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1.0 Abstract

All organisms require iron for survival and the bloodstream form of the parasite Trypanosoma
brucei has evolved a unique receptor that binds host transferrin to facilitate iron uptake. The
TbTfR is encoded by two expression site associated genes, ESAG6 and ESAG7, and is able to
bind transferrin with a variable affinity from a wide range of host organisms. Upon iron
starvation, the parasite is able to rapidly upregulate the expression of the transferrin receptor
via a post-transcriptional mechanism mediated by the ESAG6 3'UTR. Here the ESAG7 3'UTR is
defined, and truncations were made of the ESAG6 and ESAG7 3’UTRs to identify motifs that
are important for the upregulation of the receptor. The truncated sequences were ligated
into a firefly luciferase reporter system and transfected into a tagged rRNA locus in a
bloodstream form cell line. Luciferase assays were performed on the truncated cell lines to
measure the upregulation of the reporter gene when iron starvation is induced. Normally,
expression of the transferrin receptor is low under basal conditions and increases when the
cells are incubated in media starved of iron. Under iron starvation conditions, it was observed
that a number of the truncated cell lines were able to increase the expression of the reporter
gene by a magnitude previously reported for the upregulation of the transferrin receptor. This
response was only maintained when the 3’ end of the 3’'UTR remained undisrupted. From the
3’UTR a putative motif has been identified that may be responsible for mediating the

upregulation of the transferrin receptor under iron starvation conditions.



Table of Contents

0 I T - o Nt 3
b 20 0 114 oY 11T ot T o TS 7
2.1 African TryPanOSOMIASIS.....cccueerremnnieriennnieriennseerrrnsssereensssersenssssseenssessesnssessesnsssssesnsssssennnnnns 7
2.1.1 Clinical Presentation of African SIeeping SICKNESS ........coeeuiiiiiiie it 8
2.1.2 Epidemiology and DiSEase CONLIOL........cccuieieiiiiieiieeecitee et cete e et e ee e e e eta e e e stre e e e te e e saaeeenbseeeenteeenanees 9
2.1.3 Diagnosis of Human African TrypanoSOMIasis ......c..ccecuueeeiuiieeeirieeeiiieeeciteeeeieeeeteeeetreeeeateeeesseeeessreaeas 11
2.1.4 Treatment of Human African TrypanoSOMI@sis .......ceceecccuieeieeieiiiieeeeceiiiteeeeescirereeeeecreeeeeeeesanseeeeeenns 12

D B I £ Yol [P 14
2.2 Trypanosoma Brucei GENETICS ........ceeiiiiiiiremnuissiiiiiieranisisisiiineresssssissiirerasssisssmmessssssses 17
2.2.1 RNA Polymerase | TranSCriPLiON .....ccccuviiiiieeciieeeeiee e ere e ettt e e te e e s taeestaeeesataeesnaeessseeesssaeesnsneesssenann 17
2.2.2 ANTIZENIC VATTATiON «euueiiiiiiiiiiiiieieeeeee ettt e e e et e e e e e e e e e s e sass s bs bbbt btarereaeaaeeeeeaeeeeeeeens 18
2.2.3 MONOAIIEIC EXCIUSION ..eeuviiiiiiiiiiieeitee sttt sttt sttt ettt sbeesaa e sebe e saaesateesbaesaseebeesbeenbaesnbeenanesases 21
2.3 The IMpPortance Of IrON ... ...ttt s e reeseseasesensessnssssnssssenssssnsssensasansans 22
2.4. Structure and Function of the Trypanosoma brucei Transferrin Receptor.......c..ccceeeuuennenee. 24
2.4.1 Identification of the Trypanosoma brucei Transferrin RECEPLOr .......cccvveeevcieieriieeciiee e cree e 26
2.4.2 Genomic Organisation of the Trypanosoma brucei Transferrin ReCeptor.......ccocvvvveeeccieeevcveeerineenn, 26
2.4.3 Localisation of the Trypanosoma brucei Transferrin RECEPLOr......cuvvvviieeeceiiciiee e 27
2.4.4 LigaNd BINAING .ocuuviiiiiiie ettt ee e e et e e e et e e e e te e e e tbeeeeabaeeebaeeebbeeeastaeeabaeeetreeeantaeeetaeeeraeaann 28
2.4.5 Processing Of TranSTeITIN ....ccuiii ettt e e tae e et e e e e ate e e eabaeesabaeeesntaeeesaaeensreaans 30
2.4.6 Conservation of the Transferrin Receptor in Trypanosomatids.........ccccueeeeiiiieciieeeciieeeeciee e e 30
2.5 Iron Dependent Regulation of the Trypanosoma brucei Transferrin Receptor..........c........... 32
2.5.1. Iron Dependent Regulation of the Mammalian Transferrin RECeptor.......cccevvvevevieereciereeciee e, 35

2.5.2 Importance of the 3’ Untranslated Region of the Trypanosoma brucei Transferrin Receptor in the

IFON STArVAtION RESPONSE wuviiiiiiiiiiietieiititee e e sctree s e e sttt e e e e e st e e e s se e beeeeesassaateeeeesssstaneesesansaneeessassssneesssnsnsens 36

2.6 AiMS anNd ODBjJECHIVES .....ccuuiieeiiiieiiieiiitiitrirrei e reaereaseseasssensssenssssesssssnssssnsssensessnsanns 41
3.0 Materials and Methods .......ccciiiiiieiiiiiieiiiiieiieiieireetieeereesteesteetseesreesraesrsessnessnsesanens 44
30 I 1Y, =1 =T -] S 44
0 0t B Y/ =Y - R SRRSURRPRRRNY 44
N Y o o [} AL SRRRURRRRRN 45
N T = VT =] RSOSSN 45

3 I o= | W 1T || {11 =TS 45



3.3 Agarose Gel Electrophoresis .....cccieeeiiieiiiieiiiiiiiiiiiiniieieenenesenesensssresssseesessnsssenssssnssnns 45

I 70 B 1= I =3 = ot o 1 F PSPPSRI 46
3.4 Polymerase Chain Reaction (PCR)......c.ccieereeeueiiiiriiierennnieeiseeneernnnssssessseeeesnnnsssssssssnessnnnsnnns 46
3.4.1 PCR of ESAG6E 3'UTR from GenOMIC DNA .....cocuiiiiieiieiieiiee sttt ettt sttt st saeesateesbaesneenne 46
3.4.2 PCR of ESAG6 3’UTR Truncations from Plasmid Template........ccceeecveeiiiieiccii e 47
3.4.3 PCR Of ESAG7 3'UTR from CDNA......oooeiiieeee ettt ettt e e ta e e s bae e e e te e e eta e e enaeeesateeeensaeesnreas 48
3.4.4 PCR of ESAG7 3’UTR Truncation from Plasmid Template ......cccccvveeiiieiiiie e 48
3.5 Reverse TransCriptioN ... ...cciciiieeiiiieiiiiiiiiiiriirse et reesssrasseae st rasssrasssranssssasssensssenssss 49
3 (oY 11 - 3 PSP 50
30 A I =1 d o TSP 50
3.6.2 TraNSTOrMAtION c..veeeiiiiieite ettt s e et e s te e sbe e st e e s beesateebeesabeenbaesabeenanesateesbnesnseenes 50
3.6.3 1501atioNn Of PIASMit DINA ......oiiiiiiiieiiteeestt ettt e ste e e s e sbeesteesbeesaseebaessteenbeesaseeseesateesssesseenes 50
3.6.4 Analytical Restriction ENZYME DIZEST ......ccccuiiiiiiiieeciie et ettt ettt e e e e ta e e e eaae e e sateeeeaaeesanaeas 51
3.6.5 Preparative RE DIiGESt ...cccic ettt et s s e e e e et eeaaaeaeesesesesa s s ananarbrbbarerareaaes 51
3.7 DNA SEQUENCING ceeuuiieuiiieeiireeiireeerensiieasirensssrasssrsessrasssrssssrssssssssssesssssasssssssssssssssssssenssssnsssss 51
3.8 Trypanosoma brucei Transfection and SCreenNiNg.......ccceeeecirreeecirireecerreneeisreneseesreneseesnenens 52
3.8.1 LINEAriSiNG ThE DINA . ..ooeieiie ettt et e e et e e e te e e e ta e e e e abeeeeabaeesbaaeeasteseensaeeesseeasnteseansaeessenas 52
3.8.2 Ethanol PreCipitation .....cccciee ettt et e e et e e e et e e e bt e e e ba e e e tbe s eeasaeeesaeeesateeeensaeesnnens 52
3.8.3 AMaAXa TraNSTECLION ..ccuviiiiieieeiie ettt st e s e e sae e s te e s baesateebeesateenbeesateesseesaseenseesnseenes 52
3.8.4 Screening for Transfected CIONES.....coouviiiiiei ittt sae e e s e e e s e e e sanees 53
3.9. LUCITErase ACHIVItY ASSAY....cccireererennirennereanieranerensserasseresserensessasessnssssnssssnssssnsssssnssssnsessnsases 54
3.9.1 INdUCtion Of IroN SEArVATION ..cc..ueiiiiiieieeee et st sae e st e e e sne e 54
3.9.2 0NE GO LUCITEIaSE ASSAY.....cccccueeeiitiieeieiieeeieee ettt eesteeesteeesstaeeesateeeasaeessaeeasssesaansseessseeesnsesesnsseesnnsees 54
3.10 Data Analysis and StatisticS....ccccieuiiiieiiiiiiiiiiiiciiiciirc s e e s e n e e n e sennanns 55
00 56
4.1 Cloning and Truncation of the ESAG6 and ESAG7 3’ Untranslated Regions..........ccccceeeeeannens 56
4.1.1Truncation Of the ESAGE 3'UTR ....ccueiiiiiecieiiiesiecie sttt e steesteesaeesbe e saeesteesateesseesssaessaesaseesseesnseansenan 57
4.1.2 1dentifying the ESAG7 3'UTR ..ottt ettt ettt st ettt st e sbeesat e sbeesateebeeeneenee s 61
4.1.3 Generation of the ESAG7 3"UTR TrUNCAtIONS ...c.uveviiieeeiiieeeiieesiteeeseieeeseee s sveeeesaeeesseaeessveeeesaeessnaneas 66
4.2 Generation, Screening and Analysis of Trypanosoma brucei Cell Lines..........cccccevveererreennnnns 68
4.2.1 Characterisation of the ESAG6 3'UTR Response to Iron Starvation Conditions ........cccccccveeeviveeenneen. 72
4.2.2 Characterisation of the ESAG7 3'UTR Response to Iron Starvation Conditions ..........ccccceeeevuveeeneen. 76
4.2.3 Summary of Luciferase Assay RESUILS ........c.uiieiiiiiiiie ettt et e e st e e e aa e enaeas 79



D0 DS CUSSION ceuturereeereirererereeereereresessssssssesesessssssssosessssssssssesessssssssesessssssssssenesasasassaserasasnss 82

5.1 Importance of Characterising the Iron Starvation Response.........cccceeerrveeecirreeenccrnenenceenenen. 82
5.2 The Biological Role of the Trypanosoma brucei Transferrin Receptor ........cccceeerenniienncrennnene 84
5.3 ANalysis Of RESUIES.....cciemeiiiieiiiiiieii it rreeee s renee e s renessesrennsssssennsssssennssssnenasssssennns 91
5.3.1 Generation of the ESAG6 3'UTR and TruNCatioNS ......ccccueeeiiiieeiiieecieeeeeeeeseeeeereeesnae e s e e enreeenneas 91

5.3.2 Generation of the ESAG7 3'UTR and TruNCatioNS ......ccccueeeiiiieeiiieeeire e ereeesteeeeereeenaeeesteeeesnneesnneas 94

5.3.3 LUCITErase ASS@Y ANGIYSIS......ccccueiiiiieeeiiie ettt e eiteees e e eeteeesetae e e s teeeebaeesbaeeessteseensaeessaaeasnteeeassessnsses 96

LT B T 411 1 4T 3 TR 929
5.5 Post-Transcriptional Regulation in TrypanoSoOmes .......cccccerreeeeiirieneiiiiieennisneeeenisneeessesnenees 100
5.6 Recommendations for Future Research...........ccoeeeeiiiriieiiiieeeiciirecccrreecs e eeeeceeeeeneeseenens 104
5.6.1 Further Analysis of the PUtative IMOTIf ..........coouiiiiiiiccee ettt et et e 104

5.6.2 Characterisation of the Iron Starvation Response of the Non-Expression Site Copy of ESAG6 ...... 106

5.7 CONCIUSION «.ceeeiiiiiiiiiiiiiiiiiiiieieieresererasseresasssesesasssssenssssssenssssssensssssssnssssssnnssssssnnsssssannes 107
6.0 ACKNOWIEdZEemENtS........coieuiiiiiiiiiiicircrtcree e reeeren e s e ne s snesesensasenssssnnsssensanen 109
7.0 REFEIrENCES ... .ciieeeiiiieiiiiiinccetreierreeeiesreneessennsessensssssasnsssssssnsssssssnsssssssnsssssannnnnns 110
8.0 APPENMIX c.ureerrennrrenerenertnneerearereanerraseerasseressessnsessnsessnsssssnsesensessassessnsessnssssnssesnnsenen 122



2.0 Introduction

2.1 African Trypanosomiasis

Trypanosoma brucei is the causative agent of the neglected tropical disease Human African
Trypanosomiasis (HAT). This is a vector borne disease transmitted by the bite of an infected
tsetse fly of the genus Glossina (Pays et al., 2021). HAT is a substantial cause of morbidity and
mortality in sub-Saharan with an estimated 65 million people at risk of contracting the disease
in 36 endemic countries across an area referred to as the tsetse belt (WHO, 2021). There are
two subspecies of T. brucei responsible for HAT, T. b. rhodesiense and T. b. gambiense. T. b.
rhodesiense causes an acute infection and is present in 13 countries across Eastern and
Southern Africa. However, they represent less than 5% of the total number of HAT cases
reported annually (WHO, 2021). T. b. gambiense causes a chronic infection where people can
be infected for months or years before they begin to show any symptoms. T. b. gambiense is
widespread across 24 Western and Central African countries with 95% of all reported cases
being T. b. gambiense (WHO, 2021). The two subspecies are morphologically indistinguishable
but cause distinctive rates of disease progression and must be identified as different drugs

are required to treat each subspecies (CDC, 2020).

Humans are regarded as the main reservoir for T. b. gambiense, however, animals are the
major reservoir for T. b. rhodesiense, these can be domesticated animals such as cattle or wild
animals such as those of conservation concern protected in game reserves (Wamwiri et al.,
2016). The transmission cycle of T. b. gambiense is considered to be human to tsetse fly and
back to human, with animals playing little role in maintaining the transmission cycle. It is
thought that due to the chronic infection caused in humans, that can be asymptomatic for
long periods, this is enough to maintain the population of infected tsetse flies and continue
the transmission cycle (Wamwiri et al., 2016). From this it has been possible to eliminate
infection with T. b. gambiense in local areas by targeting human treatment, however, animals
can still be part of this transmission cycle so cannot be overlooked (Wamwiri et al., 2016). The
transmission cycle for T. b. rhodesiense relies on animal reservoirs and the cycle is typically

animal to tsetse fly then back to animal or a human infection.



2.1.1 Clinical Presentation of African Sleeping Sickness

HAT occurs in two stages, stage | referred to as the haemolymphatic stage and stage Il the
encephalitic stage (Kennedy, 2013). In stage | the parasite is actively dividing in the blood and
the lymphatic system and travels to systemic organs such as the spleen and heart. Stage | is
characterised by bouts of fever, headaches and itching at the site of the chancre (WHO, 2021).
Symptoms in the early stage do not begin to show until 1-3 weeks after the tsetse bite and at
this stage they are non-specific and can overlap with other diseases such as malaria,
occasionally resulting in misdiagnosis (Kennedy, 2013). Progression to stage Il occurs at
different rates depending on the subspecies causing the infection. In T. b. rhodesiense
infection, progression to stage Il can occur in weeks post-infection, however, T. b. gambiense
causes a chronic infection so progression to stage Il can take much longer, often several
months (Kennedy, 2013). To progress to stage I, the parasite crosses the blood brain barrier
and has access to the central nervous system, at this stage the symptoms become more
specific and more severe and the disease becomes more difficult to treat (Vincent et al.,
2016). Once a patient has progressed to stage |l the clinical features of the disease include
neurological dysfunction, depression and anxiety, psychotic episodes and disruption to the
sleep-wake cycle (Vincent et al., 2016). The disease is often referred to as ‘African Sleeping
Sickness’ due to the perturbations to the sleep-wake cycle, these symptoms are present in
74% of infections and could present as reversal of the sleep-wake cycle, uncontrollable
episodes of sleep and/or an alteration of the structure of sleep (Kennedy, 2013). More
recently there has been growing evidence of asymptomatic T. b. gambiense infection,
suggesting that some individuals are able to tolerate the infection without progression to
stage Il (Capewell et al., 2019). Asymptomatic individuals are serologically positive, but
parasites are not identified in the bloodstream by microscopy, so they are not diagnosed with
HAT and are not offered treatment due to the toxicity of available drug treatments. There are
no reported cases of asymptomatic T. b. rhodesiense infection. Unfortunately, if allowed to
progress to stage I, human African trypanosomiasis is invariably fatal if untreated, with

patients eventually falling into a coma and death (Vincent et al., 2016).



2.1.2 Epidemiology and Disease Control

Over 65 million people are at risk of HAT where the tsetse fly is present, however, currently
case numbers are very low with only 992 reported cases in 2019 (WHO, 2021). The risk of
infection with T. brucei is determined by the occurrence of contacts between humans and the
infected vector, this occurrence varies depending on socioeconomic factors such as livelihood
and the range of the tsetse fly shown in Figure 2.1 (Pays et al., 2021). People living in rural
communities have a higher exposure rate to the tsetse fly vector and therefore to parasites
as they have a greater reliance on agriculture, fishing and hunting practices (WHO, 2021).
Many of these affected rural populations have limited access to adequate healthcare making
diagnosis and treatment of cases difficult. Despite this, the current level of infection is under
control. However, even under control the disease causes major economic loss to communities
affected. The Pan African Tsetse and Trypanosomiasis Eradication campaign reported in 2012
that when a person is infected with human African trypanosomiasis, the household loses 25%
of its income. Due to the presence of the tsetse fly vector and the parasite infecting domestic
animals, causing animal African trypanosomiasis (AAT) or nagana, it causes food insecurity in
vast and fertile areas of the continent, and it has been stated that trypanosomiasis lies at the
heart of Africa’s struggle against poverty (PAAT, 2021). The estimated overall annual
economic losses in human disease, infected livestock and the agricultural sector attributed to

African trypanosomiasis is over $4 billion (PATTEC, 2012).



. Tsetse Infested Areas

Figure 2.1: Map of Africa showing tsetse infested areas across the continent. The areas
shaded in red shows the range of the tsetse fly vector. Within this range, the population is at

risk of human African trypanosomiasis due to close contact with the vector.

During the 1960s the prevalence of African trypanosomiasis was under a level of control with
less than 5000 reported cases across the African continent (WHO, 2021). However due to
relaxations in surveillance, the infection was allowed to re-emerge, reaching epidemic levels
by the 1970s which lasted into the 1990s (WHO, 2021). In 1998, almost 40,000 cases were
reported but the estimated number of undiagnosed and untreated cases was closer to
300,000 (Pays et al., 2021). To combat the rising case levels and the public health crisis,
National Control Programmes with the WHO and NGOs were set up to implement improved
disease surveillance, clinical trials and increased availability of free drug treatment, resulting
in a steady decline in cases. In 2009 the number of annual cases dropped below 10,000 for
the first time and in 2019 only 992 cases were reported which is the lowest number since
cases were recorded (WHO, 2021). Despite this the disease incidence varies between
countries and even between villages within the same country, with over 70% of all cases in
the last 10 years reported in the Democratic Republic of Congo (WHO, 2021). In some
countries, including Botswana and Liberia, disease transmission appears to have stopped, as
no new cases have been reported in over a decade. However, assessing the extent of cases

across many African countries remains an issue due to unstable social circumstances and/or
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difficult accessibility which hinder surveillance and diagnostic activities. Political and civil
unrest is a major component in the breakdown in disease surveillance and treatment. Despite
this, the World Health Organisation had targeted HAT for elimination as a public health
problem by 2020 and interruption of transmission (no reported cases) by 2030. Strategies
implemented to reach elimination targets include disease surveillance through active and
passive case finding, rapid treatment of confirmed cases and vector control, to reduce the

population of tsetse flies (CDC, 2020).

The identification of asymptomatic cases of T. b. gambiense infection has made the control
and elimination of HAT more complicated. There is evidence that in asymptomatic cases, the
parasites colonise the skin and parasites were identified in archived skin punctures from
patients not previously diagnosed with HAT (Capewell et al., 2019). Experiments conducted
on mice model organisms showed they were able to harbour parasites in the skin despite no
observable parasitaemia in the blood, however, the mice were still infectious to the tsetse
vector. The presence of extravascular parasites has been known since HAT was first described,
however this has been neglected in recent years. New evidence showing the occurrence of
asymptomatic individuals with parasites present in the skin causes major implications for the
elimination of the disease, as these individuals are able to continue the transmission cycle
without being detected by routine screening by microscopy. Asymptomatic cases have also
been linked to the re-emergence of HAT as they are a reservoir for the disease that has gone

undetected for many years (Capewell et al., 2019).

2.1.3 Diagnosis of Human African Trypanosomiasis

Due to the high mortality rate of late stage disease, rapid diagnosis and staging of the disease
is important as different drugs are used to treat stage | and stage Il infection, with the
diagnostic procedure consisting of two successive steps, screening and staging (Bouteille et
al., 2012). Rapid diagnosis is also important for treatment as a stage | infection is much easier
to treat than stage Il because the drug does not need to be able to cross the blood brain
barrier (Vincent et al., 2016). Currently the WHO gold standard for diagnosis of human African
trypanosomiasis is identification of parasites in blood or cerebrospinal fluid (CSF) samples

taken from the patient (WHO, 2021). Clinical examinations are rare in the field due to the
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non-specificity of symptoms associated with the infection (Bouteille et al., 2012). Microscopy
is not ideal in the field as it requires skilled technicians to be able to identify the parasites and
also requires a lumbar puncture procedure to be performed to obtain the CSF. To tackle this
a number of serological tests are currently being developed including ELISAs to detect the
presence of antibodies or rapid diagnostic tests such as loop-mediated isothermal
amplification of parasite DNA (Vincent et al., 2016). However, whilst the tests must be rapid,
they must also be suitable to be performed in the field in resource limited settings and still
be able to stage the infection. Another serological test, the card agglutination test for
trypanosomiasis (CATT), detects circulating antibodies in the patient from a blood sample
taken from a finger-tip puncture with a recorded sensitivity of 87-93% (Bouteille et al., 2012).
The CATT test can be used to screen large numbers of the population, then those that are
identified as CATT positive can have CSF samples drawn to confirm diagnosis and stage the

disease.

2.1.4 Treatment of Human African Trypanosomiasis

There are few drugs that can currently be used to treat human African trypanosomiasis and,
of those that have been approved for use, three of them were discovered before the 1950s,
highlighting the importance of research into drug discovery for the treatment of HAT (WHO,
2021). When a patient is diagnosed with African Sleeping Sickness it is essential that the
subspecies of parasite is identified for treatment, which can be based on the geographical
isolation of the two subspecies in endemic countries, and also that the progression of the

infection is staged.

2.1.4.1. Current Treatments

Pentamidine and suramin are used to treat stage | T. b. gambiense and T. b. rhodesiense
infections, respectively. There are multiple side effects associated with these drugs, however,
the more severe are reported when treating a T. b. rhodesiense infection with suramin and
can include anaphylactic shock when there is a concomitant infection with filariasis,
nephrotoxicity and haematuria (Bouteille et al.,, 2012). When an infection has progressed to

stage Il the treatment is always administered in a hospital facility, due to the high toxicity
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associated with the drugs and the logistical difficulties in their administration (Bouteille et al.,
2012). Melarsoprol was first discovered in 1949 and was originally used to treat stage Il
infections of all human African trypanosomiasis patients, however, due to the high toxicity of
the drug, which is derived from arsenic, alternative therapies have been developed to treat
stage Il T. b. gambiense infection (WHO, 2021). There are numerous side effects reported
when patients are treated with melarsoprol including, but not limited to, cardiotoxicity,
hepatic dysfunction and myalgia. The most severe complication from treatment with
melarsoprol is reactive encephalopathy which can be fatal in 3-10% of cases (WHO, 2021).
Despite this, melarsoprol is still the front-line treatment for T. b. rhodesiense infection but is
no longer used to treat stage | infections or T. b. gambiense. There are no other alternative
treatments yet on the market that have been able to successfully treat stage Il T. b.

rhodesiense infections.

Current treatments for stage Il T. b. gambiense infection include nifurtimox-eflornithine
combination therapy (NECT) (WHO, 2021). Eflornithine was first registered in 1990 and was
originally used as a monotherapy against T. b gambiense infection, however, the treatment
regimen was quite complex (Bouteille et al., 2012). The introduction of nifurtimox in 2009
reduced the duration of the treatment by reducing the number of intravenous (IV) perfusions,
as nifurtimox is administered orally. NECT is now one of the front-line treatments for T. b.
gambiense infection, which is relatively safe but still requires treatment in a hospital facility
due to logistical difficulties in the IV perfusions (Dickie et al., 2020). In 2019, fexinidazole was
recommended by the WHO as an oral treatment for T. b. gambiense infection and is currently
used to treat stage | and non-severe stage |l infections. It reduces the logistics of treatment
as an oral treatment taken once a day for ten days, but it is important that patients stick to
the regime to prevent relapse (Dickie et al., 2020). The introduction of fexinidazole as an oral
medication has simplified treatment against HAT and shows how important the production
of safer and simpler drugs is to control and hopefully eliminate African Sleeping Sickness as a

public health concern.
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2.1.4.2 New Developments

There are a number of other drugs currently in clinical trials for the treatment of HAT.
Fexinidazole continues to undergo clinical trials for treatment of T. b. rhodesiense infection,
with hopes to reduce the difficulty and side effects of treating T. b. rhodesiense infection
(WHO, 2021). A new drug acoziborole is also in the clinical trials phase but early unpublished
data is promising and indicates that the drug has demonstrated good efficacy and a good
safety profile and can be used to treat stage Il infections with a single oral dose, which has
the potential to revolutionise treatment for human African trypanosomiasis (Dickie et al.,

2020).

2.1.4.3 Post-Treatment

Once an infection of HAT is treated, an 18 month to 2 year post-treatment follow up is
necessary to declare a patient cured as relapse does occur occasionally (Bouteille et al., 2021)
These post-treatment check-ups prevent the parasite from being able to spread amongst the
population again (Bouteille et al., 2021). Unfortunately due to the antigenic response of the
parasites, it is unlikely that a vaccine will ever be developed to prevent human African
trypanosomiasis so having safe drugs that can be administered in areas with few resources is
the next best thing, therefore the collaborations around the drug discovery programme for
neglected tropical diseases is so important (Vincent et al., 2016). To ensure that the current
drugs available can be provided to those who need them the most, the WHO provides anti-
trypanosome medications free of charge to endemic countries through public-private

partnerships with Sanofi and Bayer Health care (WHO, 2021).

2.1.5 Life Cycle

During the life cycle of Trypanosoma brucei the parasite passes from the tsetse fly vector to
the mammalian host, and throughout this cycle the parasite must be able to adapt to changes
in its environment to enable survival. In each environment the parasite is faced with new

challenges, such as changes in nutrient availabilities and exposure to the host immune system
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(Silvester et al., 2017). The morphological changes observed during the complex life cycle of
T. brucei shown in Figure 2.2 are associated with changes in the surface coat that enhance

survival of the parasite.

Long Slender
(BSF)

Mammalian

: r Bloodstream
Tsetse Fly
Midgut
Sos

Procyclic

----- Short Stumpy
/ (BSF)

Figure 2.2: Life cycle stages of Trypanosoma brucei in the mammalian host and the tsetse

-

fly vector. The stumpy bloodstream form (BSF) is pre-adapted for uptake into the arthropod
vector and is taken up during a blood meal. In the midgut, the parasite proliferates before
migrating to the salivary glands for release into the mammalian host. The life cycle stages that
occur in the tsetse fly takes about 4 weeks. When injected into the mammalian host, the
parasite proliferates as a long slender trypomastigote causing infection. When a density
threshold is reached the parasite differentiates into a short-stumpy BSF cell. (Figure adapted
from Lee et al., 2007).

