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6. Abstract

Trypanosoma brucei bloodstream forms (BFs) evade the host immune response by switching their
variant surface glycoprotein coat (VSG) by a process called antigenic variation. The genome of T.
brucei encodes for about 2,500 VSG genes. However, only one is expressed from one out of 20
telomeric expression sites (ES). VSG genes are silent in the procyclic forms (PF) of the parasite
which express another surface protein known as procyclins. The regulation of VSG expression is
multifactorial as it involves many proteins that regulate the transcription of VSGs at different
levels. This includes proteins that affect promoter recognition by RNA polymerase I, proteins
involved in chromatin remodelling and proteins that interact with the telomeres. A multiprotein
complex found at the telomeres functions in regulating the transcription of VSGs. This complex
includes proteins involved in RNA processing, nuclear lamina proteins, DNA binding proteins as
well as regulatory proteins. Two members of this multiprotein complex: phosphatidylinositol
phosphate 5-phosphatase (PIP5Pase) and repressor activator protein 1 (RAP1) have been
implicated in the regulation of VSG transcription. These proteins regulate the silencing of VSG
genes through protein-DNA interactions with the telomeric ES chromatin. These proteins have
been shown to affect the silencing of VSGs in BFs of the parasite. How is the transcription of
VSGs regulated by PIP5Pase and RAP1? Interestingly, RAP1 binds to PI(3,4,5)P3 which is a
substrate of PIP5Pase. This interaction influences the binding of RAP1 to the ES chromatin which
in turn affects the silencing of VSGs in BFs. Knockdown of PIP5Pase was lethal in PFs and led to
the expression of silent VSGs from the ESs. Immunofluorescence analysis showed that PIP5SPase
localised in the nucleus of PFs similar to what was seen in BFs. Recombinant RAP1 as well as its
truncations were purified. They were used in binding assays and it was found that the N - terminal
BRCT domain of RAP1 binds to PI(3,4,5)P3 while the central Myb and the C — terminal Mybl did
not. Additionally, the binding of the BRCT domain to PI(3,4,5)P3 was competed out by molar
excess of unlabelled PI(3,4,5)P3 and not P1(4,5)P2. The recombinant proteins were also used in
gel shift assays and microscale thermophoresis (MST) with synthetic ES chromatin DNA
sequences and it was determined that RAP1 bound directly to the ES chromatin DNA sequences
in vitro. MST revealed that RAP1 binds with different Kgs to the telomeric repeats and the 70 bp
repeats. Gel shift assays with the Myb and Mybl domains showed that they bound to the ES
chromatin DNA while the BRCT domain did not. Interestingly, the presence of PI(3,4,5)P3



affected the binding of RAP1 to these sequences in these assays. The data shows that the binding
of RAP1 to the ES chromatin DNA is affected by P1(3,4,5)P3 which is a substrate of PIP5Pase.
These data suggest that the regulation of VVSG gene transcription occurs by the regulation of RAP1
at the telomeres by PIP5Pase. In the presence of PIP5Pase, P1(3,4,5)P3 is dephosphorylated and
this prevents the interaction of the metabolite with RAP1. As a consequence RAP1 binds to the
ES chromatin leading to the silencing of the associated VSG gene. Upon the depletion of PIP5Pase,
RAP1 is able to bind to PI(3,4,5)P3 and does not bind the ES chromatin, allowing the transcription
of the VSG gene. Therefore, PIP5Pase regulates VSG gene expression by regulating the activity
of RAPL.



7. Resume

Les formes sanguines de Trypanosoma brucei (BFs) échappent a la réponse immunitaire de I'hote en
changeant leur variante du revétement glycoprotéique de surface (VSG) par un processus appelé
variation antigénique. Le génome de T. brucei code pour environ 2 500 génes VSG. Cependant, un seul
est exprimé a partir d'un site d'expression télomérique (ES) sur 20. Les génes VSG sont silencieux dans
les formes procycliques (PF) du parasite qui expriment une autre protéine de surface connue sous le
nom de procyclines. La régulation de I'expression des VSG est multifactorielle car elle implique de
nombreuses protéines qui régulent la transcription des VSG a différents niveaux. Cela inclut des
protéines qui affectent la reconnaissance du promoteur par I'ARN polymérase |, des protéines
impliguées dans le remodelage de la chromatine et des protéines qui interagissent avec les télomeres.
Un complexe multiprotéique présent au niveau des télomeres fonctionne en régulant la transcription
des VSG. Ce complexe comprend des protéines impliquées dans le traitement de I'ARN, des protéines
de laminas nucléaires, des protéines de liaison a I'ADN ainsi que des protéines régulatrices. Deux
membres de ce complexe multiprotéique : la phosphatidylinositol phosphate 5-phosphatase (PIP5Pase)
et la protéine d'activation du répresseur 1 (RAP1) ont été impliqués dans la régulation de la transcription
des VSG. Ces protéines régulent le silence des génes VSG par des interactions protéine-ADN avec la
chromatine ES télomérique. Il a été démontré que ces protéines affectent la réduction au silence des
VSG dans les BF du parasite. Comment la transcription des VVSG est-elle régulée par la PIP5Pase et la
RAP1? Il est intéressant de noter que RAP1 se lie a P1(3,4,5)P3 qui est un substrat de la PIP5Pase. Cette
interaction influence la liaison du RAP1 a la chromatine ES qui, a son tour, affecte le silence des VSG
dans les BFs. L'élimination de la PIP5Pase est létale dans les PF et conduit a I'expression de VSG
silencieux dans les ES. L'analyse par immunofluorescence a montré que la PIP5Pase se localisait dans
le noyau des PF de maniére similaire a ce qui a été observé dans les BFs. La RAP1 recombinante ainsi
que ses troncatures ont été purifiées. Ils ont été utilisés dans des tests de liaison et il a été constaté que
le domaine BRCT N - terminal de RAP1 se lie a PI(3,4,5)P3 alors que le Myb central et le Mybl C -
terminal ne le font pas. En outre, la liaison du domaine BRCT au PI(3,4,5)P3 était concurrencée par un
excés molaire de PI(3,4,5)P3 non marqué et non de PI(4,5)P2. Les protéines recombinantes ont
également été utilisées dans des tests de déplacement de gel et de thermophorése a micro-échelle (MST)
avec des séquences d'’ADN de chromatine ES synthétique et il a été déterminé que RAP1 se liait
directement aux séquences d’/ADN de chromatine ES in vitro. La MST a révélé que RAPL se lie avec
différents Kds aux répétitions télomériques et aux répétitions de 70 bp. Les tests de deplacement de gel
avec les domaines Myb et Mybl ont montré qu'ils se lient a 'ADN de la chromatine ES, alors que le
domaine BRCT ne le fait pas. Il est intéressant de noter que la présence de P1(3,4,5)P3 a affecté la

liaison de RAP1 a ces séquences dans ces tests. Les données montrent que la liaison de RAP1 a 'ADN



de la chromatine ES est affectée par la P1(3,4,5)P3 qui est un substrat de la PIP5Pase. Ces données
suggérent que la régulation de la transcription du gene VSG se fait par la régulation de RAP1 au niveau
des télomeres par la PIP5Pase. En présence de la PIP5Pase, le P1(3,4,5)P3 est déphosphorylé et cela
empéche l'interaction du métabolite avec le RAP1. En conséquence, RAP1 se lie a la chromatine ES,
ce qui entraine la réduction au silence du géne VSG associé. Lors de I'épuisement de la PIP5Pase, RAP1
est capable de se lier a P1(3,4,5)P3 et ne se lie pas a la chromatine ES, permettant la transcription du
géne VSG. Par conséquent, la PIP5Pase régule I'expression du géne VSG en régulant l'activité de
RAP1.



