged by the HS. 

This facilitates the P-bodies to remove mRNAs for storage or degradaEon and contain 

them away from translaEonal machinery, enabling the prioriEsaEon of ‘survival’ 

mRNAs to be expressed. This response is reflected in the outcome of change in mRNA 

levels post-HS, for there to be a decrease in mRNAs required for cell division and an 

increase in HSP mRNAs, favouring survival following a HS (Schwede, Kramer and 

Carrington, 2011). 
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7.2.4 The importance of the ZC3H11 HNPY interac;on mo;f 

The induced SDM GCC mutaEon was not observed in the T. brucei cells aLer 

transfecEon, this may have occurred due to an unsuccessful transfecEon. However, due 

to the number of clonal populaEons that were unable to grow, it may suggest that the 

mutated HNPY to HNAY is unstable within BSF T. brucei and indicaEng that the proline 

residue within the moEf has an essenEal role for the funcEon of ZC3H11 for complex 

formaEon with MKT1. Due to the use of specific primers, it may suggest that the few 

surviving post-transfecEon clones were able to survive due to geneEc re-arrangement 

supporEng the loss of the HNAY mutaEon, whilst retaining the drug resistance.  

Singh et al (2014) described the mutaEon of the interacEon moEf to AAPY and HNAA 

as being ‘extremely unstable’ in T. brucei and these mutants were unable to be used in 

tethering studies. Therefore, the compleEon of SDM to produce a HNAY mutant, 

enabled the interrogaEon of if its phenotype is more or less lethal than the previous 

mutants. The structural significance of the proline residue within the WT moEf to 

enable interacEons may be quesEoned, as prolines can interfere with hydrogen 

bonding that occurs in alpha-helices or beta-sheet protein structures and cause sharp 

bends in the polypepEde chain (Morgan and Rubenstein, 2013). Therefore, the toxicity 

of the mutaEon may have occurred due to the absence of the proline to influence the 

structure of the moEf; but this requires downstream mapping to determine the 

structural role proline has within the moEf. 

The work of Ooi, Benz and Urbaniak (2020) showed that T. brucei uElise the complex 

of ZC3H11-MKT1 as a vital ‘signal integraEon node’ within the HS response due to the 

increase in HS-responsive phosphorylaEon events that occur to ZC3H11 and the 

binding partners of MKT1, including UPL3, NEK6, ZC3H32 and CK1.2. Therefore, HS 

increases the complex abundance of ZC3H11-MKT1, governed by HS-induced 

phosphorylaEon events.  

7.2.5 The HS-induced change in ZC3H11 protein expression  

In this study the HS-responsive change in ZC3H11 protein abundance was invesEgated 

by western blo�ng using a Ty-tagged ZC3H11 WT cell line. An increase in intensity of 

a band at around the expected size of 40 kDa (Singh et al., 2014) post-HS is indicaEve 
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of its increased protein expression, however this observaEon was limited due to the 

variaEons in sample load across the blot. Furthermore, due to inconsistency in the load 

no bands were able to be observed in the posiEve control sample treated by protease 

inhibitor.  

This increase in ZC3H11 abundance aLer HS is confirmed by the previous work of Droll 

et al (2013) via probing for ZC3H11 through the use probes against its Myc and V5 tags 

on a western blot with equivalent samples of PCF T. brucei cells. The result presenEng 

an increased intensity of a band at the molecular weight of ZC3H11, indicaEng its 

increased abundance. This increased intensity of the ZC3H11 band was further shown 

in PCF T. brucei by Minia and Clayton (2016) using anE-ZC3H11, with an increase 

occurring at a HS temperature of 37 °C and a further increase aLer a HS at 41 °C.  

 

7.2.6 The significance of the collapse of polysomes within the HS 

response of T. brucei and T. congolense 

In this study a polysome profile showing the effect of heat shock upon PCF T. brucei 

has been produced with improved resoluEon than the exisEng published data (Kramer 

et al., 2008). This furthering our understanding of the global translaEonal arrest that 

occurs in the HS response. The profile showing a shiL in absorbance towards the 

monomer ribosomal subunits, with a decrease in polysome peaks. The observed shiL 

indicates a decrease in mRNA-ribosome complexes and subsequent dissociaEon of 

polysomes into monosomes, such components are smaller and fracEoned out earlier 

(Panda, MarEndale and Gorospe, 2017). This shiL in peaks demonstrates a global 

translaEonal arrest as there is a decrease in polysomes able to acEvely translate 

mRNAs and an increase in non-translaEve ribosomal subunits with their recruitment 

to elongaEon being halted (Sivan, Kedersha and Elroy-Stein, 2007).  