Whilst taking up a blood meal from an infected mammalian host, the tsetse fly also ingests
pre-adapted stumpy bloodstream form (BSF) trypomastigotes, which rapidly colonise the
midgut of the fly (CDC, 2021). Once in the tsetse fly midgut, the BSF cells transform into
procyclic form cells (PCF). The uptake into the fly initiates a change in the surface coat of the
parasite, from a protective variant surface glycoprotein layer (VSG) to a less dense procyclin

coat made up of EP and GPEET (Matthews, 2005). In the midgut of the tsetse fly the parasite
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divides by binary fission to establish an infection. There are a number of life cycle stages in
the tsetse fly that occur in the proventriculus, characterised by changes in morphology but
are not described here. The cells then arrest and migrate to the salivary glands where they
differentiate into an epimastigote cell (CDC, 2021). The epimastigotes are no longer cell cycle
arrested and proliferate, attaching to the surface of the salivary glands by their flagellum. At
this stage the parasite once again arrests and differentiates into a metacyclic cell, which
becomes pre-adapted to infect the mammalian host by reacquiring the VSG surface coat. The
parasite is released into the lumen of the salivary glands and is injected into the mammalian
host when the vector next takes up a blood meal. The stages of the life cycle that occur in the

tsetse fly take around 3 weeks (CDC, 2021).

When the parasite enters the lymphatic system and passes into the bloodstream it transforms
into a slender BSF trypomastigote that proliferates in the bloodstream to establish an
infection. The slender BSF cells release a molecule called stumpy-induction factor (SIF) which
accumulates in the bloodstream (Zimmerman et al.,, 2017). Once a threshold value of SIF is
reached, the slender cells differentiate into stumpy cells. When transitioning to stumpy cells,
they arrest in G1 phase of the cell cycle, ready to re-enter the cell cycle when taken up by the
arthropod vector (Matthews, 2005). Components of the SIF transduction pathway were
identified by genome-wide RNAi screening describing gene expression regulators that control
stumpy formation (Mony et al., 2014). More recently, Rojas et al. (2019) identified a G-protein
coupled receptor analogue TbGPR89, which was shown to be surface expressed in only
slender BSF. The TbGPR protein was identified as essential for the differentiation of stumpy
cells by inducible expression in pleomorphic cell lines resulting in cell cycle arrest in the G1
phase, and the morphology of the cells differentiated to become stumpy (Rojas et al., 2019).
To confirm that this was via the SIF pathway, RNAi was used to knockdown RBP7, a predicted
RNA-binding protein (RBP) required for SIF-induced stumpy formation (Rojas et al., 2019).
Trypanosomes lack conventional proton-coupled oligopeptide transporters (POT) however
experiments with E. coli YjdL showed that TbGPR89 is able to transport oligopeptides that can
induce stumpy formation, suggesting that SIF may be an oligopeptide (Rojas et al., 2019).
Trypanosomes secrete prolyl oligopeptidase (TbPOP) and pyroglutamyl peptidase (TbPGP),

and it is likely that these degrade numerous host substrates to produce oligopeptides that
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can be transported by TbGPR89 and induce stumpy formation by paracrine quorum sensing

(Rojas et al., 2019).

The stumpy cells maintain the VSG coat, so they are not rapidly cleared from the mammalian
host. In the mammalian host longevity is essential to allow transmission to the vector and
continue the transmission cycle. If the parasite were allowed to divide continuously the host
would become overwhelmed and would succumb to the infection quite rapidly. A chronic
infection can be established by the density dependent switch from slender BSFs to stumpy
BSFs which are cell cycle arrested, preventing the parasite from proliferating unchecked,
allowing host survival whilst also pre-adapting the parasite for uptake by the vector
continuing the life cycle. This is also the cause of the waves of parasitaemia observed in T.
brucei infection where variants of the parasites proliferate until reaching a threshold density
and stumpy formation is induced (Mugnier et al., 2016). The parasites are then cleared by the
host immune response resulting in a decrease in parasitaemia. The infection is maintained by
a few individuals which switched VSG and continue to proliferate to create a new wave of

parasitaemia.

2.2 Trypanosoma brucei Genetics

2.2.1 RNA Polymerase | Transcription

Expression Site Associated Genes (ESAGs) and VSG are arranged in polycistronic units with a
single promoter located 67 bp upstream of the transcription initiation site (Gunzl et al., 2015).
The polycistronic units at the bloodstream expression sites (BESs) are unique to
trypanosomes and they are transcribed exclusively by RNA polymerase | (RNA pol I). In most
eukaryotes, RNA pol | is used to transcribe rRNA in the nucleolus (Gunzl et al., 2015). T. brucei
RNA pol | is able to transcribe 45S rRNA and transcribe mRNA from genes encoded outside of
the nucleolus, such as procyclin and genes expressed at the BESs (Das et al., 2008). In other
eukaryotes RNA pol | does not make protein coding genes as it is unable to make the methyl
cap, T. brucei RNA pol | is also unable to make this. Instead a 35-nucleotide leader derived
from nuclear RNA, termed the spliced leader, is trans-spliced onto the 5" end of the mRNA

(Gunzl et al., 2010). The spliced leader contains a 7-methylguanosine cap and four methylated

17



nucleotides at the beginning of the sequence to generate mature mRNA when the
polycistronic unit is trans-spliced and polyadenylated to generate separate functional mRNAs
encoding each of the genes in the polycistronic unit (Gunzl et al., 2010). In other eukaryotes
MRNA is synthesised by RNA polymerase Il where the capping enzyme interacts with the C
terminus of RNA pol I, so mRNA is capped co-transcriptionally rather than post-
transcriptionally like in T. brucei (Gunzl et al., 2003). At the BES RNA pol | is thought to allow
for the high rates of transcription that occur at the active expression site to generate VSG
mRNA (Alsford et al., 2012). Due to the polycistronic arrangement of trypanosome genes, it
is known that they are controlled post-transcriptionally, for example on the cell surface VSG

is more abundant than other ESAG proteins.

2.2.2 Antigenic Variation

During the complex life cycle of T. brucei, in the mammalian host the parasite lives
extracellularly, so is constantly exposed to the host immune system. To be able to survive in
the mammalian host and develop a chronic infection observed in patients with T. b.
gambiense the parasite is able to evade the host immune system by the expression of a dense
VSG coat. The VSG coat is a monolayer of 5 x 10° copies of the VSG dimer that cover the entire
cell surface of the parasite (Hertz-Fowler et al., 2008). VSGs are homo-dimeric proteins
composed of two 50-60 kDa subunits, GPl anchored to the outer leaf of the plasma membrane
(Hertz-Fowler et al., 2008; Bartossek et al., 2017). VSG molecules display lateral movement in
the membrane and adopt two conformations to protect the cell surface. The key
conformation consists of a compact arrangement where VSG is elevated above invariant
plasma membrane proteins such as the transferrin receptor, to protect them from the host
immune system (Bartossek et al., 2017). Despite this, VSG is highly immunogenic so elicits an
antibody response in the host and the antibodies can bind to the VSG surface coat
(Vanhamme et al., 2000). The parasite has evolved mechanisms to utilise the VSG coat to
continue to evade the host immune response and prevent complement-mediated lysis even
once an immune response has been initiated (Vanhamme et al., 2000). The flagellar pocket is
the only site of endocytosis and exocytosis on the surface of the parasite making up a surface
area of only about 5% (Matthews, 2005). At low levels of anti-VSG antibodies, trypanosomes

are able to internalise the VSG-antibody complex at the flagellar pocket, degrade the
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antibodies and recycle the VSG dimer back to the cell surface (Zimmerman et al., 2017). The
parasite is able to turn over the VSG pool in approximately 12 minutes by the process of
hydrodynamic flow, clearing the antibodies from the cell surface (Engstler et al., 2004;

Engstler et al., 2007).

At high levels of anti-VSG antibodies, the parasite becomes overwhelmed and can no longer
rely on kinetics to clear the antibodies from the surface (Zimmerman et al., 2017). When the
antibody response is sufficiently high to overwhelm the parasite, the cell is destroyed either
by complement-mediated lysis or phagocytosis (Silvester et al., 2017). To establish a chronic
infection in an immunocompetent host, the parasite can continue to evade the immune cells
by antigenic variation (Alsford et al., 2012). Antigenic variation involves switching the
expressed VSG surface coat for a new one that has not yet been exposed to the host immune
system through phenotypic and clonal variation (Alsford et al., 2012). A single trypanosome
has an archive of up to 2000 VSG genes and pseudogenes to allow the parasite to develop a

persistent infection in the host (Alsford et al., 2012).
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Figure 2.3: General structure of a bloodstream expression site. The ESAG6 and ESAG7 genes
are located adjacent to the promoter, the furthest distance from the VSG gene and the
telomere. The multiple BES have different arrangements of the ESAGs, some have duplicates

of the same ESAGs or pseudogenes present.

VSG genes are expressed from telomeric BESs (Figure 2.3) only active in BSF cells and silenced
in PCF. The BESs consist of life cycle stage specific genes including ESAGs, most of which are
known to be cell surface expressed proteins, and VSG located after the 70 bps repeats
downstream of the ESAGs, adjacent to the telomeric repeats (Jackson et al., 2013). Many gene
families involved in virulence and pathogenicity are located at the telomeres, this is likely due
to the high rates of recombination that allow for high plasticity and generation of genetic

diversity to enhance infection (Hertz-Fowler et al., 2008; Young et al., 2008). There are
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multiple BESs present in the trypanosome genome that express similar but not identical
copies of the ESAGs and VSG; the ESAG repertoire varies between them with some of the BES
being more important than others for the expression of VSG (Young et al., 2008). In T. brucei
Lister 427, there are about 20 BESs, with 14 showing high levels of conservation in the overall
structure and order of the ESAGs (Hertz-Fowler et al., 2008). From the larger repertoire of
VSG genes and pseudogenes, the parasite is able to express an indefinite number of different
VSG molecules to maintain the infection in the host. There are four mechanisms by which T.
brucei is able to change the expressed VSG dimer; through an in-situ switch, telomere
exchange, gene conversion and segmental gene conversion (Vanhamme et al., 2000). An in-
situ switch involves the activation of a new BES and telomere exchange is the homologous
recombination of the VSG in the active expression site. These two mechanisms only have a
limited potential for variation and are often deployed by the parasites in early infection
(Vanhamme et al.,, 2000). Gene conversion and segmental gene conversion involve the
recombination of genes either from internal cassettes being moved to the telomere, or
segments of genes from the repertoire of ~2000 genes and pseudogenes recombining to give
a new VSG sequence (Vanhamme et al., 2000, Alsford et al., 2012). These mechanisms have
a much greater potential of generating diversity and allow the parasite to maintain an
infection until host death, or until intervention with drug treatment. There is, however, the
risk that during recombination a non-functional gene is assembled, if this is the case a
defective VSG protein is encoded that cannot protect the cell resulting in cell death (Mugnier
et al., 2016). Due to the polycistronic transcription of the BES, when an in-situ switch occurs
and the parasite changes ESs, the ESAG repertoire also changes, so similar but different
variations of the cell surface proteins are expressed, which can also affect the survival of the
parasite in the host if the new proteins are not as well suited to the host environment.
Zimmerman et al. (2017) suggested that differentiation into stumpy forms from proliferative
slender forms can be triggered by activation of an ES that does not provide a good
complement of ESAGs as a ‘rescue programme’. When a parasite has differentiated into a
stumpy from, the cell loses the ability to switch VSG so is exposed to the antibody response.
It has, however, been shown that stumpy cells are able to remove VSG-antibody complexes
from the cell surface quicker than slender forms potentially due to the shorter cell length or
the slightly larger flagellar pocket (Engstler et al., 2007). Once the antibody response is

sufficiently high enough, the stumpy cells will also be cleared from the host, seen clinically as
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waves of parasitaemia. When the antibody response is high only the cells that have had a
productive VSG switch will survive and divide to form a new population with the same VSG
coat, and this process is repeated in waves (Silvester et al., 2017). It is due to the vast
repertoire of VSG genes and the resulting antigenic variation of the parasite that makes it
unlikely that there will ever be a vaccine developed to prevent the spread of human African

trypanosomiasis, making diagnosis and treatment the key to eradicating the disease.

2.2.3 Monoallelic Exclusion

Despite there being multiple BESs in the parasite genome and a repertoire of thousands of
variations of VSG, only a single copy of VSG is expressed on the cell surface at any one time
(Vanhamme et al., 2000). This is achieved as only a single expression site is active at any given
time through the process of mono-allelic exclusion (Silvester et al., 2017). There have been
multiple attempts to select for cells expressing two expression sites, however, it resulted in
unstable cells suggesting that multiple VSGs cannot be expressed simultaneously (Glover et
al., 2016). Despite each cell only expressing a single VSG, there are other cells in the
population that will express different VSG as not all cells will switch to the same VSG, resulting
in different generations with different VSG surface coats (Navarro et al., 2001). There have
been a number of theories about how a single expression site is active, such as controls of
transcription initiation based on cDNA analysis, however, it has been shown that transcription
is initiated at all BES but progression is poor in silent expression sites (Vanhamme et al., 2000;
Alsford et al., 2012). Research suggests that transcription initiation occurs at a high level,
simultaneously across all BES but RNA elongation and processing only continues in the single
active expression site, with most transcripts remaining bound to chromatin (Vanhamme et
al., 2000). RT-PCRs have been used by Vanhamme et al.(2000) to show that transcription is
initiated at multiple expression sites but is aborted in all except one. This occurs at a similar
level in each ES, so the active expression site is not favoured for transcription initiation over
silent sites (Navarro and Gull, 2001). Due to the unique use of RNA pol | to transcribe the
polycistronic units, Navarro and Gull (2001) suggested that, as RNA pol | is usually associated
with rDNA expression in the nucleolus, compartmentalisation processes regulate VSG ESs.
From their study they found that there is a higher order architecture they termed the

expression site body (ESB). The involvement of the ESB in mono-allelic exclusion was
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supported by its absence in procyclic cells where VSG is not expressed and its presence in BSF

cells where exclusive expression of a single VSG molecule is observed.

To identify components involved in allelic exclusion associated with the ESB, Glover et al.
(2016) generated an RNAI library to screen for defects in telomere-exclusion expression. They
identified a gene, VEX1 (VSG exclusion 1) which was found to be closely associated with the
RNA pol | focus at the active expression site and this localisation was life cycle stage specific
and dependent on transcription (Glover et al., 2016). In VEX1 knockdown silent VSGs are
transcribed and expressed on the cell surface resulting in a moderate growth defect, when
overexpressed it results in increased expression of ESAGs from multiple BESs (Glover et al.,
2016). A winner takes all model was put forward that VEX1 is able to positively and negatively
regulate RNA pol | transcribed loci, whereby access to VEX1 increases RNA pol | transcription
to establish an active expression site that then mediates homology-dependent silencing at
other sites (Glover et al., 2016). Further analysis identified a VEX2 gene that assembles a
VEX1-VEX2 complex, recruitment of the two proteins to the active expression site requires
active RNA pol | transcription (Faria et al., 2019). When RNA pol | is inhibited, VEX1 and VEX2
are redistributed across the nucleus and remain there when transcription is prevented (Faria
et al., 2019). Knockdown of the VEX complex does not induce VSG switching, but instead
results in a breakdown in allelic exclusion as multiple VSG are expressed on the cell surface.
When only VEX2 is knocked down an increased rate of expression of the ESAGs at the active
ES is observed suggesting that VEX2 mediates suppression (Faria et al., 2019). Overexpression
was used to show that VEX1 is able to mediate the abundance of VEX2, but VEX1 association
with VSG is VEX2 dependent, which may be important for preventing the activation of
multiple BESs (Faria et al., 2019).

2.3 The Importance of Iron

Iron is a transition metal and its chemical properties make it essential to all forms of life. In
mammals iron is required in a wide variety of essential cellular processes including DNA
synthesis, energy metabolism, cell proliferation and it is a major component of haemoglobin

and myoglobin involved in oxygen transportation (Kwabata et al., 1999). Iron is a constituent
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of haem, iron-sulphur (Fe-S) clusters and other iron containing centres in many redox
enzymes, including those involved in the mitochondrial respiratory chain and ribonucleotide
reductase involved in deoxyribonucleotide synthesis (Ganz et al., 2006). Many proteins rely

on iron as a cofactor in redox reactions and ligand binding (Cheng et al., 2004).

Iron exists in two states, as a ferrous (Fe?*) or ferric (Fe3*) form and it can readily move
between the two states by oxidation and reduction reactions (Hentze et al., 2004). However,
the conversion between the two states is dangerous. In the ferrous state the Fenton reaction
can occur where Fe?* reacts with hydrogen peroxide (H202), which results in the production
of reactive oxygen species which can damage proteins, nucleic acids and lipid membranes in
the cell (Cheng et al., 2004). In the ferric state, iron is insoluble and cannot be utilised by the
cells (Cheng et al., 2004). Along with this, iron overload and iron deficiency can both cause
cell death and complications at a systemic level. Due to all of these factors the levels of iron

in the body must be tightly regulated (Ganz et al., 2006).

In the body iron is recycled and conserved to avoid any toxic effects and allow iron uptake,
and the availability of free iron in the body is minimised by numerous mechanisms. In a
healthy adult, 25-30 mg of iron is required daily for protein synthesis and cellular regeneration
(Zhang et al., 2014). Of this, only 10% is obtained from the diet, this is absorbed by intestinal
cells through the action of DMT1, a metal ion symporter (Hentze et al., 2004). This uptake is
to compensate for iron lost from the body such as by bleeding. The remaining 90% of the daily
required iron is recycled from senescent erythrocytes by splenic macrophages (Zhang et al.,
2014). Within mammalian cells most iron is utilised by the mitochondria, but the mechanism
by which the mitochondria acquire iron from the cell is controversial, although there are a
number of theories surrounding this (Gao et al.,, 2021). Once iron is internalised by the
mitochondrion there are three primary metabolic pathways for iron utilisation, these are
haem synthesis, Fe-S cluster biogenesis and mitochondrial iron storage (Abbaspour et al.,
2014; Hentze et al., 2004). Haem is a major component of haemoglobin in erythrocytes
produced in the bone marrow and is essential for oxygen transportation to sites of respiration
around the body (Ajioka et al.,, 2006). Fe-S clusters are critical for electron transport in
proteins in which they are present (Gao et al., 2021). Any iron not actively being utilised by

the host is bound to transport or storage proteins in a non-toxic state. In normal humans,
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extracellular iron circulates bound to transferrin (Hentze et al., 2004). Transferrin is a major
serum glycoprotein that has a high affinity for iron, and it is abundant in serum at a normal
range of 2.5-3 mg/mL (Pupim et al., 2013). Transferrin captures iron released into the plasma
from intestinal enterocytes and macrophages and delivers it to cells (Abbaspour et al., 2014).
Iron is bound to transferrin as Fe3* and is non-reactive, however, due to the high affinity of
iron to transferrin it is difficult to dissociate back into free iron (Cheng et al., 2004). Due to
this there are numerous iron uptake mechanisms that are transferrin-dependent that
mediate uptake of iron bound to transferrin. Intracellularly excess iron is stored by ferritin.
Ferritin is a ubiquitous, highly conserved multimeric protein (Hentze et al., 2004). Ferroxidase
is able to convert Fe?* to Fe3* as iron is internalised to detoxify and store the free iron within

the cell.

2.4. Structure and Function of the Trypanosoma brucei Transferrin Receptor

To be able to survive within the mammalian host, T. brucei must be able to obtain iron from
the surrounding environment. There are a number of mechanisms the parasite employs to
import iron including a glyceraldehyde-3-phosphate dehydrogenase (GAPDH) receptor for
uptake of lactoferrin or via a high affinity haptoglobin-haemoglobin receptor (HpHBR) to
obtain haem from the host (Tanaka et al., 2004; Higgins et al., 2013). The key route in BSFs,
however, is uptake of transferrin via the T. brucei heterodimeric transferrin receptor (TbTfR).
Lactoferrin is an iron binding protein that is secreted by mammary glands and neutrophils so
is available to trypanosomes in the host serum (Tanaka et al., 2004). However, it is unlikely
that trypanosomes utilise lactoferrin as the primary source of iron due to a 260-fold increase
in the iron binding strength of the protein compared to transferrin, making it more difficult
to obtain free iron (Tanaka et al., 2004). Haem is also not the major source of iron for T. brucei
as the parasites lack haem oxygenase and ferrochelatase, enzymes required to extract iron
from haem (Stijlemans et al., 2015). It is, therefore, more likely that haem obtained by the
parasite is incorporated into haem proteins not as a source of free iron (Stijlemans et al.,,
2015). Due to the inability of T. brucei to easily obtain free iron from haem and lactoferrin,

uptake of transferrin is essential as a source of iron for parasite survival.
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Transferrin is a major serum 79 kDa glycoprotein with two homologous iron-binding domains
(Giometto et al., 1993). Each of these domains can bind an Fe3* molecule to safely transport
iron around the body in the bloodstream to where it is required (Trevor et al., 2019). When
iron is bound to transferrin, the protein adopts a closed conformation and is referred to as
holo-transferrin, when there is no iron bound, the binding domains adopt an open, iron-free
conformation referred to as apo-transferrin (Trevor et al., 2019). For iron to dissociate from
transferrin, there must be a change in the surrounding pH which occurs within a cell
(Giometto et al., 1993). Uptake of transferrin into mammalian cells occurs via receptor-
mediated endocytosis of the mammalian transferrin receptor (TfR), where the receptor-
transferrin complexes are endocytosed and trafficked to the endosome, where acidification
causes a change in the conformation of transferrin from holo- to apo-transferrin and iron is

released into the cell (Trevor et al., 2019).

The host not only sequesters iron within transferrin to safely transport it around the body,
but also to reduce the availability of free iron to invasive pathogens (Trevor et al., 2019).
Despite this, T. brucei has developed a way to scavenge iron from the mammalian host
through the evolution of the TbTfR that is able to bind host transferrin with a high affinity to
allow survival in the host (Trevor et al., 2019). The TbTfR is evolutionarily distinct from the
mammalian transferrin receptor which is a homo-dimeric protein consisting of two identical
subunits with a single transmembrane segment (Bitter et al., 1998). The ThTfR shows no
sequence similarity to mammalian TfRs but is structurally similar to VSG expressed across the
surface of BSF cells (Kariuki et al., 2019). The TbTfR is transcribed polycistronically upstream
of VSG in the telomeric expression site, encoded by two expression site associated genes

ESAG6 and ESAGY7 (Figure 2.4) (Steverding, 2000).
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Figure 2.4: Schematic of the ThTfR, encoded by ESAG6 and ESAG7.
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2.4.1 Identification of the Trypanosoma brucei Transferrin Receptor

The presence of a transferrin receptor to mediate the uptake of transferrin in trypanosomes
was first hypothesised by Steverding et al. in 1995, where experiments using radiolabelled
transferrin showed that it was cleared from the environment 200 x faster than would be
possible by pinocytosis alone (Steverding et al., 1995). Around this time, affinity
chromatography was first used to isolate the transferrin receptor from BSF cells, and it was
termed the transferrin-binding protein (Steverding et al., 1995). ESAG6 and ESAG7 were

identified as the components of the transferrin receptor.

2.4.2 Genomic Organisation of the Trypanosoma brucei Transferrin Receptor

ESAG6 and ESAG7 are heterogeneously glycosylated proteins with approximately 400 amino
acids and 350 amino acids respectively (Fast et al., 1999; Mussman et al., 2004). At the C-
terminal domain of ESAG6, there is a signal sequence for a glycosylphosphatidylinositol (GPI)
anchor to tether the receptor in the membrane (Bitter et al., 1998). Due to the absence of
the GPI anchor on ESAG7, the protein remains attached to the plasma membrane via
interactions with ESAG6 (Mussman et al., 2004). Both ESAG6 and ESAG7 show significant
amino acid sequence homology both with each other and VSG, despite ESAG7 lacking the GPI
anchor signal sequence (Bitter et al., 1998). It has been suggested that the three proteins may
have evolved from a common origin but have diverged to have their own distinct functions
(Salmon et al., 1997). The TbTfR is localised to the flagellar pocket unlike VSG which is present
across the surface of the cell (Tiengwe et al., 2016). Tiengwe et al. (2017) showed that there
is evidence that the ThTfR can be detected on the cell surface when expression is increased.
Like VSG, each expression site encodes a slightly different versions of the TbTfR, with up to

5% divergence in amino acid sequence (Mussman et al., 2004).

The structure of the ThTfR revealed three long a-helices in both ESAG6 and ESAG7 with the
N-terminal helices mapping closely with the structure of VSG (Trevor et al., 2019). The TbhTfR
is predicted to adopt the same fold as VSG due to the shared features including heptad
repeats and conserved disulphides and glycine (Higgins et al., 2014). The ESAG6 and ESAG7

subunits are approximately 25% smaller than VSG as they do not share the same C-terminal
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domain, and it has been proposed that this is to shield the transferrin receptor from
antibodies, as the receptor is held below the protective VSG coat (Steverding et al., 2000).
Not only could anti-receptor antibodies invoke an immune response against the parasite and
cause lysis, but antibodies can also outcompete transferrin and inhibit transferrin uptake,
restricting the parasite from obtaining iron (Steverding et al., 2000). N-linked glycosylation of
ESAG6 and ESAG?7 has also been hypothesised to protect the receptor from immunoglobulins
(Trevor et al., 2019). N-glycans located where the receptor is narrowest are thought to
prevent receptor crowding by VSG molecules to allow sufficient space for transferrin binding.
Other N-glycans form a ring around the top of the receptor adjacent to the ligand-binding
domain, also to prevent overcrowding but, more importantly, they cover a large section of
the C-terminal domain not involved in ligand-binding, thus protecting the invariant receptor
from the host immune response by reducing the likelihood of immunoglobulins binding
(Trevor et al., 2019). Saturation of the receptor with transferrin will also protect the receptor
from immune recognition, because if host transferrin is bound the exposed area of the
receptor is covered by something immunoglobulins will not deem as foreign (Trevor et al.,

2019).

2.4.3 Localisation of the Trypanosoma brucei Transferrin Receptor

Under basal iron conditions, the transferrin receptor is localised to the flagellar pocket,
anchored in the membrane by the GPI anchor, this is considered to be important for immune
evasion by the parasite (Mussmann et al., 2003). It has been suggested that at the flagellar
pocket the accessibility for transferrin is limited by spatial constraints to protect the plasma
membrane from the immune response (Melhert et al., 2012). These authors predicted that
the receptor could leave the flagellar pocket making sufficient space in the VSG coat to bind
transferrin but also protect the invariant surface of the plasma membrane from the immune
system due to the high number of N-glycosylation sites on the receptor compared to VSG.
Previously Mussmann et al. (2003) had shown that there must be a retention mechanism to
localise the TfR in flagellar pocket that was able to distinguish between the transferrin
receptor and VSG despite their structural similarity. By overexpressing the transferrin
receptor by transfection of additional ESAG6 and ESAG7 genes and inducing iron starvation,

they showed that TfR in excess of basal levels spread across the surface of the cell like VSG
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(Mussmann et al., 2003). This occurs in response to the physiological stimulus of a reduction
in available transferrin. The receptor was only shown to be retained at the flagellar pocket
when the expression of the receptor increases 3-fold, any fold increase greater than this
results in the receptor spreading across the surface of the cell. In 2004 Mussmann et al.
showed a 5-fold increase in transferrin receptor expression and transferrin uptake
demonstrating that the receptors are functional and there is a separate mechanism for
internalisation of the receptor-transferrin complex and the localisation of the receptor at the
flagellar pocket (Mussmann et al., 2003; Mussmann et al., 2004). However, Schwartz et al.
(2005) also showed that the TbTfR is able to spill-over onto the cell surface yet these receptors
were non-functional. When the cells were exposed to Tf-gold conjugates, electron
microscopy showed gold particles in the flagellar pocket and nearby endosomal elements but
no binding across the surface of the cell, this research looked at the GPI valence and went on
to suggest that the TfR observed on the cell surface were actually ESAG6 homodimers, with
two GPl anchors like VSG to hold the proteins in the membrane but unable to bind transferrin,
and any ESAG7 homodimers would be degraded in the lysosome due to the lack of a GPI
anchor (Schwartz et al., 2005). This, however, does not explain the 5-fold increase in uptake
of Tf demonstrated by Mussmann et al. (2004) when expression of the TfR can only increase
3-fold in the flagellar pocket, therefore, there must be more functional receptor across the

cell surface.