8. Introduction

8.1.1. Etiology and epidemiology

African trypanosomiasis are neglected tropical diseases caused by the flagellated protist
Trypanosoma brucei of the phylum Euglenozoa and affect both humans and animals. The presence
of a characteristic kinetoplast, a network of circular DNA found in the mitochondrion distinguishes
this protozoan group from other protozoan such as sacrcodines, ciliates, and sporozoans, and are
therefore grouped under the class Kinetoplastea (1). They are further classified under the family
Trypanosomatidae which includes other monoflagellated protozoans of medical importance,
namely Trypanosoma cruzi and Leishmania spp. (2). Humans can be infected by two
morphologically similar subspecies of T. brucei: T. brucei gambiense and T. brucei rhodesiense.
Despite their similarities, about 98% of the reported cases are caused by the anthroponotic T.
brucei gambiense while 2% are caused by the zoonotic T. brucei rhodesiense (3). In the western
and central sub-Saharan, T. brucei gambiense is known to cause the chronic form of the disease,
referred to as West African sleeping sickness which primarily affects the Democratic Republic of
Congo, Angola, Sudan, Central African Republic, Chad, and northern Uganda. In contrast, T.
brucei rhodesiense is known to cause the more acute East African sleeping sickness, primarily
affecting Uganda, Tanzania, Malawi, and Zambia. (3). On the other hand Animal African
Trypanosomiasis is caused predominantly by T. vivax, T. congolense and less commonly by T.
brucei brucei affecting both domestic and wild animals. Endemic in 37 countries, animal African
trypanosomiasis has led to an estimated annual economic loss of about 4.5 billion USD.



8.1.2. Transmission and Life Cycle

Drugs:
- Pentamidine
- Suramin
- Eflomithine
- Melarsoprol
- Nifurtimox
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T. brucei is primarily transmitted by the bite of a tsetse fly during a blood meal (5). T. brucei
gambiense, is transmitted via the bite of the riverine species G. palpalis and G. fuscipes whereas
T. brucei rhodesiense is transmitted via the bite of the savannah group species G. mortisans and
G. pallidipes (6, 7). Other routes of transmission have also been reported, including sexual contact,
congenital transmission, transmission during blood transfusions, organ transplantation and

iatrogenic transmission (medical or laboratory accidents) (8-12).

The development of the parasite is complex with various physiological and morphological
changes. Within the mammalian host, bloodstream trypomastigotes exist as long, slender,
proliferative forms (Fig. 1) (13). Proliferation continues until they receive a signal to develop into
the transmissible stumpy forms. The signals that mediate this transmission are known as stumpy
inducing factors (SIF) (14). A recent study that looked further into this signalling indicates that
oligopeptide signalling via a receptor called ToGPR89 drives the development into stumpy forms
(15). The stumpy forms are well adapted to changes in conditions within the tsetse fly such as high
protease levels, alkaline pH conditions, and changes in the available nutrients. (16). Shortly upon
entering the midgut of the fly, they encounter a cold shock induced by a sudden drop in temperature
from 37°C in the human or animal body to about 27°C in the tsetse fly (17). The exposure to
tricarboxylic acid cycle metabolites: citric acid and cis-aconitate have been identified as
contributing factors towards the development of PFs from stumpy forms (18). Another study on
protein tyrosine phosphatases, specifically TOPTP1 in these kinetoplastids suggests a mechanism
of differentiation in which TbPTP1 negatively regulates the development of BFs to PFs (19).
However, the presence of CCA, which is transported via the he carboxylate transporter proteins
associated with differentiation (PAD), inhibits TOPTP1 and promotes the differentiation of BFs to
PFs (20, 21). A recent study has implicated the inositol polyphosphate multikinase (IPMK)
enzyme, a member of the inositol phosphate (IP) pathway in the development of BFs to PFs (22).
IPMK is a kinase that phosphorylates Ins(1,4,5)P3 and Ins(1,3,4,5)P4 and its knockdown led to
the development of BFs to PFs with a loss in VSG gene expression and expression of procyclins
accompanied by activation of a functional mitochondrial oxidative phosphorylation system (22).
The BF to PF differentiation was enhanced in the presence of CCA (22). This suggests that the
various factors described above work together in regulating the process of development in T.

brucei. In summary, the development of the parasite from BFs to PFs involves a cascade of



signalling events accompanied by morphological, physiological and metabolic changes. After
colonization of the midgut, the stumpy forms develop into replicative procyclic forms (PFs) that
eventually develop into the epimastigotes in the foregut (Fig. 1) (23). The epimastigotes then
migrate to the salivary gland where they transform into the mammal-infective metacyclic forms
(MFs) (Fig. 1) (24).

The surface coat of the bloodstream form (BF) of the parasite is almost entirely occupied by the
highly immunogenic variant surface glycoproteins (VSGs) which the parasite periodically
switches to evade the host antibody response (25). However, the PFs exhibit an entirely different
surface coat consisting of procyclins that enable them resist proteolytic cleavage within the midgut
of the tsetse fly (26). After the epimastigotes migrate to the salivary gland they differentiate into
MFs, which express a subset of VSGs from metacyclic expression sites (MES) (discussed below).
In addition, T. brucei undergoes numerous biochemical changes across the different developmental
stages. The proliferative BFs are surrounded by the glucose-rich environment of their mammalian
host. They completely depend on glycolysis for the production of ATP in addition to the excretion
of the pyruvate product into the host bloodstream (27, 28). The stumpy forms of the parasite,
although present in a glucose rich environment, undergo changes at the gene expression level in
order to adapt to the environment within the tsetse fly (29). The differences in gene expression
include differences in regulation of transcripts associated with processes such as metabolism, cell
structure, protein transport, proteolysis and translation (30). Transcripts associated with cell
division, maintenance of cytoskeletal structure, VSGs were more abundant in the slender BFs
whereas they were down regulated in stumpy forms. Transcripts associated with processes such as
procyclin expression, proteins associated with differentiation (PAD) family, lipid biosynthesis,
lysosome activity were upregulated in stumpy forms (30). Within the midgut of the tsetse fly, in a
glucose-depleted environment, the PFs utilize L-proline which is catabolized in the mitochondrion
(28). This results in the production of alanine as the end product along with many reduced cofactors
which can then be reoxidised in the respiratory chain for ATP production via oxidative
phosphorylation (OXPHOS) (28). They also catabolize other amino acids such as leucine, and
threonine (31). Leucine and threonine are primary carbon sources for lipid production by the fatty

acid biosynthesis pathway or the mevalonate pathway to generate isoprenoid and sterols (32, 33).



However, if glucose is present, the PFs utilize the glucose via glycolysis as the primary energy

source despite the presence of proline or other amino acids (28).