Furthermore, we observed the effect of HS upon the polysome profile of BSF T. brucei. 

ALer HS all the profile peaks decreased, other than 80S which increased. This could 

suggest that the HS caused impairment to translaEon iniEaEon, as an increase in 80S 

indicates that 80S complexes have assembled but are unable to progress to elongaEon 
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(Sivan, Kedersha and Elroy-Stein, 2007). As a result, the profile suggests that HS in BSF 

T. brucei induces a global translaEonal arrest, reducing protein synthesis.  

These results support the Emeline of events of the HS response in BSF T. brucei that 

polysomes collapse and release mRNAs enabling the formaEon of stress granules and 

P-bodies for mRNA storage or degradaEon (Kramer et al., 2008). This is shown within 

this study as at the same Emepoint immediately aLer 1 h at 41 °C a global translaEonal 

arrest coincided with DHH1-accumulaEons as P-bodies, presenEng a release of mRNAs 

from acEve translaEon to then localise alongside DHH1 for their following fate. The 

collapse of polysomes in reducing the acEve translaEon of heat shocked cells may 

explain the disrupEon to growth and cell cycle arrest observed within this study. The 

decrease in protein expression may result in a lack of cell cycle-essenEal proteins and 

thus facilitaEng limited progression in the cell cycle and subsequent growth. 

This collapse observed in BSF T. brucei is less severe than that in PCF, this may be 

explained in that 41 °C is a greater HS sEmulus to procyclic cells. As BSF cells are 

cultured at 37 °C and PCF cells are cultured at 27 °C; therefore, the HS temperature is 

closer to the physiological temperature range for BSF cells, potenEally causing a 

smaller collapse in polysomes (Briggs et al., 2023). Furthermore, the physiological 

condiEons of BSF T. brucei within the mammalian host, means that these cells are more 

likely to experience temperatures as high as 41 °C (within a human host) due to the 

fever response and therefore have reduced sensiEvity to the HS (Sinha et al., 1999). 

BSF T. brucei are also shown to require a constant level of translaEon to meet 

expression demands, for example of VSGs; therefore, less of a polysome collapse may 

occur to sustain this translaEon (Vasquez et al., 2014; Vieira-da-Rocha et al., 2019). 

Whilst during the PCF life cycle stage, cells have a reduced demand for conEnuous 

global translaEon, with reduced translaEonal efficiency, and this may enable a more 

severe collapse in polysomes to occur more readily than BSF cells heat shocked at 41 

°C (Vasquez et al., 2014).  

Finally, this study completed polysome profiling in T. congolense for the first Eme and 

interrogated the changes in peaks following HS. The peaks for the ribosomal subunits 

and polysomes decrease post-HS, showing an overall decrease in the polysome to 
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monosome raEo. This suggests a decreased proporEon of ribosomes acEvely 

compleEng translaEon via inhibited iniEaEon through a decrease in ribosomal stability, 

or due to a reduced number of ribosomes (Xie et al., 2024). A HS-induced decrease in 

polysomes is comparable to that observed in T. brucei and therefore, this may allude 

to evoluEonary conservaEon in the HS responses between the two species.  

 

7.3 Limita;ons 

7.3.1 Cell counts and mo;lity analysis  
The use of using an automated cell counter to measure cell growth as a read-out of 

viability has its limitaEons, including that counts produced did not disEnguish and filter 

out any dead cells or debris, these being incorporated into the cell counts. 

Furthermore, the counts used 10 µl of culture and this relies upon the assumpEon that 

this volume is representaEve of the density of the complete culture. 

Furthermore, issues of moElity analysis include the change in temperature of the cells 

upon visualisaEon, with the cells being placed on a microscope stage at an 

uncontrolled temperature; this may influence cell moElity and cause variability 

between experiments. A further issue of moElity analysis was the driL experienced by 

the cells throughout the media, driL having the ability to falsely increase the 

movement of cells and produce more variaEon. 

 

7.3.2 Immunofluorescence imaging 
LimitaEons of the immunofluorescence images observing the change in localisaEon of 

DHH1 include issues of background in the immunofluorescent pictures, the potenEal 

for non-specific anEbody binding and normalisaEon issues. These factors have the 

potenEal to make an effect look more or less prominent.  