2.4.4 Ligand Binding

To be able to bind transferrin, the ESAG6 and ESAG7 monomers must be associated to form
the TbTfR heterodimeric structure. In vitro ESAG6 and ESAG7 can form homodimers but lose
the ability to bind transferrin (Salmon et al., 1997). This, therefore, suggests that despite the
sequences being almost identical, there are significant differences that are important to each
monomer in the heterodimer necessary to generate the ligand-binding site. The membrane-
distal loops encoded by the C-terminal domain of the two proteins, adopt different
conformations which allows each of the subunits to contribute to the transferrin-binding
domain (Trevor et al., 2019). Heterodimeric TbTfR is stabilised by hydrogen bonds between
the two proteins and slight differences in loop conformations near where the protein is

anchored in the membrane (Trevor et al., 2019). Only a single transferrin molecule is able to
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bind to the ThTfR and the receptor has affinity for both apo-transferrin and holo-transferrin
which can be a limiting factor in iron uptake (Trevor et al., 2019). The human homodimeric
receptor has a much higher affinity for holo-transferrin over apo-transferrin with a 245,000-
fold preference for holo-transferrin for TfR1 and 35-fold preference for holo-transferrin in
TfR2, in comparison TbTfR in BES17 only has a 3.4-fold preference for binding human holo-
transferrin (Kleven et al., 2018; Trevor et al. 2019). This is an important difference in infection
as the human host is able to preferentially take up holo-transferrin and utilise the iron even
in anaemic conditions when holo-transferrin is scarce. As the parasite has less of an ability to
distinguish between the two, the parasite is more likely to take up apo-transferrin when holo-

transferrin is depleted and will not obtain enough iron for survival.

The identification of the ligand-binding domain of the T. brucei transferrin receptor was
originally achieved through sequence alignments between ESAG6 and ESAG7 and multiple
VSG genes. The alignments showed some regions of variability, most likely the ligand-binding
site, as it mapped with the most surface exposed loops of VSG in the N-terminal domain
(Salmon et al., 1997). There are multiple BES that encode similar but not identical transferrin
receptors, these have varying affinities for transferrins from different mammalian hosts
(Gerrits et al., (2002). To prove this putative transferrin binding domain, Salmon et al. (1997)
took advantage of the varying binding affinities by mutating a transferrin receptor with a low
affinity for bovine transferrin, with a receptor with a high affinity for bovine transferrin. They
performed site directed mutagenesis to replace amino acids in the putative surface loops with
those from other expression sites to improve the affinity for bovine transferrin. The mutations
made improved the binding of bovine transferrin by a 50-fold increase (Salmon et al., 1997).
They also created chimeric receptors where the N-terminal domain of VSG was fused to the
C-terminal domain of either ESAG6 or ESAG7 (the ligand binding region), which were
processed correctly to form membrane bound receptors with the ability to bind Tf (Salmon
et al., 1997). Changes in amino acids elsewhere in the receptor genes either were neutral or
prevented the binding of transferrin, most likely due to changes in the folding of the receptor.
This research, therefore, supports the hypothesis that the C-terminal surface exposed loops
of the transferrin receptor subunits is the ligand binding domain (Salmon et al., 1997). The
crystal structure of the TbTfR revealed that the receptor fits into a cleft in transferrin, binding

most extensively with the C-lobe of the N-terminal domain (Trevor et al., 2019). Comparisons
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between the structure of mammalian and T. brucei transferrin receptors suggest that they
bind transferrin with different structural features but they both bind to a similar site on the

transferrin molecule (Trevor et al., 2019).

2.4.5 Processing of Transferrin

At the flagellar pocket, the receptor-ligand complex is internalised by clathrin-dependent
endocytosis and it is hypothesised that the GPI anchor is cleaved, and the secondary
messenger DAG is produced (Kariuki et al., 2019). DAG activates a protein-tyrosine kinase
phosphorylation cascade that results in the activation of components involved in the
internalisation of the transferrin-receptor complex into the endosome. A decrease in pH in
the endosome results in the release of iron from holo-transferrin and at this acidic pH, the
apo-transferrin dissociates from the TbTfR and is transported to the lysosome for
degradation, and the TbTfR is recycled back to the flagellar pocket (Kariuki et al., 2019).
Evidence for the proteolytic degradation of apo-transferrin was first presented in 1992 when
Grab et al. showed, using immunofluorescence, that transferrin localises to the lysosome,
rather than being recycled and exocytosed from the cell (Grab et al., 1992). Iron released from
holo-transferrin is reduced from Fe3* to Fe?* by ferric reductases and is imported into the

cytoplasm where excess iron is transported to a storage compartment (Kariuki et al., 2019).

2.4.6 Conservation of the Transferrin Receptor in Trypanosomatids

It is was previously unknown how procyclic T. brucei cells obtain iron in the insect host.
Procyclin associated genes (PAGs) are present in the T. brucei genome, located at the
beginning of the polycistronic unit (Haenni et al., 2006). Within the PAG repertoire are PAG1
and PAG2, the putative proteins of these genes are related to ESAG6 and ESAG7, respectively
(Haenni et al., 2006). Their structure suggests that they should form a dimer similar to the
BSF transferrin receptor, however, procyclic cells are unable to bind and take up transferrin
(Mach et al., 2013). It is also unlikely that procyclic cells make use of haem, like BSF cells, as
no orthologue for haem oxidase has been identified in trypanosomatids and without it, iron
cannot be released (Mach et al., 2013). Mach et al., showed that iron uptake in procyclic cells

is an active process, similar to that utilised by Saccharomyces cerevisiae with both yeast and
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procyclic cells exhibiting ferric reductase activity, as in S. cerevisiae reduction of ferric iron
occurs mediated by reductase activity, before transport across the cell membrane. Similarly,
procyclic T. brucei takes up iron in a two-step mechanism that involves the reduction of ferric
iron to ferrous iron which is then transported, this allows acquisition of iron from a range of
ferric complexes when other sources of iron are not available in the fly vector (Mach et al.,
2013). This route of iron acquisition has also been shown in species of Leishmania (Mach et

al., 2013).

The African trypanosome Trypanosoma congolense is closely related to T. brucei. It is also
transmitted by the tsetse fly vector and is the major pathogen responsible for nagana in
Africa. A group of transferrin receptor-like genes have been identified in two clades in the T.
congolense genome (Jackson et al., 2013). There are 45 genes in Fam15 that are homologous
to ESAG6 and ESAG7 and 31 genes in Fam14 with sequences that match closely with PAGs
expressed in procyclic cells (Jackson et al., 2013). The T. congolense genes are more closely
related to the genes in T. brucei than they are to each other showing that they are
paraphyletic. The main difference between the genes in each of the separate species is their
location in the genome, ESAG6 and ESAG7 are found almost exclusively at the telomeric
expression sites, whereas the T. congolense orthologues are distributed throughout the sub-
telomeres and are not usually close to the telomeres (Jackson et al., 2013). Despite this,
sequence comparisons suggest that they still function as a transferrin receptor and it has been
shown that the genes are arranged in tandem pairs combining genes with a GPl anchor with

ones without from the separate clades (Jackson et al., 2013).

Another African trypanosome, Trypanosoma vivax, does contain VSG-like genes but they have
a very distant relationship to both T. brucei VSG and ESAG6 and ESAG7, they are not part of
the TfR-like gene family of the two other trypanosome species suggesting the T. vivax does
not have a transferrin receptor (Jackson et al., 2013). It is likely that the three species evolved
from a common ancestor, with T. vivax diverging first and T. congolense undergoing
speciation after the evolution of procyclin expression sites, with an orthologous TfR present
in both T. brucei and T. congolense but not T. vivax (Jackson et al., 2013). The amino acid
sequences in the binding domain of the TfR orthologues are conserved in ESAG6 and ESAG7

and PAGs and the T. congolense orthologues.
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2.5 Iron Dependent Regulation of the Trypanosoma brucei Transferrin

Receptor

The parasites have developed a mechanism to maintain iron uptake via the transferrin
receptor when iron is scarce in the host environment. This has been studied by experimentally
inducing iron starvation conditions in cell culture, which can be achieved by the addition of
an iron chelator to the media such as deferoxamine, competition with apo-transferrin,
addition of anti-TfR antibodies to the media or by serum switch (Benz et al., 2018; Mussmann
et al, 2004). Serum switch induces iron starvation conditions when the media is
supplemented with a serum containing transferrin that binds to the expressed TfR with a high
affinity is switched with a medium supplemented with a serum with transferrin that binds to
the expressed receptor with a low affinity. This is designed to mimic the conditions the
parasite would be exposed to clinically when infecting a new mammalian host that may have
a transferrin that binds to the receptor expressed in the active expression site with a lower
affinity than in the previous mammalian host (Mussmann et al., 2004). It is not an exact model
as when the parasite infects a new mammalian host, metacyclic cells are injected from the

tsetse fly that then differentiate into slender BSF cells.

Despite the polycistronic transcription of the transferrin receptor along with VSG, under basal
conditions only 3 x 103 transferrin receptors are expressed per cell compared to 5 x 10°VSG
homodimers (Salmon et al., 1994; Jackson et al., 1985). When iron starvation conditions are
induced the parasite is able to sense and respond to the reduction in iron. A 2.5-5-fold
increase in expression of the transferrin receptor is detected, with a corresponding increase
in the uptake of transferrin under iron starvation conditions (Benz et al.,, 2018). The
upregulation of the transferrin receptor occurs when available transferrin is reduced but
before the internal stores of iron have been depleted (Mussmann et al., 2004). The observed
upregulation of the transferrin receptor occurs equally at both an mRNA and protein level,
however there is no increase in the level of VSG mRNA suggesting that the iron starvation

response is controlled by a post-transcriptional regulation mechanism (Benz et al., 2018).
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Initial experiments showing the iron-dependent regulation of the TbTfR by Fast et al. (1999)
utilised radiolabelled transferrin to demonstrate an increased uptake in iron depleted
conditions. They observed a 3-fold increase in the uptake of transferrin when cell lines were
incubated for 20 hours with deferoxamine, but also a 3-fold increase in the amount of TfR
present and the amount of ESAG6 mRNA (Fast et al., 1999). Western blot analysis was used
to observe the increase of the ThTfR shown in Figure 2.5. Western blots are not the most
accurate way to measure the upregulation of TbTfR as there are multiple copies of the
receptor across the different expression sites that can be transcribed even if the BES is not
active and the antibodies are not specific enough to distinguish between the different copies
of the receptor. They can also give smeared images due to the glycosylation of the TfR protein
components, resulting in inaccurate bands that can be difficult to quantify. Fast et al. (1999)
also went on to predict that the mechanism for the upregulation of the transferrin receptor
under iron starvation conditions was to allow immediate adaptation to a new host
environment. This was suggested as the amount of transferrin required by the parasite is low
enough for there to always be an excess in the bloodstream of the host, and it is unlikely that
anti-TfR antibodies are significant to starve the parasite of iron completely. This
interpretation supports the theory that there are multiple variants of the TbTfR in the BES to

allow survival in multiple mammalian hosts with variable transferrins (Fast et al., 1999).
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Figure 2.5: Western blot analysis showing the expression of the ThTfR under iron starvation
conditions induced by the iron chelator deferoxamine (Fast et al., 1999). Wild type MITat

1.4 BSF T. brucei cells were incubated for 20 hours with HMI-9 media (C), supplemented with
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deferoxamine (Df), or with deferoxamine saturated with iron (FeDf). The receptor was then
affinity purified and detected by immunoblotting with anti-ESAG6 and anti-ESAG7 antibodies.
The resulting western blot was quantified by densitometric scanning, indicted beneath the
lanes, which showed an approximate 3-fold increase in the presence of ESAG6 and ESAG7

under iron starvation conditions (Df) compared to the two controls (C, FeDf).

Mussmann et al. (2004) showed a 4-fold increase in the levels of the transferrin receptor by
western blot analysis (Figure 2.6) when T. brucei 221 cells were switched from media
containing 20% bovine serum to 20% dog serum and incubated for up to 8 hours. Under the
experimental conditions, the cell population had less than doubled showing that the increase
was not due to an increase cell density (Mussmann et al., 2004). The addition of 0.1 mg bovine
holo-transferrin prevented the increase in TfR levels, suggesting that the parasite sensed the
change in transferrin when the serum was changed. This response could be reversed by the
addition of excess apo-transferrin, the parasite does not preferentially take up holo-
transferrin like the mammalian TfR. An increase in apo-transferrin starves the parasite, as
when it is most abundant in the environment apo-transferrin outcompetes holo-transferrin
and the cells do not receive enough iron. As a result, the parasite increases expression of the
TbTfR to facilitate increased transferrin uptake and increase the chance of taking up holo-
transferrin bound to iron (Mussmann et al., 2004). The binding of apo-transferrin to the
receptor showed that the ability of the trypanosomes to sense depleted iron in the media did

not rely on the receptor being unoccupied (Mussmann et al., 2004).
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Figure 2.6: Western blot showing the upregulation of the TbTfR under iron starvation
conditions induced by serum switch (Mussmann et al., 2004). Lister 427 221a BSF T. brucei
cells were transferred from media with 20% bovine serum (lane 1) for media with 20% canine
serum (lane 2) supplemented with varying concentrations of bovine apo- and holo-
transferrin, shown above the blot image, and incubated for 8 hours. Western blots were then
performed on cell lysates of approximately 1 x 10° with antibodies against the 221 transferrin
receptor. A 4-fold increase in the expression of the TfR was observed when the cells were
grown in canine serum as the 221 TbhTfR has a lower affinity for canine transferrin compared
to bovine transferrin. This could be reversed when the media was supplemented with bovine
holo-transferrin. The cells remain iron starved when the media was supplemented with 10

mg/mL bovine apo-transferrin and only 0.1 mg/mL bovine holo-transferrin.

2.5.1. Iron Dependent Regulation of the Mammalian Transferrin Receptor

Regulation of the mammalian transferrin receptor is also controlled by a post-transcriptional
mechanism which is distinct to that of trypanosomes (Benz et al., 2018). Casey et al. (1988)
showed that the 3’ untranslated region (3’UTR) of the mammalian transferrin receptor is
involved in the regulation of the receptor in response to changes in available iron.

Biosynthesis of the transferrin receptor is reduced when iron is abundant and increased when
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iron is limiting. The involvement of the 3’UTR was confirmed by deleting sequences resulting
in elimination of iron-responsive regulation of transcript levels (Casey et al., 1988). They also
showed that inserting the TfR 3’UTR into the 3’UTR of the structural gene human growth
hormone (hGH) and transfecting the chimeric receptor into murine cells resulted in regulation
of the chimeric receptor resembling the regulation in wild type TfR in response to iron levels.
Another test showed that no part of the open reading frame (ORF) of the transferrin receptor
is involved in regulating the receptor in response to changes in iron levels by transforming
cells with a TfR lacking the 3’UTR that could still bind transferrin but did not respond to
changes in iron levels. They went on to identify iron responsive-like elements (IRE) by
sequence comparison with IREs from the 5’UTR of ferritin, by placing these IRE-like elements
into the 5’UTR of hGH. They were able to show an increase in the expression of hGH when
iron increased, this is opposite to TfR regulation when iron is abundant showing that hGH was
regulated like ferritin where expression increases with iron abundance as ferritin sequesters
iron in the cytoplasm (Casey et al., 1988). Fast et al. (1999) then went on to show that the
mechanism for mammalian transferrin receptor regulation in response to iron levels is
mediated by iron regulatory proteins (IRPs). Upon a drop in the iron levels, IRPs bind to iron
responsive elements (IREs) present in the secondary structure of the 3’UTR of the mammalian
transferrin receptor transcript. IRP binding increases the stability of the mRNA leading to an
increase in expression of the receptor, however, they are not present in T. brucei, so this

mechanism is not conserved (Fast et al., 1999).

2.5.2 Importance of the 3’ Untranslated Region of the Trypanosoma brucei Transferrin

Receptor in the Iron Starvation Response

The 3’UTR has been shown to be important for the regulation of the mammalian transferrin
receptor. It also plays a key role in the regulation of the TbHTfR but through a different
mechanism. The involvement of the ESAG6 3’UTR in the upregulation of the receptor under
iron starvation conditions was investigated by fusion of the ESAG6 3'UTR and ALD 3’'UTR to a
firefly luciferase (fLUC) gene (Benz et al.,, 2018). The constructs where ligated into a
specialised pRPaA vector downstream of an RRNA promoter. When transfected into 2T1 BSF

cells, this vector integrates into a tagged RRNA locus to give uniform expression. Any
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responses recorded in the luciferase assays are, therefore, due to the fused 3’UTR region

rather than any positional effects as the location of the vector in the genome is known.

Luciferase assays performed by Benz et al. (2018) under normal conditions showed that there
was a higher relative luminescence signal for cells expressing the fLUC-ALD-3’UTR vector
compared to cells expressing the fLUC-ESAG6-3’UTR vector. This is because the ALD 3’UTR is
not at all involved in the iron starvation response so is not regulated in the same way as the
ESAG6 3'UTR, readings should therefore always be higher for the ALD cell lines as the ALD-
3’UTR is not repressed and is a stable protein. Repeating the assay for the ESAG6 3’UTR cell
line at varying cell densities showed that the relative luminescence increases with cell density
showing that the assay is density dependent (Benz et al, 2018). When iron starvation
conditions were induced by serum switch and incubation with the iron chelator
deferoxamine, Benz et al. (2018) showed an increase in the expression of the TbTfR at both
an mRNA and protein level as shown in Figure 2.7. This shows that fusion of the ESAG6 3'UTR
to a reporter gene demonstrates the dynamic regulation of the TbTfR at both an mRNA and
protein level in response to iron starvation conditions, highlighting the importance of the
ESAG6 3'UTR for regulation of the TbTfR. Treatment with deferoxamine for 5 hours
significantly increased the luciferase activity of the ESAG6 3'UTR cell line approximately 10-
fold when compared to the non-iron starved control cell line, and the same effect was
confirmed at an mRNA level by RT-PCR (Benz et al., 2018). A lower fold change was observed
by serum switch to canine sera of around a 3.5-fold increase in luciferase activity of the ESAG6

3’'UTR cell line.
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Figure 2.7: Luciferase activity assay showing increase in expression of the fLUC-ESAG6-
3’UTR reporter under iron starvation conditions (Benz et al., 2018). A. Luciferase activity of
ESAG6 and ALD reporter cell lines incubated with or without 25 uM deferoxamine for 5
hours, normalised to the untreated ALD signal. B. mRNA levels of ESAG6 and ALD reporter
cell lines normalised to untreated ALD mRNA levels. Both graphs show a significant increase
in the level of the fLUC-ESAG6-3’UTR signal with the addition of deferoxamine,
demonstrating that the 3’UTR is involved in the dynamic regulation of the transferrin
receptor. The aldolase signal remains high. Points for three biological replicates is shown for

each set of data. *p < 0.05, **p<0.001.

This luciferase assay is a proxy for the expression of the transferrin receptor. The transferrin
receptor is not being directly measured, as any alterations made to the receptor may be
detrimental to the cells resulting in cell death. Despite this, the assay does mimic previous
data showing a similar 3-6-fold change in the upregulation of the receptor under iron

starvation conditions.

This post-transcriptional mechanism is distinct to that observed in iron-dependent regulation
of the mammalian TfR through IRE, as knockout experiments of the T. brucei IRP-1 homologue
aconitase has no effect on regulation of the ThTfR (Fast et al., 1999). The results from the
Benz et al. (2018) study supported other observed increases in the expression of the

transferrin receptor, but first identified the importance of the ESAG6 3’UTR.
Research by Carbajo et al. (2021) also highlighted the importance of the 3’UTR in the iron

starvation response of the TbTfR. Experiments were conducted to investigate the post-

transcriptional regulation of the TfR in T. brucei through the addition of deferoxamine and
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cycloheximide (CXH) to the cultures. Deferoxamine induced iron starvation and CHX blocked
protein synthesis, the TfR was then quantified by immunoblotting, to show that expression
of the TfR protein increased after the addition of deferoxamine, but the turnover rate
remained unchanged, suggesting that the upregulation of the receptor is driven by mRNA
stability when iron is scarce (Carbajo et al., 2021). Tagging the ESAG6 3'UTR to an mNG
reporter construct, showed that following deferoxamine treatment, there was an observed
increase in ESAG6 protein and mRNA in line with endogenous TfR. This led these authors to
argue that TfR mRNA stability is reliant on putative conserved, cis-acting IRE in the 3’UTR, in
an iron dependent manner for regulation, as first presented by Benz et al. (Carbajo et al.,

2021).

By sequencing the mRNA from cells treated with deferoxamine, Carbajo et al. (2021)
identified a number of genes that were upregulated under iron starvation conditions, along
with ESAG6 and ESAG?7. Aside from the TfR genes a putative RNA binding protein (RBP5) was
identified that was most significantly upregulated, indicating that it is an iron regulated gene,
that is co-regulated with the TbTfR (Carbajo et al., 2021). qRT-PCR showed a 3-fold increase
in RBP5 mRNA and western blot analysis showed an 8-fold increase in the RBP5 protein when
deferoxamine was added to the media. When FeCls was added to the media, along with pre-
saturated deferoxamine, there was a 30% decrease in RBP5 mRNA and a 90% downregulation
of the protein, showing that RBP5 is regulated by iron availability at both an mRNA and a
protein level, when iron is scarce they are upregulated and when iron is abundant, they are
downregulated (Carbajo et al., 2021). They also confirmed that this regulation is reliant on
the 3’"UTR of RBP5 by replacing the RBP5 3’UTR with the 3'UTR of the paraflagellar rod protein
which does not respond to changes in iron availability (Carbajo et al., 2021). The loss of the
RBP5 3'UTR resulted in the loss of the RBP5 protein ability to respond to changes iniron levels,
showing that the RBP5 3’UTR is necessary for this response. It is likely that the regulation of
RBP5 is controlled by the 3’"UTR mediated by mRNA stability (Carbajo et al., 2021). It is not yet
clear what the role of RBP5 is, but data suggests that it does not bind to the ESAG6 3’UTR to
directly regulate the transferrin receptor (Carbajo et al., 2021). Yet, it is an essential protein
as attempted elimination of RBP5 through RNAI resulted in gene duplication, and RNA

silencing reduced the mRNA level by 90% but had no effect on growth, indicating that RBP5
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is essential but only low levels are required for parasite survival. Overexpression of RBP5 is

toxic to the cells due to high RNA binding affinity (Carbajo et al., 2021).

RBP5 stability is fairly atypical whereby the mRNA is highly stable, and the protein is unstable.
Protein stability is not a key factor in the upregulation of the TfR (Carbajo et al., 2021). This
suggests that mRNA stability is essential for transferrin uptake in iron starvation conditions,
as increased mRNA stability increases translation. It is likely that this stability is conferred by
MRNA recruitment to translation machinery or through an RBP that binds to the 3’UTR
(Carbajo et al., 2021). Due to the similar kinetics in the ThTfR and RBP5 responses to iron
levels, they are likely regulated by a similar mechanism and potentially even by a common

factor (Carbajo et al., 2021).

The overall consensus is that when iron is scarce in the environment, trypanosomes
upregulate expression of the transferrin receptor to increase transferrin and therefore iron
uptake by receptor mediated endocytosis. This is undisputed and has been shown in multiple
experiments through induction of iron starvation condition via a number of mechanisms
including serum switch and the addition of deferoxamine (Benz et al., 2018; Carbajo et al.,
2021; Fast et al., 1999; Mussmann et al., 2004). It has also been shown that this upregulation
is via a post-transcriptional mechanism as other mRNA and proteins transcribed on the same
polycistronic unit are not simultaneously upregulated (Benz et al., 2018). What has yet to be
experimentally demonstrated is how the receptor has been upregulated. Benz et al. (2018)
showed that the ESAG6 3’UTR is important in this mechanism, as supported by research by
Carbajo et al. (2021). It is likely that both the ESAG6 and ESAG7 3'UTRs are responsible for
regulating the transferrin receptor via a similar if not the same mechanism, due to the
sequence similarity and their co-regulation for a functional receptor. It is likely that there is
an RNA-binding domain present in the 3’UTRs for an RBP to bind and stabilise the mRNA
increasing translation and expression of the ESAG6 and ESAG7 proteins. The evidence from
Carbajo et al. (2021) that there is an identified RBP that is regulated by iron levels supports

this hypothesis.
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2.6 Aims and Objectives

The Trypanosoma brucei transferrin receptor is able to sense and respond to fluctuations in
iron levels by a previously unknown post-transcriptional mechanism. The ESAG6 3’UTR has
been demonstrated to mediate a specific response to iron starvation conditions in T. brucei
Lister 427 through fusion of the 3'UTR to an fLUC reporter gene, at both an mRNA and a
protein level with a magnitude previously observed for ThTfR upregulation (Benz et al., 2018).
Yet, it is unknown whether a certain motif in the 3’UTR is important for the upregulation of
the ThTfR under iron starvation conditions or if the response requires the full sequence. It has
also not yet been determined whether the ESAG7 3’UTR is involved in iron-dependent
regulation of the receptor or not. The overall aim of this project is to characterise the ESAG7
3’UTR as the length is currently unknown and identify any important motifs of the ESAG6 and
ESAG7 3’UTRs that are involved in this regulation (Figure 2.8).
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Figure 2.8: Experimental procedure to generate 2T1 BSF cell lines containing the truncated
ESAG6 3'UTR sequences in the fLUC reporter system. The length of the ESAG6 3’UTR was
identified by Benz et al. (2018) as 335 bp in length, primers were designed to amplify a
fragment 356bp in length to include all identified polyadenylation sites. To identify any
important motifs within this 356 bp sequence, N and C terminal truncations were made of

the ESAG6 3’UTR at hypervariable regions between the BES and were ligated into a specialised
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pRPaA vector containing a firefly luciferase gene. The truncated sequences in the pRPaA-
fLUC™t-ESAG6-3’UTR were then transfected into 2T1 BSF cells and luciferase activity assays
were performed to monitor the upregulation of the TbTfR under iron starvation conditions

compared to the full length ESAG6 3'UTR.

The upregulation of the THTfR when iron is scarce has been shown utilising multiple
mechanisms to induce iron starvation conditions. In this research the iron starvation response
is induced by switching the cultured cell lines from media supplemented with transferrin that
binds to the receptor in BES1 with a high affinity for a lower affinity transferrin. The 2T1 cell
line is monomorphic, so is stable with BES1 as the active expression site, expressing the
associated ESAGs and VSG 221. The switching mechanism is still functional and occurs in the
background, however, loss of VSG 221 is unfavourable, so any cells that had switched
expression site are outgrown and are not able to establish a population (Liu et al., 2018). In
all experiments, the cells are not grown for longer than 5 hours under iron starvation
conditions, and therefore have not been left in culture long enough to induce switching, so it

is known that the cells are all expressing the TbTfR from BES1.

As the mechanism for regulation of the ThTfR is distinct from that used by mammalian cells
involving IREs, RNA binding proteins (RBPs) could be important in trypanosomes. RBPs have
been shown to be involved in modulating mRNA stability in trypanosomes, so this mechanism
may be utilised in the regulation of the transferrin receptor in response to iron, as under iron
starvation conditions an RBP could bind to TfR mRNA to increase stability and translation so
more receptors are expressed on the cell surface (Carbajo et al., 2021). The overall aim of this
research is to identify a region of the ESAG6 or ESAG7 3’UTR that is important for the iron
starvation response. This may be a sequence that could be recognised by RBPs. Other RBP
motifs identified in T. brucei have been short sequences of 16 nucleotides in VSG 3’UTR and
34 nucleotides in the ESAG9 3’'UTR (Ridewood et al., 2017; Monk et al., 2013). By truncating
the ESAG6 and ESAG7 3’UTRs to shorter overlapping sequence an important sequence may

be identified that could be further truncated to confirm a potential RBP binding motif.