8.1.3. Course of infection and associated symptoms

Human African Trypanosomiasis (HAT) manifests in 2 stages: the early haemolymphatic stage
(stage 1) and the later meningoencephalitic stage (stage 2). Upon infection, T. brucei BFs
proliferate and spread through the blood and the lymphatic system, establishing the
haemolymphatic stage of the disease. Interestingly, motile parasite populations have been observed
in the skin, specifically in the dermis and subcutis (34). The initial symptoms such as arthralgia,
headache, and fatigue are less indicative of the disease. The onset of clinical features such as
hepatomegaly, pericarditis, congestive heart failure, splenomegaly define the haemolymphatic
stage of the disease (35). In the case of West African trypanosomiasis, the haemolymphatic stage
can last from about a few months up to several years whereas, in the case of East African
trypanosomiasis, the haemolymphatic stage persists for a few weeks. Once the parasite invades the
blood brain barrier (meningoencephalitic stage) more symptoms such as sleepiness during the day,
insomnia at night, slurred speech, persistent confusion, changes in personality, paralysis and loss
of balance may arise during the later stages of infection (36). West African trypanosomiasis can
persist for years, whereas East African trypanosomiasis usually persists for a few months resulting
in death of the affected individual if left untreated. During later phases of the haemolymphatic
stages, symptoms such as myositisis, cerebral ataxia are accompanied by visual and sensory
complications. A characteristic clinical feature in both the haemolymphatic and
meningoencephalitic stages of the disease is the occurrence of daytime somnolence and insomnia
at night. Eventually the patient experiences deterioration of various sensory perceptions,
accompanied by features such as slurred speech, optic neuritis, motor neuropathy, psychiatric
disorders and seizures (36). Eventually, the affected individual experiences a relentless loss of

conscience, followed by coma and death if left untreated (37).



8.1.4. Diagnosis and treatment

It is crucial to diagnose the disease as early as possible to prevent progression to the
meningoencephalitic stage of the disease. The available diagnostics involves the detection of
antibodies, the parasite, or the clinical manifestations of the haemolymphatic and
meningoencephalitic stages of the disease. Some of the commonly used methods are Card
Agglutination Trypanosomiasis Test (CATT), the lymph node examination (palpation and
aspiration), microscopic examination of blood and lymph, serodiagnostics such as ELISA and
immune Trypanolysis, and molecular diagnostic tools such as polymerase chain reaction (PCR),
proteomics, microarray chips, as well as high throughput methods (38-42). Studies are in progress
to establish biomarkers of disease progression, possibly including markers for neuroinflammation
such as IL-10, IL-6, IL-1pB, ICAM-1, VCAM, IgM and neopterin (43-45).

Currently, there are five drugs available for the treatment of HAT (Table 1). Pentamidine is
primarily used to treat the heamolymphatuc stage of the infection caused by T. brucei gambiense
whereas suramin is used to treat the heamolymphatic stage of the infection caused by T. brucei
rhodesiense (4). Eflornithine monotherapy and eflornithine in combination with nifurtiox are used
to treat the meningoencephalitic stage of the infection caused by T. brucei gambiense. Melarsoprol
is effective in treating the meningoencephalitic stage of infections caused by either species.
However, these drugs have various associated side-effects that cause harm to treated individuals
(Table 1). More recently, in 2019, Fexinidazole has been approved for the treatment of both stages

of the infection caused by T. brucei gambiense (46).

Table 1 below lists the drugs used to treat either stage of infections caused by both T. brucie
gambiense as well as T. brucei rhodesiense. The dose regimens of each drug as well as the
associated side effects have been described. This table has been partially reproduced from

Altamura et. al. (4)



Table 1. List of drug candidates used to treat HAT.

Children:

Species Stage of infection Drug Mode of Toxic effects of the drug
administration
and dosage
unit
T. brucei Hemolymphatic Pentamidine Intramuscular o Hypotension
gambiense stage injections o Hypoglycaemia
(7-10 units) o Nephrotoxicity
o Abnormal pancreatic
4 mg/Kg/unit. activity
o Stevens- Johnsons
syndrome
Meningoencephalitic | Eflornithine | Monotherapy: o Nausea
stage intravenous o Seizures
injections o Head and abdominal
(56 units) ache
o Insomnia
100 mg/Kg
(adults)
150 mg/Kg
(children)
Nifurtimox
Eflornithine
Combination
Therapy:
400 mg of
eflornithine
every 12 hr
for 7 days
with 15
mg/kg of
nifurtimox
administered
orally
thrice a day
for 10 days
Both stages Fexinidazole Oral o Nausea
(600mg/ tablet) o Emesis
Adults: 3 o Diarrhea
tablets/day for o Parethesia
4 days o Myalgia
followed by 2 o Keratitis
tablets/day for © gsthema_
6 days. o Dyspepsia




2 tablets for 4
days/day
followed by 1
tablet/day for
6 days.
T. brucei Hemolymphatic Suramin Intravenous o Neuropathy
rhodesiense stage injections of 20 o Abnormal renal
mg/kg every behaviour
3-7 days for 4 o Anaphylactic shock
weeks
Meningoencephatilic | Melarsoprol Intravenous o Post treatment reactive
stage injections encephalitis (mental
(10 units) deterioration followed
by pathologies such as
2.2 mg/kg/day comas, convulsions)

Acoziborole (SCYX-7158) is another drug currently in the pipeline for the treatment of
trypanosomiasis. It was selected while screening boron-based compounds (benzoxaborole 6-
carboxamides) (47) . Demonstrating trypanocidal activity representative against T. brucei brucei,
T. brucei gambiense and T. brucei rhodesiense strains, it successfully completed phase 1 clinical
trials in 2015 and entered phase two and three in the year 2016 (by Drugs for Neglected diseases
initiative) (47).

8.2. Genetic features of Trypanosoma brucei

8.2.1. Genome organisation

The first complete genome of T. brucei was published in 2005 (48). The diploid genome of T
brucei is about 25 Mb and includes 11 megabase chromosomes (1-6 Mb), about 100
minichromosomes (50-150 Kb) and 5 intermediate size chromosomes (200-900 Kb per haploid
genome) (48). The megabase chromosomes have long gene clusters (Fig 2) on either strand which
are transcribed as polycistronic units, and are post-transcriptionally processed by trans-splicing
and polyadenylation (48). About 50% of the genome contains coding sequences with a GC content
of 46.4% (48). There are 9068 protein coding genes among which about 1700 genes are predicted
to be T. brucei specific and 904 are predicted to be pseudogenes (48). RNA genes include 65
transfer RNA (tRNA) genes, 56 ribosomal RNA (rRNA) genes, fewer that 28 small interfering



RNA (siRNA) genes, five small nuclear and 353 small nucleolar RNA genes (48). Notably, a large
portion of the genome (20%) is dedicated to VSG protein coding genes and pseudogenes that
capacitate the parasite to evade the host antibody response (48). The genome sequencing also
accelerated the discovery of pathways or enzymes that have the potential to serve as drug targets.
This includes genes coding for proteins involved in carbohydrate metabolism, electron transport
and oxidative phosphorylation, GPI anchor synthesis, amino acid metabolism, trypanothione
biosynthesis, purine and pyrimidine salvage pathways which are potential drug targets. For
instance, phosphonopyruvate decarboxylase was found to be present in all major kinetoplastids:
T. brucei, T. cruzi and L. major with no homologs in other eukaryotes, making it a potential drug
target (48).

The protein-coding genes in T. brucei are located on megabase chromosomes. They are organised
in long gene arrays as polycistronic transcription units (PTU) (48-50) (Fig. 2A, top). The
intermediate chromosomes contain 177 bp repeats and VSG genes that act as a source of VSG
sequences for recombination. The minichromosomes consist of large palindromic region of 177
bp which are also flanked by VSG genes (51) (Fig. 2A, bottom).