 

7.3.3 Polysome gradient analysis 
Issues with the polysome gradient fracEonaEon analysis include difficulty in producing 

results with reproducibility, as some experiments presented traces with an absence of 
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peaks. Therefore, further opEmisaEon would involve developing an understanding 

around the inconsistency generated by the method. A further aspect to opEmise the 

experiment would be to generate a minimum cell number threshold of sensiEvity that 

is able to produce a standard polysome profile. This would ensure that the number of 

cells being used in following experiments would be known as not being a limiEng 

factor, as well as scaling to be completed across different cell types. For the direct 

comparison between non-HS and HS profiles, rather than the limitaEon of adjusEng 

axes to view the shiL in peaks, normalising to the area under the peaks would enable 

an increased accuracy to observe the effect of HS upon polysomes. 

Furthermore, a limitaEon included the use of Biocomp long caps which were used in 

producing the gradients. These caps meant that a secEon of the tube was unable to be 

filled, meaning the samples were unable to completely fill the whole of the 13.2 ml 

tubes. As a result, detecEon at the top of the tube produced noise on the profiles (that 

was cropped out from the presented figures due to not represenEng the sample); 

therefore, shorter caps in future could be used to efficiently capture the absorbance 

of the early fracEons. 

 

7.4 Future work 

7.4.1 Enhancing understanding of cell viability post-HS 
To produce cell counts representaEve of viable cells, future experiments could use a 

haemocytometer to only count moEle cells or incorporate live/dead staining for 

example using calcein AM to directly quanEfy the viable cells aLer a HS and to compare 

the proporEon of cells irreversibly damaged via death across the different HS 

condiEons. 

To maximise the accuracy of the moElity analysis data, the flow effect requires 

reducEon, but providing more Eme for the meniscus to se`le upon the stage was a 

compromise in enabling the culture to further decrease in temperature from the HS 

condiEons. Therefore, to opEmise future moElity experiments, a single vessel to HS 

and image the cells alongside the use of a heated microscope stage could be used, 

enabling greater control of the environmental temperature and providing more Eme 
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for the flow effect to se`le. Furthermore, the iniEal track length data visualised aligned 

with both the published and hypothesised trend reflecEng decreased moElity with 

further HS exposure; therefore, further repeats are required to assess the validity of 

track length as a read-out of moElity.  

 

7.4.2 Further inves;ga;on of HS-induced cell cycle events and their role 
in vivo 
For comparaEve analysis of the mechanism of HS recovery in T. brucei and T. 

congolense flow cytometry analysis could be used in future work to observe whether 

an equivalent reversible cell cycle arrest characterised by a peak in G2M enrichment 

occurs. To achieve this, sample preparaEon for the fixaEon of T. congolense using 

methanol requires opEmisaEon.  

For the flow cytometry analysis in the 2T1 and J1339 cells post-HS there was a 

difference in the precise Eming of the peak G2M enrichment within the arrest. This 

may have occurred due to the uncontrolled difference of the input of cells across the 

cell cycle and in future work this could be controlled using cell cycle synchronised 

populaEons, enabling the development of understanding of the Eming of events within 

T. brucei HS recovery.  

Future experiments could also address the role of HS in the slender to stumpy 

differenEaEon pathway. Via the compleEon of equivalent flow cytometry analysis 

using pleomorphic BSF T. brucei cells that are able to differenEate; it would enable the 

observaEon of whether a G2M enrichment coincides with differenEaEon. Or the 

theory of dynamic dysregulaEon of VSGs influencing the cell cycle arrest could also be 

tested further via compleEon of this flow cytometry analysis in T. brucei cells that have 

RNAi knockout of EGIC-53. Enabling the observaEon of if disrupEon to VSG transport 

and recycling pathways alone is able to induce a cell cycle arrest with enriched G2M 

comparable to the post-HS observaEon. 
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7.4.3 Future visualisa;on of P-bodies 

Future analysis of the change in DHH1 localisaEon upon HS would require more repeats 

to validate the observed effect in this study. Furthermore, an improved resoluEon 

could also be used in future work to observe the precise locaEon of P-bodies in relaEon 

to the nucleus and enable counts to quanEfy the increase in P-bodies compared to the 

pre-HS state. The compleEon of this IFA for longer Eme points post-HS in future work 

would also be beneficial to observe the Eming for the dissoluEon of P-bodies in HS 

recovery and to observe whether this coincides with the observed resoluEon of the 

cell cycle arrest. The use of another P-body marker, for example XRNA may strengthen 

the observaEon of P-body formaEon further in future work, through the observaEon 

of the P-body proteins directly co-localising within the observed accumulaEons post-

HS.  