There are three main predicted outcomes from this research. These include the truncations

failing to respond to iron starvation suggesting that an upregulation control element has been
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removed when the truncation was generated. Alternatively, the truncations may have a
higher background signal, suggesting that a repressive control element has been removed.
Finally, there could also be a combination of both of these responses observed in the
luciferase activity assays suggesting that the iron starvation response is under more than one
level of control. The secondary structure of the 3’UTRs were not taken into consideration
when the truncations were designed and if important conformations have been disrupted

there may not be an observed response.

43



3.0 Materials and Methods

3.1. Materials

3.1.1. Media

3.1.1.1 HMI11-T

2T1 BSF T. brucei cells were grown in HMI11-T media. This is HMI9 without serum plus with
1-Thioglycerol replacing B-mercaptoethanol and Glutamax replacing L-Glutamine (Hirumi and
Hirumi, 1989). Media was made up in 5 L batches and stored as 450 mL sterile filtered aliquots

at 4°Cin the dark. FBS and Glutamax were added under sterile conditions prior to use.

Table 3.1: Ingredients and amounts to make 5 L HMI11-T T. brucei BSF media.

Ingredient Product 5L 500 mL
HMI-9 powder Invitrogen 1 pkin4.5L
Sodium bicarbonate Sigma S5761, RT 10g

pH adjusted to 7.3 with NaOH,

sterile filter
Foetal bovine serum Labtech, -20 °C - 50 mL
Glutamax 1, 100x Labtech, -20 °C - 5mL

3.1.1.2 LB Broth

500 mL LB broth was made up by dissolving 12.5 g LB broth powder (Melford) in 500 mL
ddH,0 and pH adjusted to 7.2 and autoclaved at 121°C for 1 hour.

3.1.1.3 LB Agar

To make up 500 mL of LB agar, 20 agar capsules (Melford) were added to 500 mL H,0 and
autoclaved at 121°C for 1 hour. Once cooled carbenicillin (100 pg/mL) was added and plates

were poured in a sterile environment.
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3.1.2. Antibiotics

Table 3.2: Antibiotic uses and concentrations

Antibiotic Cells Stock Concentration Used Manufacturer
Carbenicillin E. coli 50 mg/mL 100 pg/mL Melford
Puromycin T. brucei Lister 427 2T1 | 2 mg/mL 0.2 ug/mL (10,000 x) Roche
Phleomycin T. brucei Lister 427 2T1 | 10 mg/mL 0.5 pg/mL (20,000 x) Melford
Hygromycin T. brucei Lister 427 2T1 | 50 mg/mL 2.5 pg/mL (20,000 x) Melford

3.1.3. Buffers

1L 1 x TAE running buffer was made up of 20 mL 50 x TAE (Fisher Scientific) and 980 mL ddH;O.

3.2. Cell Culture

2T1 (Lister 427) bloodstream form T. brucei cells (Alsford et al., 2005) were maintained in

10mL HMI11-T media + puromycin + phleomycin (Table 3.2) in 25cm3 filter cap flasks (SLS).

Cells were incubated at 37°C with 5% CO; and 100% humidity. Cultures were split every two

days to prevent overgrowth and cell death.

3.3 Agarose Gel Electrophoresis

Samples were run out on a 1.5% agarose gel with 10,000 x SYBR safe (Invitrogen) and 1 x TAE

as running buffer, alongside 3 uL of 100 bp MW ladder (Promega) unless otherwise stated. 6

x purple loading dye (NEB) was added to colourless samples. Gels were imaged on a BioRad

Gel Doc EZ imager.
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3.3.1. Gel Extraction

DNA samples were analysed by gel electrophoresis. Bands of a desired MW were excised on
a UV transilluminator (Syngene) and DNA was extracted using the Thermo Scientific Genelet

Gel Extraction kit as per manufacturer’s instructions.

3.4 Polymerase Chain Reaction (PCR)

PCRs were performed in a BioRad T100 Thermal Cycler using thin walled 0.5 mL tubes with a
total volume of 50 pL per reaction. The primers and reaction conditions varied depending on
the nature of the target fragment and are described below. The GoTaq polymerase system
(Promega) was used for the PCRs unless otherwise stated, the components of a single reaction
are shown in Table 3.3. For the GoTaq polymerase reactions, the thermocycler was
programmed at 94°C for 2 min 45s to denature DNA, at a variable temperature for 1 min for

primers to anneal and 72°C for 1 min for extension and repeated 34 times.

Table 3.3: Components of a GoTaq polymerase reaction and the volumes used.

PCR Component Volume

5 x Green GoTaq buffer 10 uL

MgCl; (25 mM) 5uL

Nucleotide dNTPs (10 mM) 1ul

Template DNA (variable) 0.1 pL (unless otherwise stated)

Taq Polymerase 0.25 pL

F-Primer (variable) 1L

R-Primer (variable) 1ul

ddH,0 Variable, to make up total volume of 50 pL

3.4.1 PCR of ESAG6 3’UTR from Genomic DNA

The ESAG6 3'UTR was amplified from 2T1 T. brucei genomic DNA using the OneTaq

polymerase system (NEB) with a forward primer specific to the BES1 ESAG6 ORF (5 -
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GCAGTACATTTGAGTCTTT - 3’) and a reverse primer complimentary to the end of the BES1
ESAG6 3'UTR (5'- AATAGGGCCCAGTAGAATTAGTCTAGTTT - 3’). Each reaction contained 10 pL
5 x OneTaqg standard reaction buffer, 1 uL 10mM dNTPs, 0.25 uL OneTaq Hot Start
polymerase, 0.1 uL template DNA, 1 pL forward primer and 1 uL reverse primer with the final
volume made up to 50 pL with ddH20. The thermocycler was programmed at 94°C for 1 min
to denature DNA, 55°C for 45 sec for primers to anneal and 68°C for 45 sec for extension. This

cycle was repeated 34 times before a final extension step at 68°C for 10 min.

PCR products were analysed on an agarose gel (Section 3.3) to confirm amplification and the
size of the band as ~350bp, and were gel extracted for ligation into pGEM-T easy (Section

3.6).

3.4.2 PCR of ESAG6 3’UTR Truncations from Plasmid Template

Amplification of the ESAG6 3’UTR truncations was performed using the GoTaq polymerase
system (Promega) (Table 3.3) with template DNA generated in 3.4.1 (pGEM-T-ESAG6-ORF-
3’UTR) and an annealing temperature of 55°C. The primer sequences used to generate the

truncations are listed below with the combinations and truncation lengths in Table 3.4.

Full length FP: 5’- AATAGAGGATCCGGGAAGGATGCGAC - 3’
FP84: 5 - TTATGGATCCCCTATTTCTTTTATTTGGGG - 3’

FP169: 5’- ATTAAGGATCCCTAAGGAAAGATGTGAGTTC - 3’
FP243: 5" - ATATTGGATCCGGAAAATGTAACAACCAAC - 3’

Full length RP: 5'- AATAGGGCCCAGTAGAATTAGTCTAGTTT - 3’
RP138: 5" - TATTAGGGCCCCACTGGAAACTTACGTTAC - 3’
RP265: 5'- AATATGGGCCCCATAGTTGGTTGTTACATTTTC - 3’

Table 3.4: Truncations of the ESAG6 3’UTR of BES1 generated by PCR amplification to be

ligated into the fLUC reporter system and transfected into 2T1 BSF T. brucei cells.

Truncation Forward Primer Reverse Primer Size of Insert

A (+ve Control) Full length FP Full length RP 356bp

47



B (-ve Control) - Full length RP -

C Full length FP RP265 264bp
D Full length FP RP138 137bp
E FP84 Full length RP 274bp
F FP169 Full length RP 189bp
G FP243 Full length RP 115bp

Amplification was confirmed by gel electrophoresis and PCR products were purified using the
Genelet PCR purification kit (Thermo Scientific) as per manufacturer’s instructions for ligation

into pRPaA-fLUC™t-ESAG6-3’UTR.

3.4.3 PCR of ESAG7 3’'UTR from cDNA

From the reverse transcription reaction (Section 3.5), 5 uL of cDNA was used as template DNA
to amplify the ESAG7 3’UTR. The GoTaq polymerase PCR system was used with primers
specific for the BES1 ESAG7 ORF (5'- CAGCTTTACGAAHGAATTC - 3’) and the adapter sequence
primer (5-CGCGTCGACTAGTAC - 3’) with an annealing temperature of 53.1°C.

The PCR products were purified using a Genelet PCR purification kit (Thermo Scientific) as per
manufacturer’s instructions and the resulting DNA was ligated into the pGEM-T easy vector
system (Section 3.6). The resulting samples were then sent off for sequencing (Section 3.7)

to identify the length of the ESAG7 3'UTR.

3.4.4 PCR of ESAG7 3’UTR Truncation from Plasmid Template

The primers used to generate the ESAG7 3’UTR truncations are listed below, and the sizes of
the inserts located in Table 3.5. The GoTaqg polymerase system was used to generate the
truncations (Table 3.3) with an annealing temperature of 60°C and template DNA generated

in 3.4.3 (b GEMT-ESAG7-ORF-3'UTR).
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Primer Sequences:

Full Length FP: 5" — TATAGGATCCAATGGAGTAAAGGCGAATT -3’

FP147: 5 — TATTAGGATCCAAGGATGCGACAGAAG -3’

Full Length RP: 5" — ATATTGGGCCCTTAGTCTAGTTTTCCTTTATA -3’

RP349: 5" — AATAGGGCCCCACACGTTTTCGTAGC - 3’

Table 3.5: Truncations generated of the ESAG7 3’UTR from BES1 by PCR amplification to be

ligated into the fLUC reporter system and transfected into 2T1 BSF T. brucei cells.

Truncation Forward Primer Reverse Primer Size of Insert
ESAG7 3’UTR Full Length FP Full Length RP 492bp
1 Full Length FP RP349 364bp
2 FP147 Full Length RP 346bp
3 FP147 RP349 218bp

The presence of amplified DNA was confirmed by gel electrophoresis (Section 3.3) and the
correct PCR products were purified using the Thermo Scientific PCR purification kit as per
manufacturer’s instructions. The resulting DNA truncations were ligated into the pRPaA-
fLUC™-ESAG6-3'UTR vector (Section 3.6), to generate pRPaA-fLUC™“-ESAG7-3’UTR

variations.

3.5 Reverse Transcription

RNA was extracted from 1 x 10° logarithmic phase 2T1 BSF T. brucei cells using a RNeasy plus
mini kit (Qiagen) following the manufacturer’s instructions, the amount of RNA extracted was
qguantified on a nanodrop (Thermo Scientific, 2000c Spectrophotometer). A reverse
Oligo-dT  primer  (5'-

transcription reaction was set up using  an

CGCGTCGACTAGTACTTTTTTTTITTTTITTT-3’) and Omniscript Reverse Transcriptase (Qiagen)
to transcribe cDNA from 1 ug of the RNA template. A negative control reaction was set up

excluding the reverse transcriptase enzyme from the reaction.
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3.6 Cloning

The products from the PCRs described in section 3.4 were ligated into either the
commercially available pGEM-T easy vector or into the pRPaA-fLUC™ ! vector system (a kind
gift from Sam Alsford, LSHTM) to generate new variations of the vector with truncations of
either the ESAG6 3'UTR or the ESAG7 3’UTR. The vector each product was ligated into is
listed in the respective subsections of 3.4. The general cloning procedure is described

below.

3.6.1 Ligation

Ligation reactions were set up containing 0.5 pL T4 DNA ligase (Promega), 2.5 ulL 2 x rapid
ligation buffer (Promega), 0.5 pL vector (either pGEM-T easy (Promega) or pRPaA-fLUC™ -
ESAG6-3'UTR) and 1.5 L insert giving a total volume of 5 L. The ligation was left at room

temperature for up to 1 hour.

3.6.2 Transformation

A 25 pL aliquot of high efficiency Escherichia coli competent cells (C29871) (NEB) was added
to the ligation reaction and left on ice for up to 30 mins. Cells were heat-shocked at 42°C for
30 sec and then left onice for 5 mins. Cells recovered in 150 uL SOC (NEB) at 37°C with shaking
for 45 mins. They were plated onto LB + Amp (100 pug/mL) plates and incubated overnight at
37°C. If blue-white screening was necessary, 30 uL 0.1 M IPTG (Melford) + 30 puL 20 pg/mL X-

Gal was added to the plates before the cells were seeded.

3.6.3 Isolation of Plasmid DNA

Colonies were selected and grown overnight at 37°C with shaking in 5 mL LB broth + Amp

(100 pg/mL) in a 50 mL falcon tube with a loose lid.
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Cell suspensions were centrifuged in a swing-bucket rotor at 3500 x g for 15 min to pellet
transformed E. coli cells. Minipreps were then performed as per manufacturer’s instructions

(Thermo Scientific Genelet Miniprep kit). Samples stored at -20°C until further processing.

3.6.4 Analytical Restriction Enzyme Digest

Analytical restriction enzyme (RE) digests were performed on the minipreps to screen for the
correct sized insert. A total volume of 10 pL was made up of 0.5 pl restriction enzyme (EcoRI
(NEB) for pGEM-T; Apal (NEB) and BamHI (NEB) for pRPaA), 1 uL 10 x cutsmart buffer (NEB),

5 uL of miniprep and made up to 10 uL with ddH,0. They were incubated at 37°C for 2 hours.

Digested samples were run adjacent to undigested minipreps in a gel. The size of the band

was matched to the PCR band to confirm the correct insert.

3.6.5 Preparative RE Digest

RE digests were set up with 2 uL of each restriction enzyme, 5 plL cutsmart buffer, 35 uL PCR
product/vector and made up to 50 pL with ddH,0 and incubated overnight at 37°C to prepare

the DNA inserts for ligation.

3.7 DNA sequencing

Samples were sent off to DNA Sequencing and Services (Dundee University) at a DNA
concentration and volume requested on the website, to confirm insert size and the correct
sequence when aligned with T. brucei Lister 427 DNA sequences available online
[https://www.ncbi.nlm.nih.gov/nuccore/FM162566 GenBank: FM162566] (Hertz-Fowler et
al., 2008).

Samples ligated into pGEM-T easy were sequenced with a commercially available primer,

complimentary to the T7 promoter in the pGEM-T easy vector backbone and constructs

51



ligated into pRPaA-fLUC™-ESAG6-3’UTR were sent off for sequencing with the primer
pRP3’UTRseq (5’-TAACCAAGACTCCAAAAGCC -3’) complimentary to the vector backbone.

3.8 Trypanosoma brucei Transfection and Screening

3.8.1 Linearising the DNA

3 ug of pRPaA-fLUC™-ESAG6-3’UTR (full length ESAG6 3’UTR in the fLUC reporter system)
was digested overnight at 37°C with 2 pL of Ascl in a total volume of 50 pL. Endonucleases

were heat inactivated at 80°C for 20 min and the reaction transferred to ice.

3.8.2 Ethanol Precipitation

5 uL of 3M NaAc was added to the reaction on ice to give a final concentration of 300 mM
NaAc, then 150 pL of -20°C 100% EtOH was added to give a final concentration of 70% EtOH
and the precipitation reaction was left at -20°C for up to 24 hours. The ethanol precipitation
reaction was centrifuged at 18,000 x g at 4°C for 10 min. The supernatant was removed, and
1000 pL -20°C 70% EtOH was added on ice and was centrifuged again at 18,000 x g at 4°C for
10 minutes. This step was then repeated. The supernatant was removed and replaced with
1000 pL of -20°C 70% EtOH on ice and was centrifuged again for 5 mins at 18,000 x g at 4°C.
The DNA sample was moved into the category Il containment facility and the supernatant was
removed allowing the pellet to airdry for 10 mins in sterile conditions inside the biological

safety cabinet. The DNA was then resuspended in 5 uL of filter sterilised ddH,0.

3.8.3 Amaxa Transfection

2T1 T. brucei BSF cells were grown to log phase (1.5 x 108 cells/mL) for the transfections.
HMI11-T media without antibiotics was prewarmed to 37°C and nucleofector (+ supplement)
(Lonza) was pre-warmed to room temperature. 2 x 107 2T1 T. brucei BSF cells for one
transfection and one control were centrifuged at 800 x g in a swing-bucket rotor at room

temperature for 10 mins. The supernatant was removed, and the cells were resuspended in
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200 plL nucleofector + supplement. 100 pL cells were transferred to a cuvette with 4 uL DNA
and 100 pL cells were transferred to a no DNA control cuvette with 4 uL ddH;0. The Amaxa
was set to programme X00-1 and the cuvettes were electroporated (Burkard et al., 2011). The
electroporated cells were then transferred to 25 mL warmed HMI11-T media without
antibiotics and allowed to recover for 6 hours at 37°C with 5% CO; and 100% humidity. After
6 hours 25 mL HMI11-T media with 2 x phleomycin and 2 x hygromycin (Table 3.2) was added
to the flasks. The transfected cell lines were then plated into 24 well plates with 1 mL media

per well and allowed to grow at 37°C, 5% CO2, 100% humidity for up to 14 days.

3.8.4 Screening for Transfected Clones

Once all the cells in the no DNA control had died the plates were disposed of, this occurred
around day 4 post-transfection. From then on, each well in the test plates was screened daily
by optical microscopy, with noticeable cell growth occurring around day 6 post-transfection.
When a well was identified with living cells, it was marked and monitored until they had
reached a high density that remained when agitated. The cells were then transferred to a
flask in a 1 in 10 dilution into 10 mL HMI11-T + phleomycin and hygromycin (Table 3.2). The
cells were then allowed to grow and were split regularly until the cells were dividing at an

expected rate with the correct morphology.

3.8.4.1 Drug Screen Assay for Correct Insertion

10 pL transfected and control cell lines (< 2 x 10° cells/mL) were added to 1 mL phleomycin
and puromycin (Table 3.2) HMI11-T media and 1 mL phleomycin and hygromycin (Table 3.2)
HMI11-T media in separate wells of a 24 well plate. Plates were left to incubate at 37°C with

5% CO; for up to 4 days. Wells were screened for living cells daily.
This transfection protocol was then repeated for the remaining five ESAG6 3’UTR truncations

(C-G), the ESAG7 3’UTR full-length sequence and truncations (1-3), all in the fLUC reporter

system.
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3.9. Luciferase Activity Assay

3.9.1 Induction of Iron Starvation

ESAG6 3’UTR truncated cell lines (C-G) and control cell lines (pRPaA-fLUCM*-ESAG6-3’UTR and
pRPaA-fLUC™-ALD-3’UTR) were grown overnight to log phase (5 x 10° cells/mL). Cells were
counted and 1mL of each culture at 5 x 10° cells/mL was then centrifuged in duplicate at 3500
x g for 10 minutes at room temperature. The supernatant was discarded, and the cells were
resuspended in 1 mL HMI11-T media without GLX and FBS. The centrifugation step was then
repeated, and the supernatant removed. One set of truncated and control cell lines was then
resuspended in 1 mL 10% FBS HMI11-T media (normal conditions), and to induce iron
starvation conditions, the other set of truncated and control cell lines was resuspended in 1
mL 10% canine HMI11-T media and were plated out into 24 well plates. The plates were

incubated for 5 hours at 37°C with 5% CO2 and 100% humidity.

Control cell lines contain the full length ESAG6 3'UTR fused to the fLUC reporter gene and the
ALD 3’UTR fused to the fLUC reporter gene.

3.9.2 One Glo Luciferase Assay

Cell counts were performed and recorded for all the cell lines under both conditions (iron-
starved and non-iron starved). 50 pL of each sample was then plated out into white 96 well
plates (Costar) in triplicate. 50 uL of OneGlo reagent (Promega) was added to each well and
plates were read immediately on a plate reader (Fluoroskan Ascent FL, Thermo Electron
Technologies). The plate reader was programmed to shake for 30 s, then to record
luminescence from each well in 10 s increments. The reading was repeated until the signal

peaked.

This luciferase assay protocol was then repeated for the ESAG7 3’UTR full-length sequence

and truncations (1-3) against the same two control cell lines.
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3.10 Data Analysis and Statistics

Averages were calculated from the triplicate readings and data was normalised to the ALD
signal under basal conditions, by dividing the average reading for each cell line by the average
ALD-FBS reading. The data was also normalised to a cell density of 1 x 10° cells by dividing the
luminescence by the cell count. An overall average was calculated from the three repeats for
each cell line which was displayed on a graph as a bar, each individual repeat average was
also displayed on the graph as a point. A paired two-tailed student T-test was performed on

the data to identify any significant results where p < 0.05.

The fold-change was calculated by dividing the normalised average canine luminescence by
the normalised average FBS luminescence for each cell line. This was plotted on a bar chart
where the bars indicate the overall average fold-change and the points represent the fold-

change for each biological replicate.
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4.0 Results

4.1 Cloning and Truncation of the ESAG6 and ESAG7 3’ Untranslated Regions

The length of the ESAG6 3'UTR was identified by Benz et al. (2018) as 335 bp in length. Primers
were designed to amplify a full length ESAG6 3’UTR fragment 356 bp long to incorporate all
identified polyadenylation sites in the sequence. The ESAG6 3’UTR has previously been
demonstrated to mediate a specific response to iron starvation conditions in T. brucei Lister
427 through fusion of the 3'UTR to an fLUC or GFP reporter gene, at both an mRNA and a
protein level with a magnitude previously observed for TbTfR upregulation (Benz et al., 2018).
Yet, it is unknown whether a certain motif in the 3’UTR is important for the upregulation of
the TbTfR under iron starvation conditions or if the response is related to the secondary
structure of the 3’UTR. It is assumed that the ESAG7 3’'UTR will be involved in the iron
starvation response via a similar mechanism as the ESAG6 3'UTR due to the co-regulation of
the TfR protein components and the 97% similarity of the 3’UTRs across the multiple BESs,

but it has not been experimentally demonstrated.
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4.1.1 Truncation of the ESAG6 3’UTR

ESAG6 3’UTR I, 356 bp
Insert C N 264 bp
Insert D NG 137 bp

BES1.

BES1.

BES1.

BES1.

BES1.

BESL.

Insert F

Insert G

ESAG6-3'UTR

ESAG6-3'UTR

ESAG6-3’UTR

ESAG6-3'UTR

ESAG6-3'UTR

ESAG6-3’UTR

J— 274 bp

84 356

P 189 bp
356

M 115 bp
243 356

0
+
GGGAAGGATGCGACCGAAACTGCGCTGCTTAGCGTGAAAGATTATGGTAATGGAGGGTTG
hkhkhkkhhkhkhkkhkhkhkhkhk *khkk *,hkkhkkhkhkhkhk, *kxk * *hkhkkk *hkk*x *k (khkkhkkhkkkkkkix*x *
84
+
GGAAAGATT-GGGGAAACAAATACCTATTTCTTTTATTTGGGGGAACAAATGGGCARAAG
khkkhkk k kK kk k kkhkkhkhkhkk hhkkhkkhkkhkhkhkhkkhkkhkhkhkhkkhkkhkhkhkkhk khhkkhkkhkkhkkhkkhkkhkkhkhkkkk Kk *
138 169
+ +
TAACGTAAGTTTCCAGTGGGAGTGGTATGTGTGTGTGTATGGGGCTGGCTAAGGARAGAT

kAhkhkhkk Kk Kkhkkhkhkhkk kk Kk kkhkkkAkkAkKk kK kkhkkk Kkhkkkk Kk Kk KKk Kk kK Khhk Kk kKK

GTGAGTTCGGCATGTGGTATGTACAAGCTACGAAAACGTGTGAAACAAAACGAGATGTAA

* K KAhkkhkkAkk Kk KAhAkkkkAAkhkkk K(hkhAkhkkhkhAkhkk kk *hkkkkkk KkkhkKkkhkk kkhkkkk kK K Kk K

243 265
+ +
GGGGAAAATGTAACAACCAACTATGTTAAATTTCAGG--AGACTATTTTTCAAATTTAGT
khkkk khhkkhkkhkkhkkhkkhkkhkkhkkhkkk k kk Kk Kkhkkkkkk * kkhkkkkhkhkkhkkhkkhkhkhkhkkhkhkhkkkkk
356
+

TACAACAAAGTAAATGTCAAATAATGCCAACTATAAAGGAAAACTAGACTAATTCTACT -

khkrxkhkhkhkkhk hhkhkkhkkhkhkhhkkh dhkhkhkkhdx dhrxkhkhkrkhkhkkhkhkhkhk Khhkhkhrk *hrxrkrxhhkrxhxxxx

Figure 4.1: Truncations generated of the ESAG6 3’UTR. (a) Shows the size of the 3’ and 5’

truncations in relation to the full length ESAG6 3’UTR. The diagram allows visualisation of

where the sequences overlap and whether the sequence is truncated at the 5’ or 3’ end of

the 3’UTR. (b) Alignment of the 13 copies of the ESAG6 3’UTR in the multiple BESs ESAG6 is

present in. Shows the location of the truncations in the 3’"UTR sequences as indicated by the

(+) and associated bp number, the two in red are the 3’ truncations (Insert C and D). The

alignment only shows the ESAG6 sequence from BES1, but the conservation line represents

the conservation across the 13 BESs.
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To identify potential RBP motifs in the ESAG6 3’UTR that mediate the iron starvation
response, the full length ESAG6 3'UTR sequence was used as template DNA to generate
truncations of the 3’UTR. Primers were designed to truncate the 3’UTR from both the 5’ and
3’ ends at areas of hypervariability identified between the 13 copies of the ESAG6 3’UTR
present in the 13 BES ESAG6 is present in. The secondary structure was not taken into
consideration. There are a number of short conserved sections in the ESAG6 3’"UTR across the
BESs that may be essential for the TbTfR response to iron starvation. The truncations were
designed to study these conserved regions to identify if they are required for the upregulation
of the receptor when iron is scarce, with their presence in some truncations and absence from
others. Figure 4.1 shows the alignment of the ESAG6 3'UTR and the location of the truncations

in the sequence, allowing visualisation of the truncations and the conserved regions.

100 bp
DNA ESAG6 Negative Insert Insert |Insert Insert Insert
Ladder 3'UTR Control Cc D E F G

1 2 3 4 5 6 7 8

Figure 4.2: Agarose gel of the PCR amplified truncations of the ESAG6 3’UTR. 5’ and 3’
truncations of the full length ESAG6 3’UTR (356 bp); C- 264 bp, D- 137 bp, E- 274 bp, F- 189
bp, G- 115 bp. Gel shows that primers have annealed and successfully amplified fragments of
an expected size compared to the 100 bp DNA ladder (Promega) run in lane 1. Lane 2 is the
full-length fragment 356 bp in length, the negative control had only a reverse primer

therefore no DNA was amplified.
The PCR reaction amplified fragments of an expected size for each of the five truncations of
the ESAG6 3'UTR (Figure 4.2). To identify any important motifs in the ESAG6 3'UTRs the

fragments were ligated into a specialised pRPa vector described by Benz et al. (2018) and the
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plasmid DNA was sent off for sequencing to confirm the expected sequence had been
successfully ligated. The pRPaA-fLUC™-ESAG6-3’UTR vector is a modification of the pRPa®
X vector from Alsford et al. (2005) with the tetracycline operator removed so the insert is
constitutively expressed. The firefly luciferase (fLUC) gene was incorporated into the vector
from the pCRm-LUC-HYG vector from Yates (2014) to replace GFP. The fLUC sequence was
mutated to remove an internal Apal site, replacing it with a Hindlll site and incorporate a

BamHiI site at the end, described by Benz et al. (2018).

When the sequencing data was returned and aligned against the BES1 ESAG6 3'UTR sequence
accessed from the published BES1 sequence on GenBank (FM162566), a number of
mismatches were identified (data not shown) (Hertz-Fowler et al., 2008). In each truncation,
there was a number of polymorphisms ranging from 16 inconsistencies in Insert C and only a
single inconsistency in Insert G. Further alignments of the sequenced truncations showed that
the polymorphisms were located in the same positions along the full length ESAG6 3'UTR. To
identify whether or not this was a coincidence, the template DNA used in the PCR reaction
was also sequenced confirming that there were 18 mismatches in total, that had been
introduced to the truncations from the template DNA. As the aim of this project is to identify
important motifs involved in the upregulation of the ThTfR under iron starvation conditions,
these truncations could not be used with any confidence. Any observed changes in the
response of the fLUC reporter could be either due to the truncations or the polymorphisms
in the sequence and there would be no way to distinguish which was the cause. Instead, new

template DNA was generated.