A.
Pol Il transcription units VSG genes and pseudogene
1 Megabase — — — arrays
Chromosomes JMMW
mimi [T ]I :

Intermediate Telomeric Telomeric
chromosomes repeats Vse vse repeats
(1-5 chromosomes) ®eces | du« o eeesee

177 bp 177 bp
repeats repeats
Telomeric 177 bp repeats Telomeric
Minichromosomes repeats  VSG VSG  repeats

(100 copies) ssoco (N A(AAOP P D)) [ eccee
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Fig 2. Genome organisation in T. brucei. A. Structure and organisation of chromosomes in T. brucei.

Top:The diagram depicts the megabase chromosomes. The green and blue boxes indicate Pol Il transcribed PTUs.
Arrays of VSG genes and pseudogenes are depicted by yellow and blue arrows with black circles depicting telomeric
repeats. Center: The diagram depicts intermediate chromosomes. The VSG genes are depicted by yellow and blue
arrows with black circles depicting the telomeric repeats. Bottom: The diagram depicts minichromosomes flanked by
VSG genes on either end represented by blue and yellow arrows and a central large palindromic region of 177 bp
depicted by black arrows. Arrows describe the direction of transcription.

Fig. 2B. Structural organisation of BF and MF expression sites.

Top: BF ESs in the 427 strain of T. brucei have an RNA Pol | promoter, up to 12 ESAGs, 70 bp repeat sequences (1-
15 Kb), VSG gene and telomeric repeats. Bottom: The MF expression sites in the 427 strain of T. brucei have an

RNA Pol | promoter, VSG gene and telomeric repeats.

ESs are located at telomeric regions found at the end of some of the 11 megabase and intermediate
chromosomes in T. brucei and are about 30-60 Kb in length (52). There are about 15 BESs which
can be expressed in BFs and five MESs that can be expressed in MFs of the parasite (Fig. 2B) (53).
The polycistronic BES contains a Pol | promoter, followed by up to 12 expression site associated
genes (ESAGS), 70 bp repeat sequences which are 1 to 15 kb long, the VSG gene followed by the
telomeric repeats (52) (Fig. 2B, top). The MES which are active in MFs are consisting of a Pol |
promoter and a telomeric VSG gene followed by the telomeric repeats VSG and in some strains
(e.g. 427), they possess ESAG pseudogenes and residual 70 bp repeats (53, 54) (Fig. 2B, bottom).
In the BES, the Pol | promoter is located 40-60 kb upstream of the VSG gene. Interestingly, the
Pol I promoter of ESs are different from that of rRNA and procyclin genes (55). The Pol | promoter

for rRNA genes and procyclin genes is about 250 bp in length and contain at the 5’ end two regions
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involved in the recruitment of Pol I transcription factors (55). The ES promoter is much shorter in

length (70 bp) and also includes the two transcription factor recruitment regions.

Following the Pol | promoter, the BES also contains ESAGs (56). ESAG 4 encodes for a
transmembrane protein with adenylate cyclase activity (56). ESAG 2, 3, and 11 encode for
membrane associated or membrane targeted proteins (56). The products of ESAG 6 and 7 together
form a transferrin binding protein complex (56). ESAG 9 and 10 encode for polypeptides that
associate with the cell membrane (56). ESAG 5 and 8 encode for polypeptides that unlike the
aforementioned ESAGsS, are not associated with the cell membrane (56). ESAG 10 is homologous
to Leishmania biopterin protein (56). Some of these ESAGs are yet to be functionally

characterised.

8.2.2. Transcription of housekeeping and parasite specific protein coding genes

All megabase chromosomes show similar structural organisation where the Pol Il transcribed
genes are organised in clusters of long, non-overlapping PTUs throughout the chromosome. These
PTUs are arranged in a directional head-to-tail manner, adjacent to one another either on the same
strand or on opposite strands. The PTUs are separated by characteristic regions known as strand
switch regions (SSRs) which are also seen in other kinetoplastids (49, 50). The RNA Polymerase
I1 (Pol 1) mediated transcription of two neighboring PTUs can either be convergent or divergent.
These parasites lack canonical Pol Il promoters. The sites of transcription initiation and
termination are associated with certain features of the chromatin. For instance, transcription start
sites are characterised by the presence of GT rich sequences that act as promoter elements where
transcription initiates (57). Notably, transcription initiates at SSRs found between divergent PTUs
called divergent SSRs (dSSRs) and terminates at SSRs between convergent PTUs called
convergent SSRs (cSSRs) (49). Notably, regions downstream of the convergent PTUs are enriched
in tRNAs, another characteristic feature of the SSRs (58).

Transcriptome analysis by Kolev et.al. and Nilsson et al., using RNA sequencing led to mapping
the sites of initiation of transcription (59) (60). These start sites are enriched in histone variants,
namely: H410Kac, H2AZ and H2BV as well as proteins called bromodomain factors (BDFs) (61).
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Chromatin immunoprecipitation followed by sequencing (ChlIP-seq) with antibodies for
Bromodomain factor BDF3 revealed that it was enriched regions also enriched in H4K10ac (61).
ChlP-seq data indicate that the Pol Il transcription termination regions are also enriched in histone
variants, namely: H3V and H4V (61), whereas ChIP-seq with antibodies specific to H3V mapped

these variants to telomeric and subtelomeric regions (61).

Another well characterised feature of Pol Il transcription is base J. Base J is a modification of
thymine (T) which undergoes a two-step modification including an initial hydroxylation followed
by glycosylation, ultimately replacing about 1% of Ts in T. brucei BFs (62, 63). Anti-J (a-J)
immunoblotting in combination with immunoprecipitation and P*? labelling have identified base J
in many trypanosome species (63). Moreover, these bases were found to be abundant in the
telomeric repeat sequences (TTAGGG) of various analysed kinetoplastids (63). Interestingly, this
modification can be found only in BFs but not in PFs (63, 64). In 2012, a study by van Leunen et.
al., in Leishmania showed that base J played a role in the termination of Pol Il transcription (65).
Knockout of genes encoding base J binding proteins 1 and 2 by Schulz et.al., leading to the
elimination of base J has brought to light the significance of base J in termination of transcription
in T. brucei (66). Deletion of genes encoding base J binding proteins 1 and 2 and H3V showed
that loss of base J and the histone variant H3V had a major impact on the termination of Pol Il
transcription. Precisely, the loss of base J and H3V resulted in a read through transcription from
the transcribed PTU into the neighboring PTU (66). These results were further corroborated by the
presence of polyadenylated antisense transcripts which are produced as a consequence of
readthrough transcription from one PTU to the neighboring PTU (separated by a cSSR) upon
depletion of base J and H3V (66).