Equivalent analysis in T. congolense, via iniEally the producEon of a DHH1-tagged WT 

cell line, would allow comparisons of the role of P-body formaEon in the HS response 

relaEve to T. brucei. Similarity in the increase of punctate localisaEons post-HS may 

indicate a further level of conservaEon in the response between the two species.  

 

7.4.4 Interroga;ng the ZC3H11-MKT1 interac;on in the T. brucei HS 
response 
To confirm the instability of the HNAY mutaEon of the ZC3H11 interacEon moEf, future 

work would require the repeEEon of the transfecEon and following sequencing of the 

selected clonal cell populaEons. If all sequenced moEfs have the WT CCC codon, this 

would strengthen the observaEon that the mutant GCC codon promotes instability for 

growth. Furthermore, ectopic expression could be used to determine the lethality of 

the mutated ZC3H11 via the use of tetracycline-inducible episomal expression, thus 

using Tet-regulaEon to test its stability and invesEgate dose dependence of the 

potenEal observed effect of HNAY ZC3H11 toxicity. 

Upon the producEon of a stable HNPY mutant cell line, future work could address 

whether ZC3H11 phosphorylaEon is impacted by the HNAY mutaEon. Or whether HS 

and its induced phosphorylaEon acts to rescue the HNAY mutant phenotype and that 
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the proline may no longer be required for the ZC3H11-MKT1 interacEon to occur. To 

invesEgate whether ZC3H11-MKT1 complex formaEon is required for the HS response, 

if the mutant is unable to support the interacEon, HS-induced cell cycle and growth 

disturbances could be compared in the mutant to the WT. The use of growth analysis 

would enable the comparison of the extent of a HS-induced lag in growth and the rate 

of recovery between the mutant and WT cell lines aLer HS. AddiEonally, cell cycle 

analysis could compare whether the reversible cell cycle arrest is able to occur and to 

the same level of G2M enrichment in the mutant cells as in the WT cells. These 

analyses could present the extremity of the HNAY mutant phenotype within the HS 

response or if it is comparable to the WT, it could demonstrate that the proline residue 

is not a requirement of the interacEon moEf for its funcEonality.  

A confirmed HNAY ZC3H11 mutant cell line could also be used alongside a tagged-

MKT1 cell line for the compleEon of co-immunoprecipitaEon (co-IP) assays to directly 

observe the mutaEon-driven effects upon their interacEon. To produce a MKT1-tagged 

cell line for this, further ligaEon reacEons and sequencing are required with the MKT1 

amplicon to produce a MKT1-G418-pPOTv6-Myc plasmid for following transfecEon to 

form a cell line (required steps shown in Figure 5.15). Upon the compleEon of the 

MKT1-tagged cell line, a co-IP may enable the mutant complex formaEon of ZC3H11 

(HNAY) with MKT1 to be compared to the WT (HNPY). Reciprocal pull-downs could also 

be used to eliminate any anEbody-driven effects contribuEng to the results showing 

that the same effect may be observed in both direcEons, swapping ZC3H11 and MKT1 

to be the ‘bait’ protein or the ‘prey’ protein (Huang and Kim, 2023). If the level of 

protein observed is the same in both the mutant and non-mutant ZC3H11 co-IPs with 

MKT1, it could indicate that the subsEtuEon of alanine does not induce a mis-folding 

effect and that the mutated interacEon moEf is able to form the same complexes as 

the WT. However, if the levels are observed to be different it suggests that proline has 

a vital role in governing the structure that enables binding at the interacEon moEf.  

 

7.4.4 Furthering the output of polysome gradient analysis 
An aspect to invesEgate in the future work would be the treatment of cells with 

cycloheximide, in this study cycloheximide was used to preserve polysomes in their 
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states upon lysate preparaEon. Kramer et al (2008) presented that a more severe 

collapse in polysomes occurs in the absence of post-HS cycloheximide treatment and 

the addiEon of cycloheximide pre-HS prevented the decrease in polysome fracEons. 