4.1.1.1 Cloning of the ESAG6 3’UTR

New problems arose whilst attempting to obtain new template DNA for the full length ESAG6
3’UTR. Initially genomic DNA was used as template DNA in a PCR with the full-length primers
(listed in Section 3.4.2). When sequenced, however, there was an increase in the number of
polymorphisms present in the sequences, in different locations to the initial mismatches
identified. A reverse transcription reaction was then set up with RNA extracted from 2T1 BSF
cells and the Oligo-dt primer (described in Section 3.5), the resulting cDNA was then used as

template DNA in a PCR with the ESAG6 3’UTR full length forward primer and the adapter
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primer. This, however, still resulted in polymorphisms in the DNA sequences generated. The
source of this was eventually narrowed down to the primer sequences. Due to the similarity
of the ESAG6 3’UTR between the multiple BES, the full length forward and reverse primers
used in the above PCRs were complimentary elsewhere in the genome in other ‘inactive’
expression sites. A new primer was designed complimentary to a sequence of DNA near the
end of the ESAG6 open reading frame, specific to BES1 (5’ - GCAGTACATTTGAGTCTTT - 3’) and
a PCR was performed using gDNA as template with this forward primer and the reverse primer
complimentary to the end of the ESAG6 3'UTR. The use of the new forward primer confirmed
that any 3’UTR sequences amplified were of the ESAG6 gene expressed in BES1. A 422 bp
sequence was amplified and ligated into the pGEM-T vector system, RE digests with EcoRl
confirmed that a fragment of the correct size had been integrated into the vector and was
sent off for sequencing. The sequencing data came back without a single polymorphism
confirming that a correct ESAG6 3'UTR sequence had been obtained, identical to that
available online [FM162566, GenBank] (Hertz-Fowler et al., 2008). The sequenced plasmid

was then used as template DNA to regenerate the five ESAG6 3’UTR truncations in Figure 4.2.

4.1.1.2 Truncating the ESAG6 3’UTR

Originally to generate the truncations, PCR products were ligated into pGEM-T easy as an
intermediate vector. Due the small size of the truncated fragments this was used to confirm
integration into the vector as ligation into the commercially available vector has a higher
success rate compared to the modified pRPaA vector. Due to time constraints of the project
and the reproducibility of direct ligations, this protocol was modified so the truncations were
cloned directly into pRPaA-fLUC™!-ESAG6-3’UTR. Initially a PCR clean up kit (ThermoFisher)
was used on the truncation PCR products and these were ligated into pRPaA-fLUC™“t-ESAG6-
3’UTR. When analytical digests were performed with Apal and BamHI to screen the clones,
larger inserts were being cut out, closer to 500 bp than 350 bp. An analytical digest was
performed with BamHI| and Hindlll, which cuts the fLUC gene out of the pRPaA vector back
bone. Nothing was cut from the plasmid DNA in this digest which confirmed that some of the
template plasmid DNA had survived the PCR purification and was subcloned directly into the
E. coli cells giving an incorrectly high success rate in the cloning procedure. To avoid this in

the future, the PCR products were gel purified so no template plasmid remained. The PCR
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truncations were then ligated directly into pRPaA-fLUC™'-ESAG6-3’UTR, and successful
integration was confirmed by analytical RE digests with Apal and BamHI shown in Figure 4.3,
and sequencing analysis. These constructs were now ready for transfection into the 2T1 BSF

cells.

100 bp
DNA ESAG6 Insert Insert Insert Insert Insert
Ladder 3'UTR

Figure 4.3: Agarose gel of analytical RE of the full length ESAG6 3’UTR and truncations cut
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out of the pRPaA-fLUC™-ESAG6-3’UTR vector to confirm correct ligation. Inserts of an
expected size (115-356 bp) were cut from the vector backbone in a double digest with Apal

and BamHI. The (*) indicate the position of faint bands.

The restriction enzyme sites used to confirm integration were designed within the primers,
the pRPaA-fLUC™-ESAG6-3'UTR vector was mutated to remove an internal Apal site. The
restriction enzyme digest is therefore specific, and DNA was only cut out from the plasmid
DNA if there had been a successful ligation, this allowed identification of incorrect clones

before sequencing.

4.1.2 Identifying the ESAG7 3’'UTR

The role of the ESAG7 3’UTR in the iron starvation response in T. brucei has not yet been
studied. To investigate whether the ESAG7 3’'UTR mediates a response via the same or a
similar mechanism as the ESAG6 3’UTR, the size of the 3’UTR first needed to be identified.

This was achieved by following a similar protocol to that used to identify the ESAG6 3’UTR by
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Benz et al. (2018). A two-step RT-PCR reaction was carried out using an Oligo-dT primer
sequence to transcribe mRNA into cDNA from RNA extracted from 2T1 BSF cells. The resulting
cDNA was then used as template DNA in a gradient PCR (Figure 4.4) using primers specific to
the BES1 ESAG7 open reading frame, to confirm the DNA amplified was correct, and an

adapter sequence.

100 bp Positive  Negative
DNA Control Control
Ladder 55.2°C 55.2°C 61.2°C 59.8°C 57.7°C 53.1°C 51.8°C

1517—

900—8—0—F

700—(7n—
600—

500/51 7‘@
300—
200—

100—

1 2 3 4 5 6 7 8

Figure 4.4: Agarose gel of gradient ESAG7 3’UTR RT-PCR reaction. The gradient PCR reaction
was set up to identify the optimal annealing temperature for the PCR reaction, which was
determined at 53.1°C in lane 7. The PCR reaction shows strong bands around 500 bp in size,
there are fainter bands around 200 bp. The negative control was set up excluding reverse

transcriptase to confirm the reverse transcription reaction was successful.

The gradient PCR was used to find the optimum temperature for primers to anneal and for
the ESAG7 3’UTR to be amplified. This was determined to be 53.1°C in Lane 7 of Figure 4.4.
The RT-PCR was then repeated with this annealing temperature, the band excised and the
DNA gel purified and ligated into pGEM-T and multiple clones were sent off for sequencing.
Sequencing analysis identified that polyadenylation occurred at 453 bp, 477 bp and 492 bp
downstream of the stop codon shown in Figure 4.5. The length of the ESAG7 3'UTR was taken
as 492 bp in size. The fainter amplified bands around 200 bp were also sequenced however
the resulting DNA could not be aligned with the T. brucei genome suggesting this was not part

of the ESAG7 3'UTR.
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BES1.ESAG7-3"UTR AATGGAGTAAAGGCGAATTCAACTATACTGCAGAACCGGTCCGTGGACCTTTCACGGTAG

* * Kk k ok khkkkhkhkkhkkhkkhkk Kkkhkk kk kkk kx kkkk kk*x k**x *x k%

BES1.ESAG7-3"UTR CGGGGTCCAACACAGTAGCAGTACATTTGAGTGTTTCTACCGCTGCACTTTGTTTTTCAG

*khkkhkkk kkkk * ok kkkk kkkk ok khkkkkkhk kkkkkhkkkrkkkrkhkrkk kkk * Kk kK

BES1.ESAG7-3’UTR TTTTATTGTTGGGAGTGCTGTGAAGGAAGGATGCGACAGAAGCTGCGCTGCTTAGCGTGA

hhkkhkkhkhkkhkkhkkh K hkhkk Kk, Kk kkhkk *AhkhkhAhkkdkrkArkhrhkhk *k*x *khkkkkkkik * kk Kk kKK

BES1.ESAG7-3’UTR AAGATTATGGTAATGGAGGGTTGTGAAAGATT -GGGGGAACAAAAACCTATTTCTTTTAT

Kk khkAhkhkAkKhkhk AhkkkAhkhkA kA hkkhkhk kA KAhkkhkk k Kk kk kA kk Kk k Kkhkkkkkhkkk Kk kK%K

BES1.ESAG7-3"UTR TTGGGGGAACAAATGGGCAAAAGTAACGTAAGTTTCCAGTGGGAGTGGTATGTGTG--TG
Kok k KA KAKR KKk Kk KK Kk kkkk Ak Ak dkkkkk Kk Kk kKk Kkkx Kk * %
BES1.ESAG7-3"UTR TGTATGGGGCTGGCTAAGGAAAGATGTGAGTTCGGCATGTGGTATGTACAAGCTACGAAA

kk Ak kkk Kk kk kAkkAkkkhkhkkkhkhkkkx khkkhkhkkk kkhkkk Kkkkk kK kk Kk*% * x Kk

BES1.ESAG7-3’UTR ACGTGTGAAACAAAACGAGATGTAAGGGGAAAATGTAACAACCAACTATGTTAAATTTCA

* Kk k khkkhkhkk kkhkkkkhk*k k hkkhkkkkhkkhkkhk KAkhkkkhkikhkkhkkhkkAkkhkkkhk kK Kk kk KkkkkkkKk

+
BES1.ESAG7-3’UTR GG--AGACTATTTTTCAAATTTAGTTACAACAAAGTAAATGTCAAATAATGCCAACTATA
* hkhkhkhkhkkhkkhkhkhkhkkhkhkhkhkhkkhkkhhkkhkhkhhhhkhk, *hkhkhhkhkkhhk, *hhkhkhkhx *,hhkhkkhkhxhxxk*
+ +
BES1.ESAG7-3’UTR AAGGAAAACTAGACTAA-—=——=———=————~ 492

Kk kkhkkkkkk ok kk Kk

Figure 4.5: Identification of the ESAG7 3’UTR. The crosses (+) on the BES1 sequence indicate
the locations of three identified polyadenylation sites, the ESAG7 3’"UTR was taken to be 492
bp in length. The alighnment shows the conservation of the 13 ESAG7 3’UTRs taken from the
BESs when 492 bp were alighed immediately downstream of the ESAG7 stop codon using
Clustal Omega. The “*’ show where the sequence is conserved across all 13 BESs. There was
98% conservation between the 13 3’UTRs showing a high level of sequence similarity,
therefore, if an important motif is identified in the 3’UTR, it could be conserved across the

other expression sites.

When the sequencing data was analysed a number of polymorphisms were identified in the
sequences of the ESAG7 3'UTR, likely introduced by errors in the RT reaction or the PCR but
may also have been due to the amplification of the ESAG7 3'UTR from other BESs.
Unfortunately, all the sequences obtained at the length of 492 bp had one or more
polymorphisms. In one of the 492 bp clones there was a single polymorphism located 69 bp
downstream of the stop codon. A correct sequence 477 bp long had been obtained from a
different clone so, rather than repeating the RT-PCR until a correct 492 bp sequence was

confirmed, a new reverse primer (5 - TTTATAGTTGGCATTATTTGAC - 3’) was designed to
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amplify the remaining 15 bp using the 477 bp sequence as template DNA. The forward primer
described in the methods (Section 3.4.4) was designed complimentary to the beginning of
the ESAG7 3'UTR downstream of the stop codon and the longer reverse primer were used in
a PCR to amplify the full length ESAG7 3’UTR using the correct 477 bp sequence in pGEM-T as
template DNA. The resulting product was then gel purified and ligated into pGEM-T,
integration was confirmed by an analytical RE digest with Apal and BamHI and sequencing
data was used to confirm the correct 492 bp sequence for the ESAG7 3’'UTR. To isolate this
correct sequence, a preparative digest was performed with the same enzymes and the ESAG7
3’UTR was cut from pGEM-T, gel purified and ligated into the pRPaA-fLUC™ ! vector system

ready for transfection into the 2T1 BSF cells.

The observed length of 492 bp is consistent with expectations that the ESAG7 3'UTR would
be longer than the ESAG6 3'UTR due to the lack of a GPl anchor signal sequence on the ESAG7
gene. Sequence alignments of the end of the ESAG6 open reading frame and 3’UTR and the

ESAG7 3'UTR in Figure 4.6, show high conservation of the amino acid sequence.
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BES1.ESAG6-ORF-3’UTR TTTAGGTGAAGAAGAGGAGACGATCCTGAAATCTAACTATACTGCAGAACCGGTCCGTGG
BES1.ESAG7-3"UTR = —=—=——————————- AATGGAGTAAAGGCGAATTCAACTATACTGCAGAACCGGTCCGTGG
* * K * * Kk Khkhk kA kA hhkkkhk Ak Ak A Ak kA A hhkkkx k%

BES1.ESAG6-ORF-3’UTR ACCTTTCACGGTAGCGGGGTCCAACACAGTAGCAGTACATTTGAGTCTTTTTACCGCTGC
BES1.ESAG7-3"UTR ACCTTTCACGGTAGCGGGGTCCAACACAGTAGCAGTACATTTGAGTGTTTCTACCGCTGC

KA KA A KR AAKRKA A AA AR AKAA AR A AR AR A AR A AR AR A AR AR A AR ARk’ kkkx hhkhhkhk Kk k%

BES1.ESAG6-ORF-3’UTR ACTTTGTTGTTCAGCTTTATTGTTGGGAGTGCTGTGAGGGAAGGATGCGACCGAAACTGC
BES1.ESAG7-3"UTR ACTTTGTTTTTCAGTTTTATTGTTGGGAGTGCTGTGAAGGAAGGATGCGACAGAAGCTGC

KAKAKAKXKNKAKAK *NAAhAkK* KAAXAAKRKIIAAAA NI IA A XA KAKhK* AhAk kkhkkkAhkk khkhAkhk*k Xk k% ***%x%

BES1.ESAG6-ORF-3"UTR GCTGCTTAGCGTGAAAGATTATGGTAATGGAGGGTTGGGAAAGATTGGGGAAACAAATAC
BES1.ESAG7-3’UTR GCTGCTTAGCGTGAAAGATTATGGTAATGGAGGGTTGTGAAAGATTGGGGGAACAAAAAC

KAKKAKKAAKAAKNAAAKAAAAAKNAAA A AN A AN XA AAXAAN AN, *AAhkhAhkkhhAhhk k k *kArhkx* %%

BES1.ESAG6-ORF-3’UTR CTATTTCTTTTATTTGGGGGAACAAATGGGCAAAAGTAACGTAAGTTTCCAGTGGGAGTG
BES1.ESAG7-3'UTR CTATTTCTTTTATTTGGGGGAACAAATGGGCAAAAGTAACGTAAGTTTCCAGTGGGAGTG

Ak hkhkhkhkrhkhkhhkhkhk kA hhkhkhkhkdhkhkhkrhhkrkhkhrhkhkhkhdrhk kA hhkkk kv khkhkhkkhkkkkhkkkkk*

BES1.ESAG6-ORF-3’UTR GTATGTGTGTGTGTATGGGGCTGGCTAAGGAAAGATGTGAGTTCGGCATGTGGTATGTAC
BES1.ESAG7-3"UTR GTATGTGTGTGTGTATGGGGCTGGCTAAGGAAAGATGTGAGTTCGGCATGTGGTATGTAC

Ak kA hk kA hkhkhkhk Ak kA hkhkkhkhk Ak hkhhkhhkrhkhhhkhkhk kA hk kA hhkkhk kA vk hkhkhkhkkkkkkkk*

BES1.ESAG6-ORF-3’UTR AAGCTACGAAAACGTGTGAAACAAAACGAGATGTAAGGGGAAAATGTAACAACCAACTAT
BES1.ESAG7-3’'UTR AAGCTACGAAAACGTGTGAAACAAAACGAGATGTAAGGGGAAAATGTAACAACCAACTAT

Ak Ak Ak kA Ak A kA Ak A Ak Ak kA Ak hkhk Ak hkrhkhhhkhkhk kA hk kA rkhkhkhk kA rkhkhkhkkhkxkhkkkk*

BES1.ESAG6-ORF-3’UTR GTTAAATTTCAGGAGACTATTTTTCAAATTTAGTTACAACAAAGTAAATGTCAAATAATG

BES1.ESAG7-3'UTR GTTAAATTTCAGGAGACTATTTTTCAAATTTAGTTACAACAAAGTAAATGTCAAATAATG
ek Kk kK K Kk kK ok ok ok ok kK Kk ko o ok ok ok ok ok Kk ok ok ok K ok ko ko ok ok Kk Kk Kk kR ok ok ok Kk

BES1.ESAG6-ORF-3"UTR CCAACTATAAAG-————————————— 492

BES1.ESAG7-3'UTR CCAACTATAAAGGAAAACTAGACTAA 492

Kk KkkKkKkKhKh Kk XKk

Figure 4.6: The end of the ESAG6 ORF and 3’UTR compared to the ESAG7 3’UTR of BES1. The
sequence is 157 bp of the end of the ESAG6 ORF followed by the 335 bp 3’UTR, the highlighted
nucleotide shows the start of the ESAG6 3’UTR. This sequence is the same length as the ESAG7
3’UTR (492 bp).

There are few mismatches between the 492 bp sequences of the ESAG6 ORF 3'UTR and ESAG7
3’UTR of BES1 showing that the two are closely related (91% conservation). The beginning
143 bp section (the end of the ESAG6 ORF) likely encodes the GPI signal sequence. This
maintains close similarity to the beginning of the ESAG7 3’UTR supporting the theory that
both proteins originally had a GPI signal sequence, but it has evolved away in ESAG7 and the
protein remains anchored to the membrane by associations with ESAG6. The alignment in
Figure 4.6 also shows that the ESAG7 3’UTR extends 14 bp beyond the 3’ end of the ESAG6
3’UTR.
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The identification of the ESAG7 3'UTR is important as the involvement of ESAG7 3'UTR in the
regulation of the TbTfR under iron starvation conditions has not yet been experimentally
demonstrated as it was excluded from the original research by Benz et al. (2018). The 3’UTR
regions of ESAG6 and ESAG7 show high levels of similarity across the BES where they are
present, at an average of 97% (Appendix 7.1). The aim of this project is to identify important
motifs in the 3'UTRs of the ThTfR that control the upregulation when iron is scarce. With the
high similarity between the 3’UTRs it is likely that any identified motifs may be conserved
between ESAG6 and ESAG7 3’UTRs and across the expression sites, as both proteins must be
upregulated for a functional transferrin receptor and upregulation has been observed in

TbTER expressed in different ESs.

4.1.3 Generation of the ESAG7 3’UTR Truncations
To further investigate if there are any important motifs in the ESAG7 3'UTR that are involved

in the dynamic regulation of the TbTfR, primers were designed to 5’ and 3’ terminally truncate

the ESAG7 3’'UTR shown in Figure 4.7.

ESAG7 3'UTR _ 492 bp

Insert 1 _ 364 bp
Insert 2 _ 346 bp
Insert 3 218 bp
ESAG6 3'UTR 356 bp
Insert C 264 bp
Insert D 137 bp
Insert E 274 bp
Insert F 189 bp
Insert G 115 bp

Figure 4.7: Schematic diagram of the ESAG6 and ESAG7 3’UTR truncated sequences. The
diagram shows the size of the 3’ and 5’ truncations in relation to the full length ESAG6 and
ESAG7 3’UTR. The diagram allows visualisation where the sequences overlap and whether

the sequence is truncated at the 5, 3’ or both ends of the 3'UTR.
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Two truncations were designed of a similar length to the ESAG6 3'UTR missing either the
beginning or the end of the 3'UTR. A further truncation was made with a 5’ and 3’ terminal
truncation to generate a sequence 218 bp long. As seen in Figure 4.7, Insert 1 is 364 bp in
length, so similar in size to the ESAG6 3'UTR, however, as it is a 3’ truncation there is a 122
bp sequence at the beginning of the truncation that is missing from the ESAG6 3’UTR. From
the schematic, it is most likely that Insert 2 will respond in a similar way to the ESAG6 3’UTR
as it is similar in length and is a 5’ truncation missing the beginning of the ESAG7 3'UTR that
aligns with the end of the ESAG6 ORF and not the 3'UTR. Insert 3 is both 5’ and 3’ terminally
truncated, due to the location of the truncations this insert is most similar to Insert C so, they

may respond to iron starvation conditions in a similar way.

100bp
DNA ESAG7 Insert Insert Insert
Ladder 3'UTR 1 2 3

1 2 3 4 5

Figure 4.8: Agarose gel of PCR amplified truncations of the ESAG7 3’UTR. 5’ and 3’ terminal
truncations of the ESAG7 3’UTR ranging from 218 bp to 364 bp in size, primers used to
generate truncations listed in Table 3.4. Gel shows that primers have annealed and
successfully amplified fragments of an expected size compared to the 100 bp DNA ladder
(Promega) run in lane 1. PCR was performed using the GoTaqg polymerase system with an

annealing temperature of 60°C.

The PCR (Figure 4.8) amplified fragments of an expected size for the full length ESAG7 3'UTR

and the truncations. These were then ligated into the pRPaA-fLUC™ vector to generate new

variations of a pRPaA-fLUCmut-ESAG7-3'UTR vector. The isolated plasmid DNA was then
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screened by analytical RE digests with Apal and BamHI to confirm ligation of the PCR products
cut from the vector backbone shown in Figure 4.9. Any isolated plasmids showing correct
inserts cut from the pRPaA-fLUC™ ! vector were sent off for DNA sequencing and aligned with

the ESAG7 3’UTR of BES1 [FM162566, GenBank] (Hertz-Fowler et al., 2008).

100 bp
DNA ESAG7 Insert Insert Insert
Ladder 3’'UTR

1 2 3
2 3 4 5

Figure 4.9: Agarose gel of analytical RE of the full length ESAG7 3’UTR and truncations cut

out of the pRPaA-fLUC™ ! vector backbone to confirm correct ligation. Inserts of an expected

size (218-492 bp) were cut from the vector backbone in a double digest with Apal and BamHI.

Once correct sequences, ligated into the pRPaA vector system, were obtained for all of the
ESAG6 and ESAG7 3'UTR full lengths and truncations, they were ready for further analysis.
The DNA sequences were linearised and transfected into the 2T1 BSF T. brucei cells where
luciferase activity assays were performed under normal and iron starvation conditions to

analyse whether expression of the ThTfR changes with the truncations made (Section 4.2).

4.2 Generation, Screening and Analysis of Trypanosoma brucei Cell Lines

Once the ESAG6 and ESAG7 3’UTR truncations had been successfully ligated into the fLUC
reporter system and the sequences had been confirmed, they were transfected into 2T1 BSF
T. brucei cells. Luciferase activity assays were performed to measure luciferase expression
and observe whether the reporter is still upregulated under iron starvation conditions or if

the response is altered by the truncations made. This reporter system does not directly
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measure TfR expression but acts as a proxy to measure the expression levels of the firefly
luciferase reporter gene fused to sections of the receptor 3’UTR. Despite not directly
measuring the TbTfR, the fLUC gene fused to the full length 3’"UTR has been shown to mimic
previous data of the regulation of the T. brucei transferrin receptor, so is a good
representation of how regulation of the receptor can be affected by different regions of the

3’UTRs (Benz et al., 2018).

The firefly luciferase reporter gene incorporated into the pRPaA vector backbone is fused to
the truncated 3’UTR sequences. To perform the luciferase activity assay OneGlo reagent
(Promega) is added to the cells which contains a substrate that is broken down by the
luciferase enzyme into a product (oxyfluoroluciferin) which emits luminescence that is
recorded in the assay. The more luminescence emitted, the more luciferase enzyme present.
Under iron starvation conditions the upregulation of the fLUC gene is directly proportional to

the upregulation of the TbTfR mediated by the 3’UTR.

pRPSFP RRNA

Stuffer /
Reporter

\
k3 ES
\

ph3E W RRAA

RRNA

pRPaA-fLUC™-ESAG6/7-3UTR e, — |
fLuc | 3UTR |

Ascl RO Asd
ESAG6/7 3UTR

or Truncated
3'UTR

Figure 4.10: Schematic of the pRPaA-fLUC™*-ESAG6/7-3’UTR vector. Figure adapted from
Alsford et al. (2005) shows the location of the hygromycin resistance gene in the backbone of
the vector and the fLUC gene fused to the truncated ESAG6 or ESAG7 3'UTR downstream of
the RRNA promoter. Before transfection, the vector is linearised by Ascl and integrates into
the ‘landing pad’ RRNA locus in the 2T1 cell line. The 2T1 cell line is resistant to puromycin

but when the DNA is transfected, it disrupts the puromycin resistance gene (PAC) and replaces
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it with the hygromycin resistance gene (HYG) present in the pRPaA-fLUC™  vector so the cells

acquire resistance to hygromycin which can be used to screen the transfected clones.

When the pRPaA-fLUC™'-ESAG6-3’UTR vector, containing the truncated sequences is
transfected into the BSF cells, the vector is incorporated into a tagged RRNA locus in the 2T1
cell line, to avoid positional effects and give uniform expression, as the location of the
construct is known (Alsford et al., 2005). Therefore, any observed changes in the response of
the cell lines to the induction of iron starvation conditions are due to the truncations in the
ESAG6 3'UTR or ESAG7 3’UTR fused to the fLUC gene, rather than the location in the RRNA
locus. When transfected into 2T1 cells, the vector insert disrupts a puromycin resistance gene
and incorporates a hygromycin resistance gene present in the vector backbone (Figure 4.10).
To confirm that the truncation-vector constructs had been successfully transfected into the
correct location drug screen assays were performed. Where the cells survived in media
containing hygromycin, and no longer survived in media containing puromycin, the
transfection had been successful. If any clones survived in both, it was likely there was a mixed
cell culture and the transfection was not successful, so these cell lines were discarded. The

generated clones are listed in Table 4.1.

70



Table 4.1: The number of clones generated for each of the full length and truncated ESAG6
and ESAG7 3’UTRs. There was a higher rate of transfection success for the ESAG6 clones than
for ESAG7, with more cells surviving the transfection with the correct drug selection,

indicating the cells had taken up the truncation DNA.

Truncation Number of Clones % with Correct Drug Clones Available
Generated Resistance (HYG)

ESAG6 2 100% 6.1,6.2
Insert C 2 100% C1, C2
Insert D 4 75% D1, D2, D4
Insert E 4 75% E2, E3, E4
Insert F 5 100% F1, F2, F3, F4, F5
Insert G 4 75% G2, G3,G4
ESAG7 4 50% 7.1,7.4
Insert 1 1 100% 11
Insert 2 2 50% 2.2
Insert 3 4 50% 3.1,33

The 2T1 BSF strain is a culture adapted monomorphic cell line that is stably expressing VSG
and the ESAGs from BES], the cell line maintains the ability to switch BES but switching away
from VSG221 is unfavourable and cells that have switched are outgrown (Aitcheson et al,,
2005). In this experiment the cells are only left under iron starvation conditions for 5 hours
which is not long enough to induce switching, therefore the majority of the cells are
expressing the TfR from BES1. Due to the variable affinity of the TbTfR binding to different
host transferrin, iron starvation conditions can be induced in the 2T1 cell lines by switching
the media from a serum where the transferrin can bind with high affinity to a serum with
transferrin that binds with a low affinity. It has been shown that the TbTfR expressed from
BES1 has a high affinity for bovine transferrin and a low affinity for canine transferrin (Gerrits
et al., 2002). This has been taken advantage of in previous research to induce iron starvation
conditions with a 2.5-5-fold increase in expression of the receptor (Fast et al, 1999;
Mussmann et al., 2004). To induce the iron starvation response in the generated cell lines a

serum switch was performed from media supplemented with 10% bovine serum to media
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supplemented with 10 % canine serum. The cells were then incubated for 5 hours at 37°C

before luciferase activity assays were performed.

The full length ESAG6 3’UTR was used as a control cell line to show how the transferrin
receptor is normally upregulated under iron starvation conditions and allowed comparisons
to be made between the normal response and the response of the truncated cell lines. A
pRPaA-fLUC-ALD-3’UTR control cell line was also used which shows a linear increase in
expression of the Luciferase with an increase in cell density but is unaffected by iron
starvation (Benz et al., 2018). Aldolase is highly expressed protein with a stable 3'UTR that is
efficiently processed therefore the aldolase signal is always higher than the luciferase signal.
Aldolase is not an iron regulated gene; therefore, any observed increases are due to an
increase in cell density. The iron starved cell lines were compared to an untreated cell line to

show how expression of luciferase changes under iron starvation conditions.

4.2.1 Characterisation of the ESAG6 3’UTR Response to Iron Starvation Conditions

To induce iron starvation conditions into the generated ESAG6 3'UTR cell lines, they were
centrifuged, washed and resuspended in 1 mL HMI11-T media supplemented with 10% canine
serum or 10% foetal bovine serum. All cells had the same growth history to remove variation,
as expression of the TfR is density dependent (Benz et al., 2018). Cells were incubated for 5
hours then luminescence readings were taken in triplicate, with each assay repeated three

times.
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Figure 4.11: Relative luminescence of luciferase expression in ESAG6 3’UTR truncated cell
lines under normal and iron starvation conditions. ESAG6 3’UTR truncated cell lines were
incubated for 5 hours with HMI11-T supplemented with 10% canine serum (iron starved) or
10% FBS (non-iron starved). Luminescence was measured in triplicate for three biological
replicates. Data was normalised to the ALD signal under non-iron starvation conditions and
normalised to 1 x 10° cells/mL. The bars on the graph indicate the overall average and the
points represent the average for each biological replicate. Data was analysed using a paired

two-tailed student T-test: NS p>0.05, * p<0.05.