Genes coding for tRNAs are transcribed by RNA Polymerase 111 (Pol 111) in T. brucei (67). The
tRNAs which are interspersed across PTUs which are transcribed by PTU are potential
contributors to the termination of Pol Il transcription due to their association with Pol 11l and the
respective transcription factors (67).
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8.2.3. Transcription by RNA polymerase |

RNA Polymerase | (Pol 1) transcribes ribosomal RNA (rRNA) in most eukaryotes. Exceptionally
in T. brucei, certain protein coding genes, namely VSG and procyclin genes, are also transcribed
by Pol I (68). Experimental evidence in the 1980s and 1990s proved that these protein coding
genes were transcribed by Pol I unlike other protein coding genes that are transcribed by Pol 1.
This evidence was initially based off nuclear run on assays in the presence of the Pol I1 inhibitor
a-amanitin. These studies showed that transcription of VSG genes and procyclins was by an a-
amanitin insensitive polymerase (69). In other words, Pol Il transcription, but not Pol I
transcription is inhibited by a-amanitin (69). Interestingly, RNA interference of RNA Pol 1'in T.
brucei led to a decrease in transcription of no just rRNA genes but also VSG and procyclin genes
(70). Consistent with this, studies by Rudenko et.al., on procylin genes demonstrated that their
transcription, like the VSGs and rRNA genes, also occurred in an alpha-amanitin resistant manner
(71). Evidence from a study by Janz and Clayton was successful in demonstrating the
interchangeability of rRNA and PARP promoters, both Pol | promoters, despite minimal sequence
similarity between them (72). In 1998, in situ hybridisation studies by Chaves et al.,led to the
discovery of an extranucleolar site for the transcription of a single expression site containing the
VSG gene expressed by the parasite (73). In 2001, in situ hybridisation studies by Navarro and
Gul revealed that Pol I colocalized with this extranucleolar locus now termed as the expression
site body (ESB) (74).

Pol I transcription has various characteristics that make it a unique system. A major milestone in
understanding the Pol I transcription machinery was the characterisation of Class | Transcription
Factor A (CITFA) in T. brucei (75). The complex is absolutely necessary for Pol I transcription as
was shown by in vitro transcription experiments (75). The transcription of Pol | promoter-equipped
plasmids was ablated upon the addition of antibodies against the CIFTA-2 subunit of Pol | (75).
Tandem affinity purification followed by mass spectrometry of CIFTA-2 resulted in the
identification the CITFA complex which contains six proteins (75). Of these six proteins, five were
trypanosome-specific whereas DYNNL (dynein light chain) was found to be closely related to
human dynein DYNNLL1 and involved in the promoter binding activity of CITFA (76). More

recently, in vivo as well as in vitro functional studies along with immunofluorescence studies have
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led to the discovery of a novel CITFA subunit (CITFA-7) that is crucial for viability of the parasite
as well as Pol | transcription (77). Notably, this complex is the first characterised protist factor to

be associated with class | transcription (78).

8.2.4. RNA processing, transport, and decay

Transcription is immediately followed by processing primary transcripts by splicing, producing a
mature messenger RNA (mRNA) (79). In trypanosomes, transcripts undergo trans-splicing, a
mechanism discovered in trypanosomes while studying the transcription of VSGs (69). Transcripts
of the VSG gene were found to have an identical 39 nucleotide long sequence at the 5 end which
was absent in the VSG genomic locus (69). This sequence, referred to as the splice leader (SL)
sequence, is derived from a SL-RNA. All trypanosome transcripts possess this sequence at the 5’
end of their transcripts (69). During trans-splicing, the SL-RNA is involved in two processes (80).
First, it acts as a substrate for splicing and thus participates in the processing of polycistronic
MRNAs into monocistronic transcripts (80). Secondly, the capping of the mRNA with a 7-methyl
guanosine (m7G) structure occurs through trans-splicing of SL-RNA (80). The m7G modification
which occurs co-transcriptionally is crucial in regulating biological functions such as pre-mRNA

processing, nuclear export and cap-dependent protein synthesis (81).

The export of nuclear mMRNA into the cytoplasm is essential for gene expression in any organism
as it bridges nuclear transcriptional with translation in the cytoplasm. RNAI based screening
identified the export machinery in T. brucei, and some of the proteins are conserved with yeast
orthologues: mMRNA export factor 67 (Mex67), Yeast mRNA export factor 1 (Yral), Suppressor
of (Bad Response to Refrigeration protein 1) BRR1 protein 2 (Sub2), and Cap-specific mMRNA
(nucleoside-2'-O-)-methyltransferase 1 (Mtrl) (82). Tandem affinity purification and mass
spectrometry identified the interacting partners Mtrl and importin in T. brucei. Knockdown of
Mtrl or importin in T. brucei revealed that they were vital for the cells and led to the accumulation
of polyadenylated mRNAs (83). Other proteins such as cap binding proteins (CBPs) and Poly-A
binding proteins (PABPs) have also been reported to actively participate in mRNA export. In T.
brucei, the CBP complex includes CPB20, also seen in higher eukaryotes. CPB20, along with three
related proteins, is known to bind the SL CAP of the mRNA and participate in mMRNA export (84).
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Of the two PABPs in T brucei, PABP 2 has been shown to bind CBPs indicating a potential role
in MRNA export (85, 86).

T. brucei regulates gene expression primarily post transcriptionally. This involves the 3’-UTRs of
short-lived mMRNA (87). These mMRNA harbor sequences rich in adenosine (A) and uridine (U)-
AU rich elements (AREs) which are associated with RNA binding proteins (RBPs) (87). The
association of such mRNA with RBPs through the AREs is known to target the mRNA towards a
rapid degradation process (88). These RBPs act as cis-acting elements which along with their trans-
acting factors regulate mRNA stability or degradation (89). These trans-acting factors include
proteins such as phosphatases and kinases which act on the targeted mRNA (87). Deadenylation,
followed by decapping and 5’ - 3° exonuclease activities predominantly control degradation of
trypanosome mRNA. Deadenylation complexes found in trypanosomes are chromatin assembly
factor (CAF1) poly A nuclease 2/3 (PAN2/PAN3), and the poly-A ribonuclease (PARN) enzymes
(90-92). Followed by deadenylation, the mRNA undergoes decapping, usually performed by MutT
hydrolases in eukaryotes (93). However despite the presence of these hydrolases, trypanosomes
utilize another protein: ApaH-like phosphatase 1 (ALPH1), a phosphatase that removes the cap
and leaves behind a 5’ diphosphate (93). The decapping prepares the mRNA for 5°-3° degradation

mediated by the exonuclease activity of T. brucei exoribonuclease (XRNA) (93).
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8.3. Antigenic variation in T. brucei

8.3.1. What is antigenic variation?

T. brucei evades clearance by the host antibodies by periodically changing its VSG surface coat in
a process known as antigenic variation (25). T. brucei expresses only one of its VSG genes from
a repertoire of about 2,500 VSG genes and pseudogenes (25). VSG genes and pseudogenes can
be found in sub-telomeric arrays of chromosomes and mini-chromosomes (101, 102). Chromatin
conformation capture and high throughout sequencing (HI-C) based assembly of the genome of T.
brucei Lister 427 resolved the organisation of ESs in the chromosomes which was previously

unknown due the difficulties posed by the presence of large repeat sequences (103).