Cycloheximide treatment prior to HS was also shown by Kramer et al (2008) to inhibit 

the formaEon of P-bodies and HS granules. Therefore, future work could involve 

observing the effect of the absence of cycloheximide, its treatment pre-HS and post-

HS upon polysome profiles in PCF and BSF T. brucei as a repeat, and for the first Eme 

in T. congolense. This could be combined with the study of the downstream effect of 

cycloheximide treatment on P-bodies and stress granules in all three cell types via 

immunofluorescence microscopy. 

Furthermore, to observe the complete process of HS recovery it would be interesEng 

to prepare further lysates at more Eme points post-HS to observe when a complete 

resoluEon of HS occurs. This being characterised by the decrease in ribosomal subunits 

and increase in polysomes observed in the fracEonaEon analysis. This enabling the 

observaEon of whether polysome reformaEon corresponds to the resoluEon of cell 

growth and the cell cycle arrest shown within this study. This analysis of post-HS 

resoluEon of polysomes could also correspond with the future work of viewing when 

P-bodies dissolve post-HS, to view whether P-body dissoluEon corresponds with 

monosome polymerisaEon supported by the incorporaEon of components released 

from the P-bodies. Thus, enabling comparison to the mammalian work indicaEng that 

polysomes begin to re-appear in recovery rapidly, with near-complete resoluEon 

reported within 60 minutes of cells being returned to 37 °C; coinciding with the 

dissoluEon of stress granules and P-bodies (Duncan and John W.B. Hershey, 1989; 

Kedersha et al., 2005).  

Future analysis could also use the fracEons produced by polysome gradient 

fracEonaEon for quanEtaEve PCR (qPCR) analysis, enabling quanEficaEon of specific 

mRNA from each fracEon (Han et al., 2021). qPCR analysis could indicate which mRNAs 

of interest, for example that of HSPs, are being most acEvely translated in the more 

dense fracEons in associaEon with the ribosomes and polysomes; the proporEon of 

mRNAs in these fracEons could be compared pre- and post-HS. If an equivalent 

increase or decrease of mulEple mRNAs in these fracEons is observed, it could also 
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inform of potenEal co-regulaEon mechanisms in response to HS. However, issues 

would arise regarding a negaEve control of an mRNA that remains unchanged aLer HS, 

as HS is shown to cause a decrease in the expression of housekeeping genes and 

increase in stress response genes (Kramer et al., 2008).  

 

7.5 Conclusions 
Overall, this study completed work to characterise the HS response in T. brucei, with 

iniEal comparaEve data in T. congolense. HS at 41 °C for 1 hour was shown to influence 

the growth of BSF T. brucei cells prior to recovery, defined by a reversible cell cycle 

arrest observed within a period of lagged cell growth. This cell cycle arrest was viewed 

as an iniEal lag of S-phase cells prior to a peak of G2M cells at the 5th or 6th hour of 

recovery post-HS, which subsequently returned to the pre-HS proporEons. 

Site-directed mutagenesis was completed to produce a mutant HNAY interacEon moEf 

in ZC3H11, which was not observed post-transfecEon alongside the associated drug 

resistance. Thus, arising further quesEons regarding the success of the transfecEon or 

the stability of the mutant and whether the subsEtuted proline residue within the 

HNPY moEf has an essenEal role in ZC3H11-MKT1 complex formaEon. Due to Eme 

constraints, iniEal steps were completed to produce an MKT1-tagged T. brucei cell line 

and upon its complete generaEon it would enable further quesEons to be addressed 

regarding the significance of the WT HNPY interacEon moEf and the ZC3H11-MKT1 

complex within the HS response.  

Finally, polysome gradient analysis was completed pre- and post-HS for PCF and BSF T. 

brucei, with improved resoluEon compared to the published data. HS of PCF cells was 

shown to induce a more severe collapse in polysomes and increase in ribosomal 

subunits than that in BSF. This same analysis was also completed in T. congolense for 

the first Eme, also finding a decrease in polysomes and potenEally indicaEng a 

comparaEve HS-induced decrease in ribosomal stability to that in T. brucei; alluding to 

a level of conservaEon in the HS response. This technique was completed and 

opEmised for the first Eme at Lancaster University and opens the opportunity for more 
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quesEons to be answered in future work, relaEng to HS recovery and the translated 

status of mRNAs during the response.  
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9. Appendix 

9.1 P-values for mo;lity analysis  

Table 9.1: p-values for HS of 2T1 BSF T. brucei maximum speed mo5lity analysis. The p-values 

correspond to each stated 7mepoint within each temperature sta7s7cally compared to the 0 

h data. The data was sta7s7cally analysed using a single ANOVA with Tukeys ad hoc post-tests 

using the Real Sta7s7cs plugin (Zaiontz, 2023), data was deemed significant when p<0.05 and 

is highlighted *. 