Data was normalised to the ALD signal in non-iron starvation conditions by dividing the
average reading for each cell line by the average ALD-FBS reading as this was a consistently
high luminescence reading. On the graph in Figure 4.11, this is indicated by a relative
luminescence of 1. All readings aside from ALD-canine were lower than this. The data was
also normalised to 1 x 108 cells/mL by dividing the luminescence value by the cell count. The
luciferase assay is density dependent so normalising the data by cell count showed a realistic
representation of how the truncated cell lines were responding to iron starvation conditions
without the data being skewed by variations in cell density. There are no error bars on the
graph as there was little technical variation between the triplicate readings so calculated
standard deviation values were very low. Repeating the assay on different days shows the

biological variation between the cells.
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The data in Figure 4.11 show that inserts E3, F3 and G3 are all still responding to iron
starvation conditions in a similar way to the full length ESAG6 3'UTR cell line, but only insert
E3 is a statistically significant result (P < 0.05). The lack of significant results in the assay is due
to the variation in the biological replicates as indicated by the points in Figure 4.11. With
more repeats, it is likely that more significant results would be obtained. This variation was
expected as there is batch to batch variability in the different host serum, the OneGlo reagent
is temperature dependent and the assay can be affected by cell growth, but the data has been
normalised to this. The aldolase luminescence recorded throughout these experiments was
high in canine serum (1.5) as the ALD cells grew at a much higher rate in this media compared

to other batches of canine serum and FBS.

The relative luminescence for ESAG6 and inserts E-G are all low (<0.2) under non-iron
starvation conditions and increase when the BSF cells are incubated with canine media. E3,
F3 and G3 are all N-terminally truncated sequences, so the 3’ end of the 3'UTR remains intact,
whist the beginning (5’ end) of 3’UTR has been lost. This is interesting as it suggest that there
may be an important element towards the end of the 3’UTR that is required for regulating
the iron starvation response as when the end of the 3’"UTR is lost, the cells lose the ability to

respond to iron starvation conditions.

The relative luminescence recorded for inserts C1 and D1 does not increase when the cell
lines are starved of iron unlike the full-length ESAG6 control. They actually appear to decrease
when the media is supplemented with canine serum, but this is only by a marginal amount.
For Insert C1, the non-iron starved cells have quite a high average relative luminescence of
about 0.4, compared to the other cell lines. This is about the same level as the C1 iron starved
cells. As the C1 starved cells show a similar level of relative luminescence as the other cell
lines in canine media that still appear to upregulate the transferrin receptor (ESAG6, E3, F3
and G3), it could suggest that the truncation for insert C1 may have lost a repressive element.
Insert D1 does not appear to respond to iron starvation conditions by upregulation as the
relative luminescence is low for cells supplemented with FBS and canine serum. The low level
of variation between the relative luminescence under normal and iron starvation conditions
suggests that the C1 and D1 cell lines are no longer able to respond to iron starvation

conditions by upregulating expression of the TbTfR when iron is scarce in the environment.
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Figure 4.12: Calculated fold-change in luciferase luminescence when T. brucei BSF cells are
incubated in media supplemented with FBS or canine serum. The bars on the graph indicate
the overall average fold-change and the points represent the average fold-change for each

biological replicate. Data was normalised to 1 x 108 cells/mL.

In the literature, the T. brucei transferrin receptor has been shown to be upregulated by a
2.5-5-fold increase under iron starvation conditions. The calculated fold-change in Figure 4.12
is consistent with this, with the luciferase expression fused to the full-length ESAG6 3’UTR
increasing 4.4-fold indicating an equal increase in the ThTfR. The fold-change was calculated
by dividing the average canine luminescence by the average FBS luminescence for each cell
line. The data was normalised to 1 x 108 cells/mL before the fold-change was calculated to
remove any variation due to cell density and give a realistic representation of how the cell

lines responded to iron starvation.

Figure 4.12 show the calculated fold-change is similar for ESAG6 and Insert F3 with luciferase
expression increasing 4.4-fold and 4.6-fold respectively. Inserts E3 and G3 also appear to be
responding to iron starvation conditions with a 2.9 and 2.8-fold increase in luciferase
expression respectively which is within the reported range for the upregulation of the TbTfR
when iron is scarce. In the assay luciferase expression is proportional to expression of the

transferrin receptor. Inserts C1 and D1 do not appear to be responding to the induction of
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iron starvation, with a fold-change of less than 1. ALD is also not responding to iron starvation
conditions with a fold-change of 1.5, this is expected for the ALD cell line as this is not an iron

sensitive gene.

Table 4.2: Summary table describing the ESAG6 3’UTR truncations and how the cell lines

respond to iron starvation conditions.

Name Size 5’ or 3’ Truncation Responsive to Iron
Starvation
Insert C 264 bp 3 Repressive?
Insert D 137 bp 3 No Response
Insert E 274 bp 5’ Responsive
Insert F 189 bp 5 Responsive
Insert G 115 bp 5’ Responsive

4.2.2 Characterisation of the ESAG7 3’"UTR Response to Iron Starvation Conditions

The role of the ESAG7 3’UTR in the iron starvation response has not yet been studied. It was
assumed that due to the similarity between the 3’UTR of ESAG6 and ESAG7 that they are
regulated via the same mechanism. This is supported by the evidence that the TbTfR is a
heterodimer that can only bind transferrin when ESAG6 and ESAG7 are associated, therefore,
they must be upregulated simultaneously at a post transcriptional level when iron is scarce.
Due to this the reporter system generated for ESAG6 was adapted by fusing the ESAG7 3’UTR
and truncations to the fLUC reporter gene. The modified vector was then transfected into the
2T1 cells following the same protocol and screened for clones. Luciferase assays were then
also performed on the ESAG7 3’UTR cell lines under normal and iron starvation conditions.
The generated ESAG7 3’UTR cell lines were centrifuged, washed and resuspended in HMI11-
T media supplemented with 10% FBS to media or 10% canine serum to induce iron starvation.
Cells had the same growth history to remove variation and were incubated for 5 hours before

relative luminescence was recorded in triplicate. The assay was repeated three times.
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Figure 4.13: Relative luminescence of luciferase expression in ESAG7 3’UTR truncated cell
lines under normal and iron starvation conditions. ESAG7 3’UTR truncated cell lines were
incubated for 5 hours in media supplemented with 10% canine serum (iron starved) or with
10% FBS (non-iron starved). After 5 hours luminescence was recorded in triplicate for three
biological replicates. Data was normalised to the ALD signal under non-iron starvation
conditions and normalised to 1 x 10° cells/mL. The bars on the graph indicate the overall
average and the points represent the average for each biological replicate. Data was analysed

using a paired two-tailed student T-test and all results were not significant with p> 0.05.

The relative luminescence values for the ESAG7 3'UTR full length and truncations (1.1, 2.2 and
3.1) shown in Figure 4.13 were all quite low both under iron starvation conditions and normal
conditions. All of the relative luminescence readings are lower than those obtained in Figure
4.11, including the ESAG6 control which was 0.56 compared to 0.62 in Figure 4.11. The
average relative luminescence for all of the cell lines under normal conditions (FBS), excluding
ALD and ESAG?7, are very similar around 0.2 (ESAG6- 0.17, 1.1- 0.21, 2.2- 0.15 and 3.1- 0.17).
This shows that the cell lines have the same level of background expression of the luciferase
gene when transferrin is readily available and therefore the same level of expression of the
TbTfR. When the serum is switched to canine transferrin, the relative luminescence of the
ESAG6 control increases to 0.56, whereas none of the ESAG7 cell lines increase above 0.34.

This shows that the cells are still responding to the change in iron but not by the same
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magnitude recorded for the ESAG6 control cell line. Insert 1.1 shows a higher level or relative
luminescence in non-iron starved media, similar to C1 and D1 in Figure 4.11. Repeat 3 had a
much higher level of relative luminescence for each of the cell lines which will be affecting
the averages and may be skewing the data to suggest that the cell lines are responding more
than they actually are, however ESAG6 is also higher for this repeat so the comparisons
between the cell lines can still be made. From the data in Figure 4.13, it is difficult to confirm
whether luciferase expression has been upregulated by iron starvation due to the very low
readings for the relative luminescence. This may be because the assay has not been optimised

for ESAG7.
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Figure 4.14: Calculated fold-change in luciferase luminescence in ESAG7 3’UTR cell lines
when T. brucei BSF cells are incubated in media supplemented with FBS or canine serum.
The bars on the graph indicate the overall average fold-change and the points represent the

average fold-change for each biological replicate. Data was normalised to 1 x 10° cells/mL.

The calculated fold change shows the difference between the expression of the luciferase
reporter gene under normal and iron starvation conditions, making it easier to visualise how
much the expression of the luciferase gene and therefore the transferrin receptor has
increased when iron is not readily available. In Figure 4.14 luciferase expression in the ESAG6
control cell line is increasing approximately 3.5-fold, within the reported range for the

upregulation of the transferrin receptor under iron starvation conditions. It is however lower
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than previously observed in these experiments in Figure 4.12. ESAG7 and Insert 2.2 increase
2.7- and 4.3-fold respectively which is similar to the ESAG6 cell line (3.5-fold), suggesting that
they are both responding to iron starvation conditions by the same amount mediated by the
3’UTR. The individual repeats for ESAG7 are fairly consistent so it is likely that the cell line is
still responding to iron starvation conditions like ESAG6 as was expected, despite the low
values recorded for relative luminescence. Insert 2.2 however has a much greater value for

Repeat 2 which would increase the average fold-change.

Table 4.3: Summary table describing the ESAG7 3’UTR truncations and how the cell lines

respond to iron starvation conditions.

Name Size 5’ or 3’ Truncation Responsive to Iron
Starvation
ESAG7 3’UTR 492 bp n/a Responsive
Insert 1 364 bp 3 No Response
Insert 2 346 bp 5’ Responsive
Insert 3 218 bp 3"and 5’ No Response

4.2.3 Summary of Luciferase Assay Results

Overall it appears that cell lines E3, F3, G3, ESAG7 and 2.2 are responding to iron starvation
conditions in a similar way to the control cell line ESAG6. The data shows that there is a low
relative luminescence recorded for each of the listed cell lines under normal conditions and
when the cells are incubated with canine serum, the relative luminescence increases. This is
shown by the calculated fold change where there is an increase in luciferase expression
proportional the TbTfR greater than 2.5-fold. For C1, it appears that the cell line may have
lost a repressive element as there is a high relative luminescence recorded for the cell line
under normal and iron starvation conditions. For D1, 1.1, and 3.1 there does not appear to be
much of a response to iron starvation conditions when the fold-change is calculated
suggesting that the cell lines have lost, at least partially, the ability to respond to iron
starvation conditions. For the ESAG7 truncations, this may be because the luminescence
readings are too low because the assay has not been optimised for ESAG7. From the results

above there are observed trends in the data that show some cell lines still responding to iron
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starvation conditions and others not. However, most of the data is not significant so more

repeats are needed of the cell lines used throughout the experiment, but also other clones to

ensure that they respond in the same way.
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Figure 4.15: Alignment of the ESAG6 and ESAG7 3’ untranslated regions across different

BES. The alignment shows 97% similarity between the 3’UTRs, which is highly conserved

across the multiple expression sites for the two different but closely related proteins. The

similarity between the 3’UTRs makes it likely that the upregulation of ESAG6 and ESAG7 under

iron starvation conditions is regulated via the same mechanism, stimulated by a conserved

motif in the 3’"UTR. The highlighted region shows a 26 bp sequence that is conserved between

the ESAG6 and ESAG7 3’UTRs across all of the expression sites. The alignment only shows the

ESAG6 and ESAG7 3’UTR sequences from BES1, but conserved nucleotides indicated are those

across all copies in the 13 expression sites.
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The data collated from Table 4.2, Table 4.3 and Figure 4.15 show a distinct pattern. From the
Figures throughout Section 4.2 it is clear that some of the truncations have maintained the
ability to respond to iron starvation conditions via upregulation of the luciferase gene and
therefore upregulation of the THbTfR and some that have lost this ability. Of those that are still
able to respond, they have all been truncated at the 5’ end with the 3’ end remaining intact
(Table 4.2 and 4.3). It is therefore likely that there may be an important motif, located near
the 3’ end of the 3’UTR of ESAG6 and ESAGY that is essential for upregulation of the T. brucei
transferrin receptor under iron starvation conditions. When the 3’"UTR sequences of ESAG6
and ESAG7 are aligned from the 13 BES they are present in, there is a 26-nucleotide conserved
section located near the 3’ terminus of the 3’UTR highlighted in Figure 4.15. When this
sequence is searched against the truncations, it is only present in Inserts E, F, G and 2. All of
these have been shown to respond to iron starvation by upregulation of the luciferase gene
in a similar manner to the ESAG6 3'UTR (Table 4.2 and 4.3). This sequence could potentially
be an RNA binding motif that binds an RBP to stabilise the mRNA and increase translation.
This, however, is only speculation based on the results above and more specific luciferase
assays would be required to confirm that this sequence is important for the upregulation of
the T. brucei transferrin receptor under iron starvation conditions. There are other conserved

regions between the expression sites, however they are not as long as this 26 bp sequence.
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5.0 Discussion

5.1 Importance of Characterising the Iron Starvation Response

Understanding how trypanosomes are able to respond to changes in the availability of iron
to enhance their survival could be important in aiding in the elimination of the disease.
Clinically cells may experience iron starvation conditions in three circumstances. These
include when the host has developed anaemia and there is an increased concentration of
apo-transferrin available over holo-transferrin (Trevor et al., 2019). The mammalian
transferrin receptor has a higher affinity for holo-transferrin and is able to preferentially bind
holo-transferrin over apo-transferrin by over 200,000-fold to obtain sufficient iron when apo-
transferrin is most abundant (Trevor et al., 2019; Kleven et al., 2018). When the host develops
anaemia, this is detrimental to the parasite as the TbTfR is not able to distinguish between
holo- and apo-transferrin as efficiently as the mammalian receptor. When holo-transferrin is
scarce, the parasite will take up more apo-transferrin, which has no iron bound, so the

parasite will not be able to obtain enough iron.

Another circumstance where the cells may experience iron starvation conditions is when the
parasite infects a new host organism. When the metacyclic cells differentiate into BSF cells
they express the transferrin receptor and VSG from a single BES. If the parasite infects a new
host and the expressed receptor does not bind the transferrin with a high affinity, initially,
the parasite may not be acquiring enough iron from the environment (Mussmann et al.,
2004). Another time the cells may experience iron starvation conditions is when there is an
immune response raised against the transferrin receptor. The transferrin receptor is shielded
in the flagellar pocket by the VSG coat and the glycosylation of the proteins is thought to
protect the receptor from anti-receptor antibodies (Gerrits et al., 2002). However, the ligand-
binding domain must be exposed to the external environment to allow transferrin to bind.
Antibodies could bind to the ligand binding domain and block transferrin from binding,
blocking iron uptake. When a low affinity receptor is expressed the antibodies are able to

outcompete transferrin more successfully (Gerrits et al., 2002). If the receptor is saturated
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with transferrin, the antibodies cannot bind, however, as the immune response progresses,

the concentration of antibodies will increase.

In relation to the amount of transferrin available in normal host serum, the parasite only
requires a small amount of iron. Yet due to anaemia being a symptom of stage | T. brucei
infection in humans and other mammalian hosts, in an infection the cells will face iron
starvation conditions where holo-transferrin is less readily available, no matter how high
affinity the receptor is or how much of an immune response has been raised. Iron is essential
for many cellular processes in all eukaryotic cells, therefore, the upregulation of the
transferrin receptor under iron starvation conditions is a crucial mechanism for parasite
survival. If the signalling pathway that can detect low iron uptake or how the parasite is able
to respond to this could be identified, components in the pathway could be used as new
targets for drug development and could potentially aid in the elimination of this disease. The
first step in identifying the components of this pathway is to isolate how the transferrin

receptor is upregulated under iron starvation conditions.

Benz et al. (2018) showed that the upregulation of the transferrin receptor is regulated in part
through the ESAG6 3’UTR. Fusion of the 3’UTR to a firefly luciferase or GFP reporter gene
showed increased expression of the reporter genes when iron starvation conditions were
induced through serum switch and incubation with the iron chelator deferoxamine (Benz et
al., 2018). Other trypanosome proteins such as ESAG9 are also regulated via the 3’UTR where
RNA-binding motifs have been identified (Monk et al., 2013). It was hypothesised that there
may be an RNA-binding domain located in the ESAG6 3'UTR and potentially the ESAG7 3’UTR
due to their sequence similarity. It is likely that an RBP binds to an RNA binding domain in the
3’UTR which stabilises the mRNA to increase translation and expression of the receptor
(Erben et al., 2014; Carbajo et al., 2021). It is known that the regulation must be post-
transcriptional as there is no observed increase in VSG which is transcribed polycistronically
from the same promoter (Benz et al., 2018). To attempt to identify a potential binding
domain, 5’ and 3’ truncations were made of the ESAG6 and ESAG7 3’UTRs which were fused
to the fLUC reporter gene and transfected into 2T1 cells. Luciferase activity assays were
performed on the cells with the truncated 3’"UTRs under normal and iron starvation conditions

compared to a full-length control cell line to see whether the upregulation of the TfR under
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iron starvation was maintained or had been lost. If the cells still responded in the same way,
it is likely a potential binding motif remained undisrupted in the truncation, if the response
was lost and the cells showed no response a potential motif may have been lost or disrupted.
However, it is unlikely that the response would be this simple as there may be repressive and

up-regulatory elements that could bind to the 3’UTRs.

5.2 The Biological Role of the Trypanosoma brucei Transferrin Receptor

As previously described in Lister 427 T. brucei cells there are fifteen expression sites with
ESAG6 and ESAG7 genes present that encode similar but not identical versions of the TbTfR
(Bitter et al., 1998). The sequences differ by less than 10% in the receptor (Figure 5.1),
however, the variations have an effect on the affinity of the receptor to bind different host
transferrin molecules (Gerrits et al.,, 2002). There is some disagreement surrounding the
reasoning for the variation between the ThTfR of the multiple BES. Two key arguments have
emerged which suggest that the variation is to allow the parasite cope with the sequence
diversity of host transferrin, enabling the parasite to adapt to a wide host range (Bitter et al,,
1998). The counter argument is that the variation is to enhance the parasites survival in the
mammalian host by allowing the parasite to evade the host immune response, in a similar

fashion to VSG switching. The two opposing viewpoints are discussed below.

5 3

. Conserved Region
[] Variable Region

Figure 5.1: Diagram showing the conserved regions of the Trypanosoma brucei transferrin
receptor across the 15 bloodstream expression sites. The sequences are highly conserved,
black sections represent conserved regions and the white sections represent variable

regions.

It has been widely believed that the diversity in the receptors and their ability to bind

transferrin has been driven by the parasite adapting to infect a broad host range, and that
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being able to evolve a receptor that can bind with a high affinity to all host transferrins is
advantageous (Bitter et al., 1998). In the mammalian hosts the parasite is able to colonise,
the amino acid sequences of the transferrin molecules differ by up to 30% (Gerrits et al.,
2002). The ability to switch between TfRs may allow the parasite to cope with this large
variability in host transferrins. Without this adaptation the parasite could only bind some host
transferrins with a high affinity, potentially making it difficult for the parasite to infect other

hosts with low affinity binding (Bitter et al., 1998).

Salmon et al. (2005), however, stated that the observed differences in parasite growth in
different host sera is not due to the species specificity of transferrin (Salmon et al., 2005).
Transferrin is an essential growth factor for the parasite as it is a major source of iron.
Therefore, disrupting transferrin uptake is detrimental to the cells. Growth variations have
been observed when T. brucei BSF cells are grown in media supplemented with different
serum which could be linked to the variations in the active expression site (Salmon et al.,
2005). To study any links between parasite growth and transferrin uptake, Salmon et al.
(2005) recorded growth rate over a specific time period on clones expressing a VSG dominant
in human infection (ETat 1.2R) or expressing a VSG dominant in murine infection (AnTat 1.3A).
Excess bovine, human and murine transferrin was added to the clones and growth rate was
recorded. The addition of various transferrins did not significantly alter the growth rate of any
of the cell lines, suggesting that low and high affinity receptors are sufficient for transferrin
uptake and a low affinity does not hinder growth (Salmon et al., 2005). The results from this
study indicate that the cells are able to remain viable in range of mammalian serum even
where they encode a low affinity receptor, arguing that receptor affinity is not the driving
evolutionary force behind the variation in TfR between BESs and that there must be other
components influencing cell growth and survival. It is, however, known that when a low
affinity transferrin is present the parasite will upregulate the expression of the TbTfR to obtain

sufficient transferrin from the environment.

Research to support the theory that TfR variation enables adaptation to a wide host range
involves switching the source of transferrin with high or low affinity for the TbTfR and
analysing if there is a switch in the active expression sites of the culture. Experiments

performed by Bitter et al. (1998) cultured trypanosomes expressing the VSG221 BES1
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transferrin receptor with a very low affinity for canine transferrin in media supplemented
with canine transferrin. They found that most of the cells stopped dividing, cells that outgrew
the population were shown to have switched to the VO2 expression site where the transferrin
receptor bind canine transferrin more efficiently (Bitter et al., 1998). This hypothesis was
furthered by Gerrits et al. (2002) where they suggested that a high affinity receptor ensures
efficient transferrin uptake in the presence of anti-receptor antibodies (Gerrits et al., 2002).
This was also shown by looking at expression site switching and antibody presence in low and
high affinity receptors when available transferrin is switched. These experiments, however,
are conducted in an artificial environment and in an infection the amount of transferrin would
be much higher and there may actually be a sufficient amount present for the trypanosome
to acquire enough iron for survival even with a low affinity receptor when antibodies are

present (Gerrits et al., 2002).

Calculations based on binding affinities support the Gerrits et al. (2002) hypothesis that high-
affinity receptors not only ensure efficient iron uptake, but that it is maintained in the
presence of anti-receptor antibodies (Steverding, 2003). In an 8-hour time period a single
trypanosome cell takes up approximately 85,000 Fe3* molecules, yet only requires 40,000 of
these per generation doubling time. At this rate, only 50% of the transferrin receptors need
to be saturated with transferrin for iron uptake to be sufficient (Steverding, 2003). In
mammalian serum, there is a very high concentration of transferrin (30 uM), only a transferrin
receptor with a Kqvalue below this will be occupied with less than 50% transferrin. These
calculations make it highly unlikely that BSF cells would be deprived of enough iron to induce
switching to a higher affinity receptor (Steverding 2003). However, the cells may require a
high affinity transferrin receptor in vivo when anti-receptor antibodies are present. Gerrits et
al. (2002) showed that physiological concentrations of anti-receptor antibodies to a
transferrin receptor with a Kq value of 0.014 uM were able to inhibit the growth of the
trypanosomes when cultured in media supplemented with canine serum (Steverding, 2003).
This was enough to induce switching to a receptor that can bind canine transferrin with a
higher affinity. This is because in an infection, anti-transferrin receptor antibodies can bind to
the receptor and block transferrin binding. They compete with transferrin for access to the
TbTER and can outcompete transferrin that binds to a low affinity receptor more effectively.

If the receptor can bind transferrin at a higher affinity it makes it less likely the receptor is
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exposed to the anti-receptor antibodies (Gerrits et al., 2002). The polyclonal antibodies used
in this study however could have high concentrations of specific immunoglobulins because
they were obtained from a hyperimmune serum, it remains to be shown whether high affinity
antibodies are raised against the ligand binding domain of the transferrin receptor in a chronic
infection (Steverding, 2003). There is also the point that transcription is initiated at inactive
expression sites, resulting in 20% of expressed receptors not being transcribed from the active
expression site (Steverding, 2003). These would have different binding affinities so if the TfR

in the active ES is low affinity, there may also be high affinity receptors available.

More recently, Trevor et al. (2019) suggested that the variations of the transferrin receptor
were not in fact to allow the parasite to adapt to a wide host range and bind different
variations of transferrin with a high affinity, but instead to aid in the evasion of the host
immune response (Trevor et al., 2019). They argue that if variation is driven by a selection
pressure to facilitate ligand binding in different hosts, the most variable region should be in
the ligand binding domain that directly comes into contact with host transferrin (Trevor et al.,
2019). However, it was found that the most diverse region was the residues that came into
contact with the immune system, with 68% of all polymorphisms occurring here. This
therefore suggests that antigenic variation is the driving force of the diversification of the
transferrin receptor. Despite this, of 16 identified residues do come directly into contact with
transferrin, 5 of them (31%) are among the most polymorphic, indicating that the region that
directly contacts transferrin is variable, to account for the variable binding affinity of the

different host transferrins.

A key argument against the immune evasion theory is the existence of the resistance
expression site (R-ES) present in T. b. rhodesiense cells. T. b. rhodesiense is a human infective
subspecies of T. brucei that has evolved a mechanism that allows the parasite to survive in
normal human serum (NHS) despite the presence of trypanolytic factor (TLF) (Zoll et al,
2018). TLF1 and TLF2 contain two common components, haptoglobin-related protein (Hpr)
and apolipoprotein L1 (ApolL1). Hpr is associated with high density lipoproteins which bind to
haemoglobin that is taken up by the parasite via TbHpHbR also taking up Apol1 (Pays et al.,
2006). Apoll is a pore forming component that is trafficked to the endosome where

acidification results in Apol1 inserting into the lysosomal membrane causing lysosomal
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swelling and cell death (Zoll et al., 2018). When studying T. b. rhodesiense, Xong et al. (1998)
identified a strain of cells expressing the same VSG (ETat 1.10) that were resistant to normal
human serum. Differential cDNA screening between resistant and sensitive strains identified
a transcript present in only resistant cells, termed serum resistance-associated (SRA) which
was found to encode a VSG-like protein encoded in an expression site (Xong et al., 1998). Cells
expressing SRA are able to survive in the human host as SRA binds to ApolL1 preventing the
membrane-targeting domain from inserting into the lysosomal membrane (Pays et al., 2006).
Despite the requirement for ETat 1.10 for resistance to human serum, the VSG expressed was
not important suggesting that SRA was only present in certain BESs and switching to this site
would confer resistance to human serum, as long as antigenic variation was performed by
gene conversion where VSG was replaced by a different VSG from the same expression site
(Xong et al., 1998). SRA was found to be to only be present in a single BES, termed the
resistance expression site (R-ES), despite the 20 expression sites identified in T. brucei. ETat
1.10is only activated when cells are exposed to NHS, in the absence of this selection pressure,
the cells switch away from the R-ES as it lacks other essential ESAGs that are required for
survival. Therefore, expression of SRA is essential for parasite survival in human serum but is
also detrimental and when the selection pressure is removed the cells switch active

expression site.

This is important in the argument against the hypothesis that expression site switching is
driven by the transferrin receptor evasion of the host immune response as it shows that in
this case expression site switching is driven by changes to host serum, not by changes in
transferrin binding affinity, but it shows that the cells are able to respond to changes in host
serum and components of that serum. This is also supported as when the T. b. rhodesiense
parasites are no longer infecting a human host they switch away from the R-ES as it lacks
important ESAGs showing that switching can be driven by the absence of certain ESAGs or the
presence of detrimental ESAGs and if the TfR cannot obtain enough iron, this may be
detrimental enough to the parasite to induce expression site switching. In the human host
the cells are also able to survive with a single expressed transferrin receptor without being
cleared by anti-receptor antibodies, suggesting that immune evasion is not essential for the

variation of the receptor.
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Trevor et al. (2019) also suggest that the receptors have not evolved to bind transferrin with
a high affinity from a certain mammalian host but have actually reduced affinity for all host
transferrins by evolutionary drift in the absence of the selection pressure to bind transferrin
tightly (Trevor et al., 2019). To support this theory an experiment was set up where cells
expressing the TfR transcribed from BES1 were grown in media supplemented with four
different host sera (horse, cow, rabbit and pig). Transferrin from these host animals has
previously been shown to bind to the TfR in BES1 with varying affinities highest being
obtained from foetal calf serum and the lowest being obtained from horse and pig serum.
After 72 hours of growth, all cell lines survived in the different media and with sequencing
analysis, showed that the predominant receptor in each of the cultures was still expressed
from BES1, and other receptors were detected at low levels, showing the experiment was
conducted for long enough to induce expression site switching. The results from this show
that despite other transferrin receptors binding transferrin from some of the hosts with a
higher affinity, they were no more likely to be expressed suggesting that there was not a
selection pressure of transferrin affinity acting on the cells to induce expression site switch
(Trevor et al., 2019). Due to the low level of background switching, it is, however, likely that
the detected TfRs were present at the start of the experiment also but have not become

dominant as the parasite is stable expressing VSG221 (Liu et al., 2018).