The VSGs are homodimers of 50-60 kDa, anchored to the membrane by glycosylphosphatidyl
inositol (GPI) anchors and are known to form a surface coat of 12-15 nm thickness (104) The N-
terminal domain of the VSGs is composed of 300-350 amino acids (105). The N-terminal domain
is less conserved among VSGs with a sequence homology between 15-30% and currently available
data indicate that they are exposed to the external environment (106) (107). They are classified
into three classes (A to C), based on their cysteine residue patterns (105). The more conserved C-
terminal domain is a 100 amino acid long domain (105). The conservation of the C-terminus does
not affect the immunogenicity of the protein, as the scope of epitope recognition by host antibodies
is limited to the N-terminal domains of the protein (105). Importantly, the C-terminus contains the
GPI-addition site which mediates the attachment of VSGs to the GPI anchor, which is essential for
the surface expression of VSGs (105). The GPI is a post-translational modification wherein a
phosphoglyceride is added to the C-terminus of a protein (108). The GPI consists of a phosphatidyl
inositol (PI) group with a carbohydrate linker such as mannose or glucosamine and this is linked
to the C-terminus of a protein via an ethanolamine phosphate bridge (108). The fatty acid
components of the PI group anchor the protein to the membrane (108).
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8.3.2. Mechanisms of antigenic variation
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Fig. 3. Two mechanisms of antigenic variation in T. brucei. Antigenic variation in T. brucei occurs by transcriptional
switching or by VSG gene recombination. During transcriptional switching the actively transcribed ES is silenced
with the simultaneous activation of a silent ES. In recombination switching, the actively transcribed VSG is replaced
by a new VSG from other genomic regions resulting in the loss of the actively transcribed VSG. Recombination may
also occur through segmental gene conversion where chimeric VSG sequneces derived from multiple VSG genes or
pseudogenes replace the actively transcribed VSG. Another form of recombination is telomeric exchange between the
telomeric end of the transcribed ES and a silent ES resulting in the transcription of the newly recruited silent VSG

gene.

VSG genes are transcribed from telomeric ESs where only a single VSG is transcribed at a time
(Fig 2B). Antigenic variation in T. brucei is governed primarily by two mechanisms, namely
transcriptional switching, and homologous recombination (Fig. 3). Transcriptional switching
involves the silencing of an actively transcribed ES and the simultaneous activation of a silent ES
(Fig. 3) (109). This leads to the expression of a new VSG gene without any change in DNA
sequences (109). This mechanism of antigenic variation in trypanosomes limits the available pool
of VSGs to those found on the 15 BESs. In order to access the larger repertoire of VSGs,
homologous recombination is used (110). Recombination occurs by gene conversion, segmental

gene conversion or telomeric exchange (Fig. 3) (110). Gene conversion, involves the replacement
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of the VSG gene in the active ES by a VSG gene from other genomic regions and results in the
loss of the former (Fig. 3) (111). Segmental gene conversion involves the formation of chimeric
VSG gene which results from the recombination of multiple VSG sequences (Fig. 3) (112). This
chimeric sequence replaces the actively expressed VSG genes through homologous recombination
(110, 112). Interestingly, this mechanism seems to be more frequent during chronic infection
(112). Another form of recombination entails telomeric exchange between the telomeric end of the
transcribed ES and a silent ES resulting in the transcription of the recruited silent VSG gene (Fig.
3) (113). These mechanisms have potential to sustain the infection in the host, protecting the

parasite from the host antibody response.

8.3.3. Structure of the ES chromatin and Pol | transcription

A unique feature of the transcription of VSGs is that it occurs at a specialised extranucleolar
location called the expression site body (ESB) (74). Immunofluorescence in T. brucei BFs revealed
that the ESB was associated only with the actively transcribed ES in BFs whereas it is not found
in PFs (74). In addition , a-amanitin treatment to abrogate Pol Il and 111 mediated transcription,
suggested that the ES is transcribed by an a-amanitin insensitive polymerase which could be Pol |
(74). Immunofluorescence analysis reveal a single ESB during the S and G2 phases of the cell
cycle (114). Just before cell division initiates, the sister chromatids containing the active ES
segregate with Pol I (114). The division is completed with one ESB associated to one active ES in
either daughter cells (114). Therefore, the ESB is associated with the single active ES that is
inherited by the daughter cells in BFs. Efforts to express two ESs simultaneously under a drug
selection pressure did not result in the stable transcription of both ESs (115). The two ESs
simultaneously occupied the ESB and were transcribed only when they were in a close proximity
of about 200 nM (115). Interestingly, this simultaneous occupation of the ESB was not a stable
event (115). Instead, the 2 ESs alternate between the single ESB leading to the production of
unstable transcripts i.e. transcripts with a much shorter half life (115). This is indicative that the
resources such as RNA transcription and RNA processing machinery within the ESB are limited
(115). For instance, transcripts produced simultaneously from 2 ESBs were not polyadenylated
suggesting that the transcribed ESs do not have the required access to a robust RNA processing
machinery (115). Single cell PCR and real time PCR (RT-PCR) analysis in T. brucei revealed that
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transcription initiates for all ESs (116). However, analysis of the transcripts showed that
transcription of all but one of the ESs ends before the VSG gene, allowing for the complete
transcription of only one of the ESs and its associated VSG gene while others remain silent (116).
This was indicative of a mechanism whereby transcription initiates at multiple ESs but only one

of the ESs, the active one, is completely transcribed.

8.3.4. Factors regulating ES transcription

There are various factors that affect the transcription of the ES by Pol 1. The Pol | mediated
transcription of the ES is influenced by protein complexes as well as epigenetic modifications of
the chromatin. Landeira et.al., revealed that cohesins were crucial for accurate replication and
segregation of the ES (114). In eukaryotes, cohesins have an important role in maintaining the
structural integrity of sister chromatids (117). The RNAi-mediated knockdown of T. brucei sister
chromatid cohesion 1 (SCC1), the orthologue of yeast cohesion subunit led to the abnormally fast
separation of sister chromatids during cell division (114) . Intriguingly, the depletion of SSC1 led
to switching of the VSG expressed by a population of the cells suggesting a potential role of the
protein in switching of the VSGs (114). were crucial for accurate replication and segregation of
the ES (114). In eukaryotes, cohesins have an important role in maintaining the structural integrity
of sister chromatids (117). The RNAi-mediated knockdown of T. brucei sister chromatid cohesion
1 (SCC1), the orthologue of yeast cohesion subunit led to the abnormally fast separation of sister
chromatids during cell division (114). Intriguingly, the depletion of SSC1 led to switching of the
VSG expressed by a population of the cells suggesting a potential role of the protein in switching
of the VSGs (114).

Other factors contribute to the regulation of transcription at different levels through association
with different regions of the ES chromatin. For instance, the ES promoter of the actively
transcribed ES is enriched in the (CITFA), an indispensable factor for Pol I transcription (78, 118).
Immunofluorescence analysis revealed that the CITFA complex was also localised in the nucleolus
and the periphery of the nucleolus (77). ChlIP assays using antibodies for the subunits 2 or 7 of the
CITFA complex showed that it was enriched in the active ES and specifically at the promoter

region (118). Moreover, immunofluorescence showed that the protein was localised at the ESB
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(118). The knockdown of the subunit 7 proved lethal to the parasite and led to a reduction in the

rRNA, VSGs, and procyclin transcript levels (75).