HS temperature p-values 
40 °C 0 h – 2 h: 7.53 ´ 10-6 * 

0 h – 4 h: 0.01258 * 
0 h – 6 h: 0.07659 
0 h – 8 h: 0.1247 

40.5 °C 0 h – 1 h: 0.5211 
0 h – 2 h: 0.8558 
0 h – 3 h: 0.00352 * 
0 h – 4 h: 0.9988 
0 h – 5 h: 0.9997 

41 °C 0 h – 0.5 h: 6.14 ´ 10-9 * 
0 h – 1 h: 0 * 
0 h – 2 h: 0 * 

41.5 °C 0 h – 1 h: 0.7492 
0 h – 2 h: 0.8176 

42 °C 0 h – 0.25 h: 0.09195 
0 h – 0.5 h: 0.5134 
0 h – 1 h: 0.04831 * 

 

Table 9.2: p-values for HS of 2T1 BSF T. brucei average speed mo5lity analysis. The p-values 

correspond to each stated 7mepoint within each temperature sta7s7cally compared to the 0 

h data. The data was sta7s7cally analysed using a single ANOVA with Tukeys ad hoc post-tests 

using the Real Sta7s7cs plugin (Zaiontz, 2023), data was deemed significant when p<0.05 and 

is highlighted *. 

HS temperature p-values 
40 °C 0 h – 2 h: 1.69 ´ 10-10 * 

0 h – 4 h: 1.69 ´ 10-10 * 
0 h – 6 h: 1.69 ´ 10-10 * 
0 h – 8 h: 1.69 ´ 10-10 * 

40.5 °C 0 h – 1 h: 1.72 ´ 10-10 * 
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0 h – 2 h: 1.72 ´ 10-10 * 
0 h – 3 h: 1.72 ´ 10-10 * 
0 h – 4 h: 1.16 ´ 10-8 * 
0 h – 5 h: 0.01866 

41 °C 0 h – 0.5 h: 0.006523 * 
0 h – 1 h: 0 * 
0 h – 2 h: 0 * 

41.5 °C 0 h – 1 h: 6.03 ´ 10-10 * 
0 h – 2 h: 6.03 ´ 10-10 * 

42 °C 0 h – 0.25 h: 0 * 
0 h – 0.5 h: 0 * 
0 h – 1 h: 0.6303 

 

 

Table 9.3: p-values for HS of J1339 BSF T. brucei average and maximum cell speed mo5lity 

analysis. The p-values correspond to each stated 7mepoint within each temperature 

sta7s7cally compared to the 0 h data. The data was sta7s7cally analysed using a single ANOVA 

with Tukeys ad hoc post-tests using the Real Sta7s7cs plugin (Zaiontz, 2023), data was deemed 

significant when p<0.05 and is highlighted *. 

HS temperature  Max. speed p-values Av. speed p-values 
41 °C 0 h – 0.5 h: 0.8113 

0 h – 1 h: 0.9998 
0 h – 2 h: 0.5649 

0 h – 0.5 h: 0.1514 
0 h – 1 h: 0.00137 * 
0 h – 2 h: 0 * 

41.5 °C 0 h – 1 h: 0.0347 * 
0 h – 2 h: 0.001118 * 

0 h – 1 h: 0.09052 
0 h – 2 h: 5.52 ´ 10-10 * 

42 °C 0 h – 0.25 h: 0 * 
0 h – 0.5 h: 0 * 
0 h – 1 h: 0 * 

0 h – 0.25 h: 0 * 
0 h – 0.5 h: 0 * 
0 h – 1 h: 1 
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9.2 Plasmid map 

Figure 9.1: The final MKT1-G418-pPOTv6-Myc plasmid aimed to be produced within this 
study. This figure was generated using A plasmid editor (APE) (Davis and Jorgensen, 2022). 
Showing comple7on of an MKT1-tagged cell line upon the liga7on of MKT1 into the G418-
pPOTv6-Myc plasmid. 