The way this experiment was conducted however raises some questions, as it is known that
BES1 expresses VSG221, and it has been shown that switching away from this VSG to a
different expression site can be detrimental to the cells (Liu et al., 2018). Therefore, unless
the cells were not receiving sufficient iron, switching away from the expressed transferrin
receptor would be detrimental in terms of immune evasion. The experiment also does not
actually measure whether the cells are experiencing iron starvation, as the expression of the
TbTER was not analysed, therefore, it is not clear whether the cells were receiving sufficient
iron from the expressed receptor which would not be inducible of expression site switching
as the cells would not be under stress. It is also notable that dog serum was not used in this
experiment alongside the other animal sera, as the BES1 TfR has been shown to have a very
low affinity for canine transferrin and is used extensively in research as the serum of choice
to induce iron starvation conditions and study the regulation of the transferrin receptor. If

canine serum had been used the results may have been different with more switching
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observed. Overall the results from this experiment suggest that expression of low affinity
receptors does not induce expression site switching, however, the lack of dog serum and not

measuring the expression of these receptors give an unreliable argument.

The mechanism by which antigenic variation occurs during an early infection supports the
evidence that the presence of a low affinity receptor induces switching of expression sites,
over protecting the receptor from the immune response. In early infection, the parasite is
more likely to switch expression sites to change the expressed VSG and therefore also the
expressed TfR (Vanhamme et al., 2000). This is advantageous to the parasite in terms of
scavenging for host transferrin as the parasite can switch expression sites until a suitable TfR
variant has been expressed, as at this stage the parasite can continue to express the same
transferrin receptor but remain protected from the host immune response by recombination
of VSG from the repertoire of genes and pseudogenes. Evidence for this is shown by growing
cultures of T. brucei expressing different variants of the TbTfR in media supplemented with
different host transferrins. The parasites switched expression sites to take up transferrin with

a greater efficiency in each of the separate cultures (Bitter et al., 1998).

Overall it is likely that both of these hypotheses play a role in the variation of the transferrin
receptor across the various BESs. In the original Bitter et al. (1998) paper they begin by stating
that they thought the hypervariable region of the transferrin receptor has been selected for
variability, possible as an immunodominant epitope of the receptor. But the initial
experimental results led them onto the hypothesis that the variability may actually enable
high affinity binding of multiple host transferrins (Bitter et al., 1998). There is also the
reasoning that expression site switching may not occur due to transferrin binding or immune
evasion of the ThTfR, but instead there is selection of a pre-existing sub-population expressing
VSG and the TfR from a different BES, as background switching occurs simultaneously in all
cultures. There is clearly variation in the binding affinity of the transferrin receptor to various
host transferrins, yet the parasite is still able to survive in the wide host range showing that
the parasite is able to obtain sufficient iron from each host. This may be through switching to
a BESs with a more suitable TfR or may just be through the upregulation of the receptor when
the parasite is not taking up enough iron. The theory that receptor variation has actually

evolved to aid in the avoidance of the host immune response has not yet become a widely
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accepted theory. As previously discussed, the N-glycosylation of the TfR is thought to shield
the receptor from antibodies preventing them from binding to the receptor, but also if the
transferrin receptor binds transferrin with a high affinity, bound transferrin blocks the
antibodies also protecting the parasite from the immune system favouring higher affinity
receptors for optimum transferrin uptake and immune evasion (Steverding et al., 2000;

Gerrits et al., 2002).

Despite the argument around whether transferrin binding affinity has driven the
diversification of the variations of the TbTfR in the expression sites or not, this can be taken
advantage of experimentally to induce iron starvation conditions in the cells. When the
parasites colonise a new host, they could potentially enter an environment where the
availability of iron is limited if the transferrin receptor expressed only binds transferrin with a
low affinity (Fast et al., 1999). Upon infection an immediate upregulation of the transferrin
receptor would allow the parasite to obtain sufficient transferrin for survival and allow time
for the selection of a suitable BES with a high affinity TfR to enhance the parasites survival in

the new host environment (Fast et al., 1999).

5.3 Analysis of Results

5.3.1 Generation of the ESAG6 3'UTR and Truncations

Generation of the of the correct truncated sequences for the ESAG6 3’UTR, and their ligation
into the pRPa vector system, was quite a difficult process with a number of set-backs. The
initial PCR was successful as shown in Figure 4.2, with correct sized bands amplified and gel
purified. When it was attempted to ligate the inserts into pGEM-T easy there were a lot of
unsuccessful transformants with a higher ratio of blue colonies grown on plates. When the
white colonies were screened for the correct inserts, they mostly returned minipreps without
any vector or insert DNA which appeared as a smear on the agarose gel. This was resolved
when a new vector kit was purchased, it was likely the rapid ligation buffer had degraded due
to repeated freezing and thawing. Once the PCR inserts were ligated into pGEM-T they were

cut from the vector and ligated into the pRPa reporter system. When performing the RE
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digests and purifications, it was easier with pGEM-T which is a pre-cut vector and has A-
overhangs to prevent self-ligation. The ligations into pRPaA were more difficult as this was
not a commercially available vector. There were a lot of problems with contamination in the
laboratory due to Covid-19 safety procedures where Bunsen burners could not be used to
maintain sterile conditions as the Covid-19 PPE was flammable and caused a health and safety
hazard. Due to the contamination, many of the colonies grown on the transformed plates
contained no plasmid DNA. To increase the efficiency of the ligation and reduce the
background a number of minor alterations were made to the cloning protocol including
increasing the concentration of the inserts with a SpeedVac (Savant 1SS110), using new
aliquots of DH5a cells, increasing the ligation volume to 5 pL, and using new components of
the ligation reaction (new rapid ligation buffer and new ligase). Eventually correct plasmid
DNA was isolated for each of the inserts ligated into the pRPa-fLUC™ ! reporter system. These
were then DNA sequenced to confirm the sequences prior to transfection into the 2T1 cell

line.

When the DNA sequencing analysis was returned polymorphisms were identified in each of
the inserts. These could be traced back to the template DNA that was used in the initial PCR.
Due to the nature of the project, investigating the effect of alterations made to the 3’UTR on
the iron starvation response of the transferrin receptor, the generated sequences could not
be used for the luciferase assay as any changes to the iron starvation response of the reporter
gene could not be attributed directly to the truncations made but may have been due to the
variations in the sequences. Due to this, new template DNA was required. To attempt the
generate template DNA of the full length ESAG6 3'UTR two procedures were attempted, a
PCR with genomic DNA as template and the full length forward and reverse primers and an
RT-PCR with extracted RNA as a template and the Oligo-dT adapter primer and the full length
forward primer. When the resulting DNA was ligated into pGEM-T and sequenced, there was
also a number of polymorphisms in the sequence, but in different locations than the initial
mismatches identified. The source of the changes in the 3’UTR sequence were attributed to

transcription of transferrin receptors from silent expression sites.

The expression site associated genes and VSG are transcribed from the bloodstream

expression sites. In T. brucei there are 13 expression sites that encode ESAG6 and ESAG7 to
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form a functional heterodimeric transferrin receptor. The different expression sites encode
similar but not identical versions of the proteins that make up the receptor which alters the
binding affinity of the receptors from different expression sites for different host transferrins.
The 2T1 cell line is monomorphic so is stable expressing VSG221 from BES1 (Liu et al., 2018).
Spontaneous switching occurs in the background as shown by transcriptomics and proteomics
but switching away from VSG221 is detrimental and any cells that have switched expression
site are outgrown by the population expressing VSG221. Due to this the majority of the cells
in the 2T1 cell line are expressing VSG221 and, therefore, the transferrin receptor from BES1
(Liu et al., 2018). When the truncated cell lines were generated the 3’"UTR from BES1 was used
to design the primers to amplify the 3’UTR. Due to the similarity of the ESAG6 3’UTR across
the BESs the forward and reverse primers designed were also complimentary to the beginning
and the end of the ESAG6 3’UTR of other expression sites. When the PCR was performed, it is
possible that gDNA or RNA from cells that had switched expression sites was present in the
template DNA aliquot and therefore the sequences amplified may have been from a mixture
of BES. So, when the DNA was sequenced it was not 100% conserved with the ESAG6 3'UTR
of BES1 but may have contained sections of sequences from other ESAG6 3'UTRs in other
expression sites. The sequences were aligned to the other ESAG6 3’UTRs available from the
different expression sites, but the sequences did not match perfectly with any suggesting that
there may be a mixture of sequences or that errors may have been introduced in the PCR,

however, a high fidelity polymerase was used and the amplified sequence is short.

The polymorphisms in the sequence may not have only been introduced to the BES1 ESAG6
3’UTR sequences from DNA or RNA extracted from cells that had switched expression sites,
but also from ESAG6 transcribed from silent expression sites (Ansorge et al., 1999). The cells
have only a single active expression site through the process of monoallelic exclusion.
Transcription, however, is initiated at all expression sites simultaneously but only continues
at the active expression site due to the presence of the expression site body (Kassem et al.,
2014; Navarro and Gull, 2001). It has been shown that at inactive expression sites there is a
repressive element at the telomere which prevents transcription, and as the distance from
the telomere increases, the repression is less severe (Ansorge et al., 1999). Transcription
immediately downstream of the promoter in the silent expression sites can be detected by

RT-PCR. ESAG6 and ESAG7 are located approximately 4 and 2 kb from the promoter,
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respectively, so it had previously been assumed that a single cell only expresses a single
transferrin receptor, in the same way that a single cell only expresses a single VSG (Ansorge
etal., 1999). However, experiments have shown that ESAG6 RNA from other silent expression
sites can be detected by RT-PCR with as much as 20% heterogeneity (Ansorge et al., 1999).
Single cell RT-PCR showed that several expression site transcripts can be identified with
heterogeneity decreasing downstream of the promoter (Kassem et al., 2014). It is, therefore,
now known that a single cell can express multiple transferrin receptors from different
expression sites but at a much lower level than the active expression site (Ansorge et al.,
1999). Due to this the 2T1 cell population has BES1 as the active expression site, but can also
express a low level of different transferrin receptors from silent ESs, and this RNA could have
been used as part of the template for the RT-PCR to give some of the mismatches detected

when attempting to regenerate the ESAG6 3’"UTR template DNA.

A new ESAG6 3’'UTR template was generated eventually by designing a primer that was
complimentary to the end of the ESAG6 open reading frame, which is less conserved than the
3’UTR, so the primer was specific to BES1. With this primer it was known that the amplified
3’UTR was from the desired expression site. This PCR was performed with the same reverse
primer using gDNA as the template. The resultant PCR product was ligated into pGEM-T easy
and DNA sequencing revealed that a correct sequence for the ESAG6 3’UTR had been
obtained. This was then used to regenerate the truncations. These were then ligated directly
into the pRPa reporter system, bypassing the pGEM-T vector, which was used originally due
to the small size of the fragments, as they were easier to ligate into the commercially available
vector as an intermediate. Due to the reproducibility of direct ligations, this was not
necessary, and the truncations were successfully ligated into pRPa without the intermediate
vector and the sequences were confirmed by DNA sequencing. At this stage they could be

transfected into the 2T1 cells.

5.3.2 Generation of the ESAG7 3’UTR and Truncations

The original research that demonstrated that fusion of the ESAG6 3’UTR to the fLUC reporter
gene increased luciferase expression proportional to the transferrin receptor, only focussed

on the ESAG6 3’UTR (Benz et al., 2018). It has, however, been shown that for a functional
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transferrin receptor, ESAG6 and ESAG7 must be associated to form a heterodimer to allow
transferrin binding and facilitate iron uptake with the receptor anchored in the plasma
membrane (Salmon et al., 1997). Benz et al., identified that the ESAG6 3'UTR is 335 bp in
length. The same method was utilised to identify the length of the ESAG7 3’UTR, by a two-
step RT-PCR with primers complimentary to the end of the BES1 ESAG7 ORF to ensure the
correct 3’UTR was amplified and an Oligo-dT primer to identify sites of polyadenylation.
Sequencing of the resulting clones identified that polyadenylation occurred at sites within a
40 bp range at locations of 453 bp, 477 bp and 492 bp downstream of the stop codon, which
was expected based on the polyadenylation of the ESAG6 3'UTR (Benz et al., 2018). The
furthest polyadenylation site was located 492 bp downstream of the stop codon, so this was
taken as the length of the ESAG7 3’UTR. It was expected that the length of the ESAG7 3’UTR
would be longer than the ESAG6 3'UTR to account for the GPI anchor signal sequence located
at the C terminus of the ESAG6 open reading frame. When Trevor et al. (2019) identified the
crystal structure of the transferrin receptor, there were 30 residues at the C-terminal end of
ESAG6 that could not be resolved that most likely form a flexible polypeptide that links the
receptor to the GPIl anchor. Kabriri et al. (2021) confirmed that the 3’ end of ESAG6 codes for
a 105 bp (35 amino acid) C-terminal GPI anchor signal sequence. When 157 bp of the ESAG6
ORF and the 335 bp 3’UTRis aligned with the 492 bp ESAG7 3’UTR in Figure 4.6, the sequences
are 91% conserved, showing that the end of the ESAG6 ORF is closely related to the beginning
of the ESAG7 3’UTR suggesting that ESAG7 may have previously been anchored in the
membrane by a GPl anchor but due to the associations with anchored ESAGS6, this has evolved
away and is no longer required for transferrin receptor function. It has been shown that the
ESAG6 GPI anchor is essential for dimerisation and trafficking of the transferrin receptor and
when the anchor motif is added to the end of ESAG7, it behaves as ESAG6 (Biebinger et al.,
2003). Loss of the GPI anchor on ESAG6 results in impaired dimerisation with ESAG7 and is
not trafficked to the membrane but likely degraded after lysosomal targeting (Biebinger et

al., 2003).

The identification of the ESAG7 3’UTR was essential for understanding the role of 3’UTRs of
both proteins involved in transferrin uptake and how they can mediate expression of the
receptor. The similarities between the 3'UTRs of both genes across the 13 ESs, suggests that

in response to iron starvation, both genes are regulated via the same mechanism, but this

95



had not yet been experimentally demonstrated. It is likely that there is a conserved motif
between the ESAG6 and ESAG7 3'UTR that is a binding site, potentially for the same molecule
or a homologue of the same protein which is required to stabilise the mRNA to increase gene
expression and translation of the protein. This is also assumed, not just because of the
similarity of the sequences but due to the co-regulation of the receptor, where each protein

is required to form a functional dimer (Salmon et al., 1997).

5.3.3 Luciferase Assay Analysis

Iron starvation conditions were experimentally induced by taking advantage of the variable
binding affinity of the transferrin receptor. The receptor expressed from BES1, the source of
the 3’UTR sequences, has been shown to be able to bind bovine transferrin with a much
higher affinity than canine transferrin (canine transferrin has a disassociation constant > 1000
nM, whereas bovine transferrin has a K4 value of 80.1) (Mussmann et al., 2003; Trevor et al.,
2019). Due to this, switching the host serum from 10% bovine to 10% canine in the HMI11-T
media is enough to starve the cells of iron. The expression of the transferrin receptor in the
luciferase assay was not directly measured, the relative luminescence relates to the
expression of the firefly luciferase gene which is fused to the full length or truncated 3'UTRs
which then mediate the upregulation or repression of the luciferase gene when iron
starvation is induced. When cells containing the full length ESAG6 3'UTR were incubated in
media supplemented with bovine transferrin the expression of the luciferase gene was low
with an average recorded relative luminescence of 0.16 and 0.17 in Figures 4.11 and 4.13,
respectively. When the ESAG6 cells are incubated in media supplemented with 10% canine
serum, so only canine transferrin is available to the cells, the average relative luminescence
increases to 0.62 and 0.56 respectively, showing a 4.4 and 3.5 fold increase in the expression
of the luciferase gene and therefore the expression of the transferrin receptor (Figures 4.12
and 4.14). The ESAG6 control line shows how the wild type transferrin receptor responds to
changes in iron availability without recording it directly through western blots, making it

easier to measure receptor expression.

The ESAG6 control cell line therefore shows a low level of background expression of the

transferrin receptor under basal conditions, which then increases when iron availability
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decreases by a magnitude of change previously reported for the upregulation of the
transferrin receptor under iron starvation conditions (range of 2.5-5-fold increase in
expression) (Benz et al., 2018). Therefore, any of the truncated cell lines that have maintained
the ability to respond to iron starvation conditions should show a similarly low level of
luciferase expression under non-iron starvation conditions, which then increases between
2.5-5-fold when the cells are incubated in canine serum supplemented media. This was also
observed for the ESAG7 3’UTR cell line, demonstrating that the ESAG7 3’UTR is also important
for the transferrin receptor response to iron starvation conditions (Figure 4.14). There was,
however, a much lower level of relative luminescence in both non-iron starvation conditions
(0.09) and only increasing to 0.2 under iron starvation conditions (Figure 4.13). This is much
lower than the ESAG6 control but still gives a 2.8 increase in luciferase expression. This is on
the lower side of the observed range of upregulation; however, this is most likely because the
luciferase assay has not been optimised for ESAG7 as the ESAG6 reporter system had been
adapted by replacing the ESAG6 3’UTR with the ESAG7 3’UTR. The plate reader may not be
sensitive enough to measure the very low levels of luminescence, therefore, to increase
sensitivity, the assay could be repeated with a higher cell density. At a higher cell density, the
cells begin to experience iron starvation conditions in the non-iron starved control as the cells
are competing with each other for available transferrin. To avoid this the assay could be
repeated with an increased aliquot of OneGlo reagent and cells, so there is more substrate
that can be broken down by luciferase to give off a higher level of luminescence that could be

more accurately detected by the plate reader.

It was also not confirmed whether the ESAG7 cell line was still expressing the transferrin
receptor from BES1, although it was assumed, as switching away from VSG221 is detrimental
to the cells (Liu et al., 2018). This could be confirmed by RT-PCR of the ESAG6 and ESAG7
genes, if the cells had swapped expression sites away from a receptor with a low affinity for
canine transferrin, the cells would not experience iron starvation conditions as strongly. To
avoid this the assay could be repeated with media treated with deferoxamine to remove
available transferrin from the environment, creating iron starvation conditions that would be
experienced by all variations of the TbTfR. This was attempted initially, however,
deferoxamine was toxic to the cells and high levels of cell death were being recorded. Overall,

this suggests that the 3’UTR is important for the ESAG7 response to iron starvation conditions
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but does not prove that it is regulated via the same mechanism as ESAG6 or that the same

section of the 3’UTR is responsible for this upregulation of the luciferase gene.

There are also a number of truncations that also respond to iron starvation conditions in a
similar manner to the ESAG6 control cell line. These were Inserts E-G which are ESAG6
truncations and the ESAG7 truncation Insert 2. These showed an increase in luciferase
expression between 2.9-4.6-fold as shown in Figures 4.12 and 4.14. The cell lines all show a
low level of relative luminescence under basal conditions which increases when the cell lines
are starved of iron in a similar way to the ESAG6 control. Only Insert E3, however, showed a
statistically significant increase in the expression of the transferrin receptor. This is likely
because there was a lot of biological variation between the repeats of the luciferase assay
and if more repeats had been obtained, it is likely there would have been more significant
results. The assays also need to be repeated with other clones to confirm that the patterns

identified are consistent when other copies of the cell lines are screened.

From the ESAG6 and ESAG7 truncations that maintain the ability to increase the expression
of the transferrin receptor under iron starvation conditions, there was an observable pattern
in the truncations made as shown in Figure 4.7. All of these truncations have been made at
the 5’ end so that the 3’ end of the 3’UTR remained undisrupted. When visualised in Figure
4.7, they all show regions of overlap and for Insert 2, it has lost the front part of the 3’'UTR
that aligns with the ESAG6 open reading frame, making the truncation most like the ESAG6
3’UTR. These results suggested that there may be a region towards the end of the ESAG6 and
ESAG7 3’UTR that is responsible for the response of the receptor when iron is less readily
available in the environment. The conservation of the 3’UTR also strongly suggests that it may
potentially be the same motif responsible for this response in both ESAG6 and ESAG7, which
was unclear previously. When the sequences are aligned in Figure 4.15 a 26 bp sequence (5’-
ACTATTTTTCAAATTTAGTTACAACA -3’) was highlighted that is conserved across both 3’UTRs
in all 13 BESs the two genes are present in. The presence of this sequence in only the
truncations that have shown the upregulation to iron starvation conditions and absence from
those that do not respond, make it feasible that this is an important motif necessary for the
upregulation of the transferrin receptor under iron starvation conditions. This is yet to be

experimentally proven.
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Itis also likely that the response of the receptor to iron starvation is more complicated. Insert
C1in Figure 4.11, shows a high relative luminescence under both non-iron starved (0.4) and
iron starved conditions (0.38). Due to the high level of background luminescence, it suggests
that the 3’UTR has potentially lost a repressive element that is responsible for the low level
of background expression of the transferrin receptor. This may also be present at the 3’ end
of the 3’UTR. This however is not shown in Insert D1 which has a recorded relative
luminescence of 0.17 under non-iron starved condition which decreases to 0.13 when the
cells are in canine media indicating a loss of upregulation. Insert D is a shorter 3’ truncation
(137 bp) compared to Insert C1 (264 bp) so it would be presumed that Insert D1 would also
have lost this repressive element as the 3’ truncation is larger. As this is not the case, it is
unclear whether there is a repressive element involved in regulating the transferrin receptor

and more repeats are needed for Insert C with different clones.

5.4 Limitations

The biggest limitation of the study is the lack of statistically significant data caused by the
biological variation between the repeats of the luciferase assays. It was expected that there
would be some variation as the assay can be affected by a number of factors that can
influence the relative luminescence, these include cell density, temperature of the OneGlo
reagent and the batch to batch variability of canine media. To try and remove variation
wherever possible, these factors were taken into consideration. The luciferase assay results
were normalised to 1 x 108 cells at the time of the luciferase assay. Most cells had grown to
around this cell density in the 5-hour incubation so removed variation in the results as more
cells would have a higher level of background luciferase expression. To remove the
temperature variation, the OneGlo was defrosted and warmed to room temperature before
the assays were carried out. All iron starvation conditions were induced with the same batch
of canine media, so had the same concentration of canine transferrin available to the cells.
Despite this, there was still a considerable amount of biological variation in the assay,
resulting in few significant results. It would not be possible to remove all biological variation

from the cells, so more repeats are needed for significance.
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Despite the same batch of canine media being used throughout, different aliquots were used
with different batches of HMI11-T which may have also introduced variation. The same batch
of FBS was also used throughout the luciferase assays, however the components of FBS are
less variable as it is more readily available. It was observed that with the batch of canine
serum used, the ALD control cells were able to grow at a quicker rate than the ALD cells in
FBS, it is unclear why this is the case and as the assay was normalised by cell count, this

variation needs to be investigated.

Technical variation may have also been introduced into the luciferase assay, particularly at
the time of the assay. When the cells were incubated for 5 hours in 24 well plates, the cells
congregate around the edges, so some areas of the well are denser than others. To ensure
that an equal number of cells are aliquoted, and the luminescence recorded, the wells are
mixed by pipetting up and down before the assay and before taking a cell count. This reduces
the likelihood that too few or too many cells will be assayed and counted, however, it does

not completely prevent it.

To confirm the results reported in this study, the luciferase assays should be repeated at least
once more to obtain significant results. The luciferase assays should also be repeated with
other clones of the generated cell lines to confirm the patterns identified in Figures 4.12 and
4.14. Unfortunately, due to time constraints of the project and issues with cell growth and

contamination this was not possible but will be repeated in the future.

5.5 Post-Transcriptional Regulation in Trypanosomes

Benz et al. (2018) first demonstrated that the ESAG6 3’'UTR mediates the regulation of the
TbTER in response to iron starvation, with an increase in mRNA and protein levels consistent
with levels previously reported. It was suggested that this increase was driven by an increase
in mRNA stability and/or increased translation efficiency, likely mediated by an RBP that could
recognise either structural elements or sequence motifs, but this had not yet been

demonstrated (Benz et al., 2018; Carbajo et al., 2021). Due to the co-regulation of ESAG6 and
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ESAG7 and the similarity of the 3’UTRs, it was assumed that a regulatory motif would be
conserved between the 3'UTRs. To identify a potential motif, the 3’UTRs were truncated at
sites of hypervariability and fused to the reporter system for analysis. A 26 bp putative motif
(5’- ACTATTTTTCAAATTTAGTTACAACA -3’) was identified located near the 3’ end of the 3’UTR.
This motif was conserved between the 3’UTRs of ESAG6 and 7 and between the 13 BESs. It
was also only present in truncated cell lines that maintained the iron starvation response,
suggesting that it may be required in this response. The truncations were made as it was likely

only a short section of the 3’"UTR would be required to mediate the iron starvation response.

The mammalian transferrin receptor is also able to rapidly increase expression under iron
starvation conditions via a mechanism controlled by the 3'UTR. Mammalian transferrin
receptors increase expression under iron starvation conditions through interactions of iron
regulatory proteins (IRP-1 and IRP-2) and iron responsive elements (IREs) (Rupani et al., 2016).
The regulation of the mammalian transferrin receptor has been shown to be distinct to that
of the TbTfR as knockout of the IRP-1 homologue (aconitase) has no effect on TbTfR regulation
(Fast et al., 1999). Despite this, there are some potential similarities between the regulation
of the receptors. Both have been shown to be mediated by the 3’UTR with five IREs identified
in the mammalian transferrin receptor mRNA 3’UTR (Rupani et al., 2016). It has been shown
that IRP binding to these regions impacts mRNA stability which is essential for the
upregulation of the receptor when iron is less readily available. This has been hypothesised
for the ThTfR where something potentially binds to the 3’UTR to stabilise the mRNA and
increase translation. The important region identified in the mammalian 3’UTR is 345
nucleotides containing three of the five identified IRE, so the entire 3’UTR is not essential for
mammalian transferrin receptor regulation as was also shown for T. brucei transferrin

receptor regulation.

Post-transcriptional control of gene expression is an essential process to all eukaryotes and
RBPs play a critical role in this (Erben et al., 2014). RBPs interact with cytosolic mRNA,
normally, but not always, with the 3’UTR to stabilise mRNA and/or increase the translational
efficiency. In trypanosomes RBP are implicated in a range of different cellular processes
including differentiation, development, the cell cycle, rRNA processing and the heat shock

response (Lueong et al., 2016). RNA binding proteins are therefore key factors in gene
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expression regulation, and it has been predicted that over 100 RBPs exist in trypanosomes
based on canonical RNA-binding domains (Erben et al., 2014). Of the predicted proteins, only
a few have been characterised and many of those control mMRNA abundance by increasing the
stability of the transcript. Due to this it is highly likely that the dynamic regulation of the ThTfR,
known to be mediated by the 3'UTR, is upregulated by RBP which either stabilise the mRNA
or by causing an increase in translation, as is the function of most of the characterised RBP in

T. brucei.

There have also been some RNA binding domains identified in the 3’'UTR of trypanosome
genes present in the expression site. The 3’UTR of VSG has been shown to be essential for
expression of VSG across the surface of the cell. A 16-nucleotide sequence has been identified
in the VSG 3’UTR that is essential for stabilising the VSG transcript (Ridewood et al., 2017).
There is approximately 700-fold more VSG mRNA present in BSF cells than ESAG1 mRNA,
despite the genes being transcribed on the same polycistronic unit (Cully et al.,1985). VSG
transcripts have been shown to have a much longer half-life, allowing increased translation,
and this increased half-life has been linked to the 16-mer region in the 3'UTR, as when this is
disrupted there is a dramatic reduction in VSG transcript stability (Ridewood et al., 2017). It
was predicted that binding to this 16 bp sequence could directly protect the mRNA transcript
from degradation by blocking association with nucleases (Ridewood et al.,, 2017). There is
much less ESAG6 and ESAG7 mRNA present in BSF cells compared to VSG mRNA, as the
receptor is less abundant on the cell surface. However, when the receptor is upregulated
under iron starvation conditions, there is an increase in the concentration of receptor mRNA,
without an increase in VSG mRNA which is already high. This increase is not due to increased
transcription but may be due to an increased half-life of the ESAG6 and ESAG7 mRNA if
something bound to the 3'UTR to protect the transcripts from degradation. It is yet unknown
what if anything binds to either of these 3’UTRs but it could be hypothesised that they are

regulated via a similar mechanism due to their localisation to the expression sites.