Transcription of the active ES is also subject to a post-translational modification called
SUMOylation that potentially affects the interaction of RNA Pol | (119). SUMOylation is a
reversible modification of proteins at the lysine residues and entails the addition of a 12 kDa
SUMO proteins at these sites (120). SUMO proteins are involved in various cellular processes
such as protein translocation, DNA repair, segregation of chromosomes in many higher organisms
(120). Biochemical assays paired with in sillico analysis led to the identification of key enzymes
that catalyse this process: E1 activating enzyme, an E2 conjugating enzyme and an E3 ligase or
SAP and Miz finger binding domain 1 - TbSIZ1 (named after its yeast counterpart) (119). The E1
enzyme binds the SUMO protein and transfers the protein to enzyme E2 which conjugates the
SUMO protein to a lysine residue in the target protein. Finally, the E3 ligase fuses the SUMO
protein to the target producing a SUMOQylated protein. In T. brucei, immunofluorescence assays
on BFs using monoclonal antibodies developed against the T. brucei SUMO protein have
identified that the protein localizes at the nucleus with a partial overlap at the ESB(121). In BFs,
about 75% of the protein was found at one focus (overlapping with the ESB) with the rest of it
distributed through the nucleus whereas similar assays in PFs (where all VSGs are silent) showed
a dispersion of many SUMO foci throughout the nucleus with no major focus (121). The RNAI-
mediated depletion of ThSIZ1, followed by ChIP analysis revealed a reduction in VSG ES
chromatin SUMOylation (121). This led to a decreased recruitment of Pol I to the active ES with
no differences in the silent ESs resulting in lower transcript reads as detected by RT-PCR analysis
(121). In summary, the SUMO proteins play an important role by positively regulating the
transcription of the VSG expression site as well as recruiting Pol | transcripts to the ES.
Transcription of the active ES is also subject to a post-translational modification called
SUMOylation that potentially affects the interaction of RNA Pol | (119). SUMOylation is a
reversible modification of proteins at the lysine residues and entails the addition of a 12 kDa
SUMO proteins at these sites (120). SUMO proteins are involved in various cellular processes
such as protein translocation, DNA repair, segregation of chromosomes in many higher organisms
(120). Biochemical assays paired with in sillico analysis led to the identification of key enzymes

that catalyse this process: E1 activating enzyme, an E2 conjugating enzyme and an E3 ligase or
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SAP and Miz finger binding domain 1 - TbSIZ1 (named after its yeast counterpart) (119). The E1
enzyme binds the SUMO protein and transfers the protein to enzyme E2 which conjugates the
SUMO protein to a lysine residue in the target protein. Finally, the E3 ligase fuses the SUMO
protein to the target producing a SUMOQylated protein. In T. brucei, immunofluorescence assays
on BFs using monoclonal antibodies developed against the T. brucei SUMO protein have
identified that the protein localizes at the nucleus with a partial overlap at the ESB (121). In BFs,
about 75% of the protein was found at one focus (overlapping with the ESB) with the rest of it
distributed through the nucleus whereas similar assays in PFs (in which all VSGs are silent)
showed a dispersion of many SUMO foci throughout the nucleus with no major focus (121). The
RNAI-mediated depletion of ThSIZ1, followed by ChIP analysis revealed a reduction in VSG ES
chromatin SUMOylation (121). This led to a decreased recruitment of Pol I to the active ES with
no differences in the silent ESs resulting in lower transcript reads as detected by RT-PCR analysis
(121). In summary, the SUMO proteins play an important role by positively regulating the

transcription of the VSG expression site as well as recruiting Pol | transcripts to the ES.

Immitation switch (ISWI) family of chromatin modellers are ATP-dependent proteins conserved
among eukaryotes. They also possess a characteristic HAND (because the four helical structures
resemble an open hand)-SANT (Swi3(switch 1 interacting protein 3)-Ada2(Adenosine deaminase
2)-N-cor(Nuclear receptor co-repressor))-TFIIB(Transcription factor 111B)) -SLIDE (SANT-like
ISW1 domain) domain that are involved in the DNA binding activity of the complex. Extensive
work on the ISW1 complexes in yeast have revealed transcription-related functions. For example,
the ISW1a complex in yeast binds to Pol Il promoters and prevent transcription initiation (122).
The T. brucei ISW1 protein was found to bind silent regions in the genome such as the 177 bp
repeat arrays in the minichromosomes, 50 bp repeats upstream of the VSG gene ESs and also SSRs
(123). RNAI mediated silencing of the ISWI in bloodstream or procyclic forms of the parasite led
to expression of a green fluorescent protein (GFP) integrated in the otherwise silent 177 bp arrays
(124). Also, RNAI mediated depletion of ISWI followed by flow cytometry analysis revealed that
the Dicosoma species-red (DS-red) reporter gene integrated downstream of a promoter was
derepressed (125). ChIP followed by gPCR (ChIP-gPCR) revealed ISW1 to be enriched in
promoters of silent ES but was depleted in the ES that was actively transcribed (123). Interestingly,

the depletion of the protein led to an increase in the expression of GFP coding gene integrated
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immediately downstream of the promoter of a silent ES in both BFs and PFs (123). The protein
was also found associated with Pol 11 transcribed PTUs, at the divergent SSRs which are involved
in terminating Pol 11 transcription but its depletion did not affect the Pol 11 transcription (123). The
T. brucei ISW1 complex was characterised in 2015 by Stanne et.al by immunoprecipitation
experiments with ISW1 and identified the interacting partners in both BFs and PFs (126). These
include: Nucleoplasmin like protein (NLP) (has a nucleoplasmin like domain), regulator of
chromosome condensation 1-like protein (RCCP) (has 4 RCC1-regulator of cell cycle 1 domains)
and phenylalanine/tyrosine-rich protein (FYRP) (has an N-terminal phenylalanine/tyrosine rich
domain) (126). Moreover, RNAi mediated depletion of RCCP and FYRP proteins led to the
expression of the GFP gene integrated into silent VSG ESs downstream of the promoter, indicating
their importance in silencing the expression sites (126). This set of experimental data on the ISWI
protein complex highlights its importance in the regulation of ES transcription in T. brucei.

Glover et.al., identified that VSG exclusion 1 (VEX-1) localised in the active ES in BFs (127).
Analysis of epitope-tagged VEX-1 by superresolution microscopy revealed that VEX-1 was
concentrated in a single subnuclear compartment (127). Immunolfluorescence analysis of
Telomeric repeat binding factor-2 (TRF2), which localizes at the nucleus, revealed that one TRF-
2 puncta was coincident with the VEX-1 puncta. Moreover, immunofluorescence analysis also
revealed that VEX-1 was closely associated with the extranucleolar RNA Pol | focus which is the
actively transcribed ES (127) (128). However, this interaction of VEX-1 was ablated when cells
were treated with actinomycin D, a transcription inhibitor (127). Immunofluorescence analysis of
VEX-1 in PFs showed a diffuse distribution of VEX-1 including the nucleus (127). Thus, VEX-1
associates with the active ES in BFs in a transcription dependent manner (127). Knockdown or
overexpression of VEX-1 in the BFs led to the transcription of various silent VSGs and multiple
VSG proteins were expressed by the cells (127). Further studies by the same group identified
VEX-1 interacting partners: VEX-2, an orthologue of non-sense mediated mRNA decay ATP-
dependent superfamily 1- type helicases which along with VEX-1 forms a VEX complex that is
crucial to maintain the monoallelic transcription of the active VSG (128). The other enriched
proteins were components of Chromatin Assembly Factor 1 (CAF-1), a conserved replication
associated histone chaperone (128). Super-resolution microscopy revealed that VEX-2 occupied

the same focus as VEX-1 in BFs, at the extranucleolar Pol I compartment (128). Knockdown of
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VEX-2 resulted in the de-repression of various silent VSGs (128). Intriguingly, the simultaneous
knockdown of the VEX-1 and VEX-2 proteins led to the formation of a very heterogenous surface
coat and led to cell death, highlighting the importance of these proteins in maintaining VSG
monoallelic expression (128). In addition to this, there was also an increase in the number of VEX-
1 puncta. The role of CAF-1 was also investigated since it was associated with the complex (128).
Knockdown of the gene led to the increased expression of promoter proximal VSG genes and a
relatively lower expression of promoter distal ones (128). Previous studies have reported a CAF-
1 mediated de-repression of VSGs during S phase. Immunofluorescence analysis of the GFP-
tagged CAF-1 subunit CAF-1b revealed that despite its overall nuclear localization, a major CAF-
1b foci localises with a subnuclear compartment defined by both VEX-1 and VEX-2 (128) .
Moreover, this co-incident foci was further enriched during the S-phase suggesting an involvement
of CAF-1 in the inheritance of VEX complex as well as the associated epigenetic state (128). The
authors suggest a VSG exclusive expression model in which the association of VEX-1 with the
Pol I compartment is VEX-2 dependent and its inheritance is CAF-1 dependant (128). However,
this would require further investigation to establish a defined role of the proteins in this complex
in regulating VSG gene expression (128).