RNA binding domains have also been discovered in expression site associated genes. ESAG9
genes are mostly located within polycistronic transcription units positioned at internal
chromosomal and sub-telomeric regions (Monk et al., 2013). The exact function of the protein

is unknown but ESAGY is secreted by BSF cells and is developmentally expressed upon
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transition towards stumpy cells (Rico et al., 2017). The upregulation of ESAGY transcripts is
one of the earliest events during stumpy differentiation and ESAG9 mRNA is one of the
highest expressed during the differentiation (Monk et al., 2013). Analysis of the ESAG9 3’UTR
identified a highly defined regulatory region responsible for mediating the developmental
expression of ESAG9 (Monk et al., 2013). The identified motif was only 34 nucleotides long
and exhibits both positive and negative regulatory potential depending on the life cycle stage
of the parasite (Monk et al., 2013). Like ESAG6 and ESAG7, the regulatory element is shown
to affect both mRNA and protein levels, but deletion and insertion experiments only had very
limited effects (Monk et al., 2013). A model of regulation was suggested where the motif is
bound by a negative regulator in slender forms which is replaced by a positive regulator in
stumpy forms (Monk et al., 2013). It is unlikely that the putative motif identified in the ESAG6
and ESAG7 3'UTRs functions in this manner as it would be expected that a negative regulator
bound under non-iron starved condition and a positive regulator bound under iron starvation
conditions. There would, therefore, be an increase in transferrin expression under non-iron
starvation condition if the repressive regulatory motif was lost and no increase under iron
starvation condition if the upregulatory motif was lost, however this was not the case. It is

likely that the 26 bp putative motif identified in this study is only responsible for upregulation.

It has been predicted that the TbTfR 3’UTR has extensive structure suggesting that it may
interact with multiple RNA binding proteins. When the truncations were made, this secondary
structure was not taken into consideration, so it was unclear whether any of the truncations
would respond to iron starvation at all. Further research investigating the upregulation of
ESAG9I to induce stumpy formation identified a negative regulator termed REG9.1 (Rico et al.,
2017). It was shown that depletion of REG9.1 promotes differentiation into stumpy cells,
whereas upregulation promotes differentiation into procyclic cells, illustrating the
importance of REG9.1 in transitioning through the parasite lifecycle (Rico et al., 2019). REG
9.1 regulation of NeoR linked to the ESAG9 3'UTR was not lost upon deletion of the identified
34 nucleotide domain previously identified, demonstrating that regulation of ESAG9 after
REG9.1 has been depleted does not operate via this single motif alone (Rico et al., 2017).
Therefore the 3'UTR sequences that are involved in the regulation of ESAG9 when REG9.1 is
depleted are expected to be dispersed throughout the 3’"UTR and function via a multifactorial

mechanism (Rico et al., 2017). This evidence makes it possible that there could be multiple
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regions of the ESAG6 and ESAG7 3’UTR that may be required for transferrin receptor
regulation, and these may not be located in linear motifs, more truncations would need to be
designed to further test this and identify other potential binding motifs and study the

secondary structure.

To conclude, most sequences responsible for responding to environmental changes are
present in the 3'UTR of genes, with the average length of a T. brucei 3'UTR being about 400
bp which is long enough to bind at least 14 different regulatory proteins (Clayton, 2019). The
iron starvation response was shown to be mediated by the ESAG6 and ESAG7 3'UTR and a 26
bp putative motif was identified that may be required for upregulation of the transferrin
receptor under iron starvation conditions. There have been 100s of RBP identified in T. brucei
but few of these have been characterised. Of those that have, their function is to stabilise
MRNA or increase the translational efficiency, and it is likely that one of these mechanisms is
how the parasite increases expression of the transferrin receptor when iron is scarce. RNA
binding domains have been identified in genes present in the bloodstream expression site
and other ESAGs as discussed above, with a 16 bp and 34 bp motif identified in the VSG 3’'UTR
and ESAG9 3’UTR respectively. Both of which have been implicated in the upregulation of

gene expression by an RBP binding to the identified domain to stabilise the mRNA transcript.

5.6 Recommendations for Future Research

5.6.1 Further Analysis of the Putative Motif

Now that a potential motif has been identified that could be necessary for the upregulation
of the transferrin receptor under iron starvation conditions, it needs to be confirmed. As
explained above, the motif is conserved across the ESAG6 and ESAG7 3’'UTRS in the different
expression sites and it has been shown that all variations of the transferrin receptor from the
different expression sites are able to respond to iron starvation conditions, so a conserved
region involved in the regulation was expected. From the results, this motif is present in the

cell lines with 5’ truncations of the 3’UTR and is only present in the cell lines that maintain
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the ability to upregulate the expression of the luciferase gene when incubated in canine

serum.

To confirm that this motif is required for the upregulation of the transferrin receptor under
iron starvation conditions, the firefly luciferase reporter system can still be used. Firstly, the
motif (5'-ACTATTTTTCAAATTTAGTTACAACA-3’) could be disrupted by site directed
mutagenesis, whilst the rest of the 3’UTR remains intact. The mutated 3’UTR would then be
ligated into the pRPaA-fLUC™ ! reporter system and transfected into 2T1 cells and the
luciferase assay would be repeated. To confirm that this motif is important, when disrupted
it would be expected that the cells would lose the ability to respond to iron starvation
conditions. Therefore, in the mutated cell line, it would be expected that there would be a
low background of luciferase expression under basal conditions. When the cells are incubated
with media supplemented with canine serum, it would be expected that there would be a
similarly low level of relative luminescence recorded as the cells should have lost the ability
to respond to iron starvation conditions. If the relative luminescence increases in canine
media, it is likely that the identified motif is not essential to the iron starvation response or

there may be other regions of the 3’UTR that could also be important.

To further confirm that the motif (5’-ACTATTTTTCAAATTTAGTTACAACA-3’) in the ESAG6 and
ESAG7 3'UTRs mediates the upregulation of the transferrin receptor under iron starvation
conditions, the 26 bp sequence could be taken and fused to the aldolase 3'UTR. Aldolase is
not an iron regulated gene so does not respond to changes in the availability of iron but has
a stable 3’UTR so has a high level or relative luminescence recorded when fused to the fLUC
gene as shown in Figure 4.11 and Figure 4.13. The 26 bp sequence could be added to the ALD
3’UTR to see if the additional motif alters the response of the aldolase cell line to iron
starvation conditions. As the ALD relative luminescence is high under basal and iron starved
conditions, the addition of the 26 bp motif to the ALD 3’'UTR may cause the repression of ALD,
down to the lower level of luciferase expression observed for the ESAG6 control cell line under
non-iron starved conditions, which would then increase when the cells are starved of iron.
However, due to the high stability of the ALD 3’UTR, luciferase expression may remain high
under non-iron starved conditions and increase by a similar magnitude as ESAG6 when iron-

starved. This may not be a clear fold-change, however, due to the already high expression of
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the luciferase gene. For this reason the ALD control cell line may not be the most suitable
3’UTR for fusion of the putative 26 bp motif, due to the high level of background, as there
may be other regions of the ESAG6 and ESAG7 3’UTRs that bind repressive elements that
result in the low background observed for the ESAG6 control cell line. The 26 bp motif could
be fused directly to the fLUC reporter gene to identify how the cells respond to iron starvation
conditions with the addition of the 26 bp motif alone, aiding in the understanding of how the

motif may mediate the iron starvation response.

5.6.2 Characterisation of the Iron Starvation Response of the Non-Expression Site Copy of

ESAG6

In the T. brucei genome, there are several ESAG families that are located outside of the
expression site despite their usual co-localisation with VSG on the polycistronic units
transcribed by RNA polymerase | (Monk et al., 2013). These non-expression site localised
genes include ESAG6 and they are often referred to as GRESAGs (gene related to ESAGSs),
however, the non-expression site ESAG6 will be distinguished as gESAG6. The non-expression
site localised ESAGs are transcribed as normal eukaryotic genes by RNA polymerase Il which
generates mRNA for all T. brucei protein coding genes that are not encoded in the expression
sites (Monk et al., 2013). It has been shown that these non-expression site related ESAGs can
be functional, despite their positioning. Due to this, it would be interesting to confirm if the
internal ESAG6 and ESAGY7 genes are able to produce a receptor that is able to respond to
iron starvation conditions. The internal ESAG6 sequence is available from T. brucei Lister 927
on TriTrypDB [Th927.9.15680]. It was assumed that 3'UTR would be 335 bp, the same as the
expression site ESAG6, however the sequences did not align well. This may be because the
sequence came from a different T. brucei strain, or because the genes and 3’UTRs had
diverged. Primers were designed to amplify a 356 bp sequence of the internal ESAG6 3'UTR
shown in Figure 5.2, which was ligated into the pRPaA-fLUC™ reporter system and
transfected into the 2T1 cell line. The sequence was generated with Lister 427 cells, so when
the sequence in pRPa was sequenced, there were 4 polymorphisms identified (located in the
same position) when aligned with the Lister 927 internal ESAG6 3'UTR, most likely differences
between the strains. Unfortunately, the resulting clones became contaminated and were

disposed of and there was not enough time to re-transfect. It therefore remains unknown
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whether the internal ESAG6 3’UTR is able to respond to iron starvation. It is however, highly
unlikely that the internal ESAG6 would have maintained this response as there is very little
conservation between the expression site ESAG6 3'UTR and the internal ESAG6 3’UTR and the
putative motif identified above is not present in the internal ESAG6 3’UTR. It is also not clear
if the non-expression site ESAG6 copy is able to transcribe a functional protein that would be

able to bind transferrin or respond to iron levels.

100 bp
DNA  g-ESAG6 g-ESAG6
Ladder 3UTR  3UTR

1 2 3

Figure 5.2: Agarose gel of the internal copy of the ESAG6 3’UTR. A band around 350 bp has
been successfully amplified from Lister 427 BSF 2T1 T. brucei genomic DNA using primers
designed to amplify a 356 bp sequence of the non-telomeric ESAG6 3’UTR using the GoTaq

polymerase system (Promega) with an annealing temperature of 60°C.

5.7 Conclusion

Overall, truncation of the ESAG6 and ESAG7 3’UTR does not result in complete loss of the iron
starvation response. The truncations showed that the 3’ end of the 3’UTR is most important
for the upregulation of the transferrin receptor under iron starvation conditions, as when lost
the expression of the luciferase reporter gene is similar to that under basal conditions. From
the 3’ end of the 3’"UTR a 26 bp motif was identified through sequence alignments of ESAG6
and ESAG7 3’UTRs from the 13 BESs. The 26 bp motif is conserved between the two 3’UTRs
and between the different expression sites. Most importantly, the motif is only present in the

truncations that maintained the ability to upregulate the expression of the luciferase gene

107



and therefore the transferrin receptor by a magnitude previously observed. RNA binding
domains have been identified in the 3’"UTR of a number of T. brucei genes that are responsible
for upregulating expression of the gene in relation to changes in the environment. Most likely
through RBP binding to the domain to stabilise the mRNA and/or increase translation
efficiency, it is likely that this is how the transferrin receptor is upregulated. Of the domains
identified, there is one present in the VSG 3’UTR and the ESAG9 3'UTR showing that genes in
the expression site are regulated via RBPs. To confirm that this putative motif is an RNA
binding domain, further experiments are required such as site directed mutagenesis or fusion
of the motif to a different 3’UTR. It is also likely that this is not the only domain required for
the TbTfR upregulation response. To confirm the identified patterns and improve significance

the luciferase assays should be repeated with the current clones and others.

If the putative domain is recognised as essential for transferrin receptor upregulation and
therefore parasite survival, it could be used to aid drug discovery. To make a successful drug
that could be used to treat human African trypanosomiasis, it must be affordable. Drugs could
target the 3'UTR by developing a peptide-mimetic that would directly mimic the motif to
disrupt signalling, however, this would be too expensive to treat a neglected tropical disease.
It would therefore be much more feasible to target components of the signalling pathway,
but the components must first be identified. The domain would initially be used as a selection
marker through the fusion of puromycin to the 3’UTR. This could then be used to identify
components of the signalling pathway whereby the amount of drug resistance would be
dependent on the iron starvation pathway via a genome wide RNAi screen (Baker et al., 2011).
This data could then be combined with existing genome-wide libraries to identify components
of the signalling pathway. First, however, it must be shown that there is enough variation
between high- and low-level expression to enable selection, if the motif is confirmed as

essential.

Word Count: Approximately 34,000 words.
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TTAATGGAGGGTTGTGA-AAG-ATTGGGGGAACAAAAACCTATTTCTTTTATTTGGGGGAACA
ATAATGGAGGGTTGGGA-AAG-ATTGGGGGAACAAATACCTATTTCTTTTATTTGTGGGAACA
ATAATGGAGGGTTGGGA-AAAAATCGGGGAAACAAATACCTATTTCTTTTATTTGGGGGAACA
GTAATGGAGGGTCGGGA-AAG-ATTGGGGGAACAAAAACCTATTTCTTTTATTTGTGGGAACA
GTAATGGAGGGTTGGGA-AAG-ATTGGGGGAACAAAAACCTATTTCTTTTATTTGGGGGAACA
GTAATGGAGGGTTGGGA-AAG-ATTGGGGGAACAAAAACCTATTTCTTTTATTTGGGGGAACA
GTAATGGAGGGTTGGGA-AAG-ATTGGGGGAACAAAAACCTATTTCTTTTATTTGGGGGAACA
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GTAATGGAGGGTTGTGA-AAG-ATTGGGGGAAGAGATACCTATTTTTTTTACTTGGGGGAACA
GTAATGGAGGGTTGTGA-AAG-ATTGGGGGAACAAAAACCTATTTCTTTTATTTGGGGGAACA
GTAATGGAGGGTTGGGA-AAG-ATTGGGGAAACAGATACCTATTTTTTT-ATTTGGGGGAACA
GTAATGGAGGGTTGGGAAAAA-ATCGGTGAAACAAATACCTATTTCTTTTATTTGGGGGAACA
ATAATGGAGGGTTGGGA-AAAAATCGGGGAAACAAATACCTATTTCTTTTATTTGGGGGAACA
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AATGGGCAAAAGTAACGTAAGTTTCCAGTGGGAGTGGTATGTGTGTGT--GTATGGGGCTGGC
AATGGGCAAAAGTAACGTAAGTTTCCAGTGGGAGTGGTATGTGTGTGT--GTATGGGGCTGGC
AATGGGAAATGGTAACGTAAGTTTCCAGCGGGAGTGG--T--ATGTGTGTGTATGGGGCTGGC
AATGGGCAAAAGTAACGTAAGTTTCCAGTGGGAGTGGTATGTGTGTGT--GTATGGGGCTGGC
AATGGGCAAAAGTAACGTAAGTTTCCAGTGGGAGTGGTATGTGTGTGTGT--ATGGGGCTGGC
AATGGGCAGAAGTAACGTAAGTTTCTAGCGGGAGTGG----TGTGTGTG--CATGGGACGGGT
AATGGGCAAAAGTAACGTAAGTTTCCAGCGGTAGTGG----TGTGTGTG--TATGGGGCTGGC
AATGGGAAATGGTAACGTAAGTTTCTAGCGGGAGTGG--T--ATGTGTGTGTATGGGGCTGGC
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AATGGGCAAAAGTAACGTGAGTTTCCAGCGGGAGTGG--TGTGTGTGT--GCATGGGGCTGAC
AATGGGCAAAAGTAACGTAAGTTTCCAGTGGGAGTGGTATGTGTGTGT --GTATGGGGCTGGC
AATGGGCAAAAGTAACGTAAGTTTCCAGCGGGAGTGG----TGTGTGTGTGCATGGGACGGGT
AATGGGAAATGGTAACGTAAGTTTCCAGCGGGAGTGG--T--ATGTGTGTGTATGGGGCTGGC
AATGGGCAAAAGTAACGTAAGTTTCCAGTGGGAGTGGTATGTGTGTGT--GTATGGGGCTGGC
AATGGGCAAAAGTAACGTAAGTTTCCAGTGGGAGTGGTATGTGTGTGT--GTATGGGGCTGGC
AATGGGAAATGGTAACGTAAGTTTCCAGCGGGAGTGG--T--ATGTGTGTGTATGGGGCTGGC
AATGGGCAAAAGTAACGTAAGTTTCCAGTGGGAGTGGTATGTGTGTGT--GTATGGGGCTGGC
AATGGGCAAAAGTAACGTAAGTTTCCAGTGGGAGTGGTATGTGTGTGTGTGTATGGGGCTGGC

AATGGGCAAAAGTAACGTAAGTTTCCAGCGGGAGCGG----TGTGTGT--GCATGGGGCGGGT
AATGGGAAATGGTAACGTAAGTTTCCAGCGGGAGTGG--T--ATGTGTGTGTATGGGGCTGGC
AATGGGCAAAAGTAACGTAAGTTTCCAGCGGTAGTGG----TGTGTGTG--TATGGGGCTGGC
AATGGGAAATGGTAACGTAAGTTTCTAGCGGGAGTGG--T--ATGTGTGTGTATGGGGCTGGC
AATGGGCAAAAGTAACGTAAGTTTCCAGCGGGAGTGG----TGTGTGTG--CATGGGACGGGT
AATGGGCAAAAGTAACGTAAGTTTCCAGTGGGAGTGGTATGTGTGTGT --GTATGGGGCTGGC
AATGGGCAAAAGTAACGTAAGTTTCCAGCGGGAGTGG----TGTGTGTGTGCATGGGACGGGT

AATGGGAAATGGTAACGTAAGTTTCCAGTGGGAGTGG--T--ATGTGTGTGTATGGGGCTGGC
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TAAGGAAAGATGTGAGTTCGGCATGTGGTATGTACAAGCTACGAAAACGTGTGAAACAAAACG
TAAGGAAAGATGTGAGTTCGGCATGTGGTATGTACAAGCTACGAAAACGTGTGAAACAAAACG
TAAGGAAAGATGTAAGTTCGGCATGTGGTATGTACAAGCTATGAAAACGAGTGAAACAAAACG
TAAGGAAAGATGTGAGTTCGGCATGTGGTATGTACAAGCTACGAAAACGTGTGAAACAAAACG
TAAGGAAAGATGTGAGTTCGGCATGTGGTATGTACAAGCTACGAAAACGTGTGAAATAAAACG
TAAGGAAAGATGTATGTTCGGCATGTGGTATGTACAAGCTACGAAAACGTTTGAAACAAAACG
TAAGGAAAGATGTAAGTTCGGCATGTGGTATATACAAGCTACGAAAACGTGTGAAACAAAACG
TAAGGAAAGATGTAAGTTCGGCATGTGGTATGTACAAGCTACGAAAACGTGTGAAACAAAACG
TAAGGAAAGATGTAAGTTCGGAATGTGGTATGTACAAGCTACGAAAACGTGTGAAACAAAACG
TAAGGAAAGATGTAAGTTCGGAATGTGGTATGTACAAGCTACGAAAACGTTTGAAACAAAACG
TAAGGAAAGATGTAAGTTCGGCATGTGGTATGTACAAGCTACGAAAACGTTTGAAACAAAACG
TAAGGAAAGATGTAAGTTCGGCATGTGGTATGTACAAGCTATGAAAACGAGTGAAACAAAACG
TAAGGAAAGATGTGAGTTCGGCATGTGGTATGTACAAGCTACGAAAACGTGTGAAACAAAACG
TAAGGAAAGATGTGAGTTCGGCATGTGGTATGTACAAGCTACGAAAACGTGTGAAACAAAACG
TAAGGAAAGATGTAAGTTCGGCATGTGGTATGTACAAGCTATGAAAACGAGTGAAACAAAACG
TAAGGAAAGATGTGAGTTCGGCATGTGGTATGTACAAGCTACGAAAACGTGTGAAACAAAACG
TAAGGAAAGATGTGAGTTCGGCATGTGGTATGTACAAGCTACGAAAACGTGTGAAATAAAACG
TAAGGAAAGATGTAAGTTCGGTATGTAGTATGTAGAAACTACAAAAACGAGTGAAACAAAACG
TAAGGAAAGATGTAAGTTCGGCATGTGGTATGTACAAGCTATGAAAACGAGTGAAACAAAACG
TAAGGAAAGATGTAAGTTCGGCATGTGGTATATACAAGCTACGAAAACGTGTGAAACAAAACG
TAAGGAAAGATGTAAGTTCGGCATGTGGTATGTACAAGCTACGAAAACGTGTGAAACAAAACG
TAAGGAAAGATGTATGTTCGGCATGTGGTATGTACAAGCTACGAAAACGTGTGAAACAAAACG
TAAGGAAAGATGTAAGTTCGGAATGTGGTATGTACAAGCTACGAAAACGTTTGAAACAAAACG
TAAGGAAAGATGTAAGTTCGGCATGTGGTATGTACAAGCTACGAAAACGTTTGAAACAAAACG
TAAGGAAAGATGTAAGTTCGGCATGTGGTATGTACAAGCTATGAAAACGAGTGAAACAAAACG
kKhkAkkkhkkhkkhkkkhk*k kkhkkkkhkk Kkhkkkk Kkhkkk kk kK kK%

* Kk Kk kK Kk kkkkk Kkkhkkk Kk Kk

AGATGTAAGGGGAAAATGTAACAACCAACTATGTTAAAT-TTCAG--GAGACTATTTTTCAAA
AGATGTAAGGGGAAAATGTAACAACCAACTATGTTAAAT-TTCAG--GAGACTATTTTTCAAA
AGTTATAAGGGGGAAATGTAACAACCAACTTTGCTAAATTTTCAG--GATACTATTTTTCAAA
AGATGTAAGGGGAAAATGTAACAACCAACTATGTTAAAT-TTCAG--GAGACTATTTTTCAAA
AGATGTAAGGGGAAAATGTAACAACCAACTATGTTAAAT-TTCAG--GAGACTATTTTTCAAA
AGATGTAAGGGGAAAATGTAACAACTAACTATGTTAAAT-TTCAG--GAGACTATTTTTCAAA
AGATGTAAGGGGAAAATGTAACAACCAACTATGTTAAAT-TTCAG--GAGACTATTTTTCAAA
ATATGTAAGGGGAAAATGTAACAACCAACTATGTTAAAT-TTCAG--GAGACTATTTTTCAAA
ATATGTAAGGGGAAAATGTAACAACCAACTATGTTAAAT-TTCAA--GAGACTATTTTTCAAA
AGATGTAAGGGGAAAATGTAACAACCAACTATGTTAAAT-TTTAG--GAGACTATTTTTCAAA
AGATGTAAGGGGAAAATGTAACAACTATCTATGTTAAAT-TTCAGAAGAGACTATTTTTCAAA
AGTTATAAGGGGGAAATGTAACAACCAACTTTGCTAAATTTTCAG--GATACTATTTTTCAAA
AGATGTAAGGGGAAAATGTAACAACCAACTATGTTAAAT-TTCAG--GAGACTATTTTTCAAA
AGATGTAAGGGGAAAATGTAACAACCAACTATGTTAAAT-TTCAG--GAGACTATTTTTCAAA
AGTTATAAGGGGGAAATGTAACAACCAACTTTGCTAAATTTTCAG--GATACTATTTTTCAAA
AGATGTAAGGGGAAAATGTAACAACCAACTATGTTAAAT-TTCAG--GAGACTATTTTTCAAA
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AGATGTAAGGGGAAAATGTAACAACCAACTATGTTAAAT-TTCAG--GAGACTATTTTTCAAA
AGATGTAAGGGGAAAATGTAACAACTAACTATGTTAAAT-TTCAG--GAGACTATTTTTCAAA
AGTTATAAGGGGGAAATGTAACAACCAACTTTGCTAAATTTTCAG--GATACTATTTTTCAAA
AGATGTAAGGGGAAAATGTAACAACCAACTATGTTAAAT-TTCAG--GAGACTATTTTTCAAA
ATATGTAAGGGGAAAATGTAACAACTAACTATGTTAAAT-TTCAG--GAGACTATTTTTCAAA
ATATGTAAGGGGGAAATGTAACAACCAACTATGTTAAAT-TTTAG--GAGACTATTTTTCAAA
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TTTAGTTACAACAAAGTAAATGTCAAATAATGCCAACTATAAAG-———————————————————

TTTAGTTACAACAAAGTAAATGTCAAATAATGCCAACTATAAA-—————————————————— G
TTTAGTTACAACAAAGTAAATGTCAAATAAAGCCAACTATAAA-——————————————— A-—-
TTTAGTTACAACAAAGTAAATGTCAAATAATGCCAACTATAAA-—————————————————— G
TTTAGTTACAACAAAGTAAATGTCAAATAATGCCAACTATAAA-——————————— G-—————-

TTTAGTTACAACAAAGTAAATGTCAAATAATGCCAACTATAAAGGAAA———————————————
TTTAGTTACAACACAGTAAATGTTAAATAATGCCAACTATAAAGGA-————————————————
TTTAGTTACAACAAAGTAAATGTCAAATAATGCCAACTATAAAGGA-————————————————
TTTAGTTACAACAAAGTAAATGTCAAATAATGCCAACTATAAAGGA-————————————————

TTTAGTTACAACAAAGTAAATGTCAAATAATGCCAACTATAAA-————————————— G-—----
TTTAGTTACAACAAAGTAAATGTCAAATAATGCCAACTATAAA-————————————— G-----
TTTAGTTACAACAAAGTAAATGTCAAATAATGCCAACTATAAA-——————————————— A-—-
TTTAGTTACAACAAAGTAAATGTCAAATAATGCCAACTATAAAGGAAAACTAGACTA-———— A
TTTAGTTACAACAAAGTAAATGTCAAATAATGCCAACTATAAAGGAAAACTAGACTA----- A

TTTAGTTACAACAAAGTAAATGTCAAATAAAGCCAACTATAAAAGAAAACTAGACTA--A-—-
TTTAGTTACAACAAAGTAAATGTCAAATAATGCCAACTATAAAGGAAAACTAGACTAA-————
TTTAGTTACAACAAAGTAAATGTCAAATAATGCCAACTATAAAGGAAAACTAGACT———-—---
TTTAGTTACAACAAAGTAAATGTCAAATAATGCCAACTATAAAGGAAAACTAGACTAATTCTA
TTTAGTTACAACAAAGTAAATGTCAAATAATGCCAACTATAAAAGAAAACTAGACTA--A-—-
TTTAGTTACAACACAGTAAATGTTAAATAATGCCAACTATAAAGGAAAACCAGACTAATTCTA
TTTAGTTACAACAAAGTAAATGTCAAATAATGCCAACTATAAAGGAAAACTAGACTAATT---
TTTAGTTACAACAAAGTAAATGTCAAATAATGCCAACTATAAAGGAAAACTAGACTAATTCT -
TTTAGTTACAACAAAGTAAATGTCAAATAATGCCAACTATAAAGGAAAACTAGACTAA--———
TTTAGTTACAACAAAGTAAATGTCAAATAATGCCAACTATAAAGGAAAACTAGACTAA-——--—
TTTAGTTACAACAAAGTAAATGTCAAATAATGCCAACTATAAAAGAAAACTAAACTA--A-—-

khkrxkhkhkkhkkhkhkhkkhkhkhk hhkhkhkhkhkkhkrkx *rxkhkkhk khkkhrkkkkkxk*x

CTGTTTAA
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BES17.ESAG7-3"UTR ---——----
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Appendix 8.1: Alignment of the ESAG6 and ESAG7 3’UTR from all BESs the genes are

transcribed in. The 335 bp ESAG6 3’UTR is aligned with the 492 bp ESAG7 3'UTR show a 97%

conservation. Alignment created on TCoffee.
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