8.3.5. Epigenetic modifications of the ES chromatin

Apart from the above discussed factors that affect transcription of the ES, there are epigenetic
modifications of the ES chromatin which influence the monoallelic nature of VSG expression.
Navarro et.al., discovered the role of epigenetics in the regulation of VSG gene expression (129).
In order to study Pol I accessibility of an inactive ES, the authors inserted a T7 RNA polymerase
(T7TRNAP) promoter driven construct containing a bleomycin resistance (BLE) and LUC gene
coding for luciferase upstream of the inactive ES (129). This allowed them to monitor the T’TRNAP
promoter activity (129). Based on luciferase assays in BFs they observed that despite the ES being
silent, the regions around it (in this case the T’TRNAP driven luciferase gene) were accessible to
the polymerase (129). However, when they differentiated these BFs into PFs, the expression of
luciferase was greatly diminished (129). Thus, the ES is efficiently repressed during differentiation
from BFs to PFs and this may involve remodelling of the chromatin (129). in the regulation of

VSG gene expression (129). In order to study Pol I accessibility of an inactive ES, the authors
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inserted a T7 RNA polymerase (T7TRNAP) promoter driven construct containing a bleomycin
resistance (BLE) and Luciferase (LUC) gene upstream of the inactive ES (129). This allowed them
to monitor the T7TRNAP promoter activity (129). Based on luciferase assays in BFs they observed
that despite the ES being silent, the regions around it (in this case the T7TRNAP driven luciferase
gene) were accessible to the polymerase (129). However, when they differentiated these BFs into
PFs, the expression of luciferase was greatly diminished (129). Thus, the ES is efficiently repressed

during differentiation from BFs to PFs and this may involve remodelling of the chromatin (129).

Other proteins that influence the epigenetics of the ES chromatin include histones, histone
modifying proteins, BDFs, proteins involved in base J modifications, and histone chaperones.
Active ES of trypanosomes are depleted of nucleosomes (124, 130). In eukaryotes, the chromatin
is wound around a histone core consisting of hhistone proteins. This level of organisation allows
for efficient packaging of the chromatin and also plays a crucial role in gene regulation. ChIP
analysis revealed that the active ES was depleted of histones H3, H2 and H4A compared to the
silent ESs (124). ChIP analysis revealed that the active ES was depleted of histones H3, H2 and
H4A compared to the silent ESs (124). These results were further corroborated by micrococcal
nuclease (MNase) digestion analysis of DNA (124). MNase preferentially digests chromatin at the
linker regions present between nucleosomes and can be used to identify the spatial distribution of
nucleosomes (124). In this study, permeabilized T. brucei cell lysates were subject to partial
digestion with micrococcal nuclease (124), and the resultant material was then resolved on 5-30%
sucrose gradients followed by gPCR analysis (124). The DNA from active ES was less enriched
in di/ tri- nucleosome fractions compared to DNA from silent ESs (124). The findings in this study
were consistent with the findings of a similar study conducted by Figueirdo and Cross (130). This
suggests that the silent ES adopt a more compact structure relative to active ES, brought about by
the enrichment of histones. (MNase) digestion analysis of DNA (124). MNase preferentially
digests chromatin at the linker regions present between nucleosomes and can be used to identify
the spatial distribution of nucleosomes (124). In this study, permeabilized T. brucei cell lysates
were subject to partial digestion with micrococcal nuclease (124), and the resultant material was
then resolved on 5- 30% sucrose gradients followed by gPCR analysis (124). The DNA from active
ES was less enriched in di/ tri- nucleosome fractions compared to DNA from silent ESs (124). The

findings in this study were consistent with the findings of a similar study conducted by Figueirdo
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and Cross (130). This suggests that the silent ES adopt a more compact structure relative to active

ES, brought about by the enrichment of histones.

A more recent study looks at how histone variants H3V and H4V act as architectural proteins that
influence the genome of the parasite consequently affecting the expression and switching of VSGs
(103). Single cell RNA sequencing from cells with mutant histones variants revealed that
perturbing the function of these histone variants led to the transcription of multiple silent VSG
genes at the same time with about 70% of cells switching to a different VSG (VSG 11), different
from the initially active VSG (VSG 2) while the expression of other VSGs gradually declined
(103). This indicated that the cells were switching VSGs in a manner that was not random and the
expression of multiple VSGs was a state of transition allowing a new VSG to be expressed (103).
Single Molecule Real Time (SMRT) sequencing revealed that there was a recombination process
between the ESAG 8 gene pairs found on BES 1 and BES 15, the ESs housing VSG 2 and 11
resulting in the formation of a BES possessing 3 ESAG 8 genes: 2 from BES 15 and 1 from BES
1 (103). HI-C analysis revealed that there was an interaction between the end of chromosome 6
where VSG 2 is located and VSG 11 which led to the relocation of VSG 11 to chromosome 6
(103). Assays for transposase accessible chromatin (ATAC) with sequencing revealed that upon
the mutation of H3V and H4V, there was an increase in the interactions between BESs that were
repressed (103). This data further highlights the importance of histones in maintaining the
monoallelic status of VSG expression and in mediating switching of VSGs. A more recent study
looks at how histone variants H3V and H4V act as architectural proteins that influence the genome
of the parasite consequently affecting the expression and switching of VSGs (103). Single cell
RNA sequencing from cells with mutant histones variants revealed that perturbing the function of
these histone variants led to the transcription of multiple silent VSG genes at the same time with
about 70% of cells switching to a different VSG (VSG 11), different from the initially active
VSG (VSG 2) while the expression of other VSGs gradually declined (103). This indicated that
the cells were switching VSGs in a manner that was not random and the expression of multiple
VSGs was a state of transition allowing a new VSG to be expressed (103). Single Molecule Real
Time (SMRT) sequencing revealed that there was a recombination process between the ESAG 8
gene pairs found on BES 1 and BES 15, the ESs housing VSG 2 and 11 resulting in the formation
of a BES possessing 3 ESAG 8 genes: 2 from BES 15 and 1 from BES 1 (103). HI-C analysis
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revealed that there was an interaction between the end of chromosome 6 where VSG 2 is located
and VSG 11 which led to the relocation of VSG 11 to chromosome 6 (103). Assays for transposase
accessible chromatin (ATAC) with sequencing revealed that upon the mutation of H3V and H4V,
there was an increase in the interactions between BESs that were repressed (103). This data further
highlights the importance of histones in maintaining the monoallelic status of VSG expression and

in mediating switching of VSGs.

Base J replaces 1% of the DNA base Ts in the telomeres, the expression sites and at sites involved
in RNA Pol Il transcriptional initiation and termination. (66). It influences the transcription of
VSG- ESs (66). Base J is enriched in the telomeres and the silent ESs whereas it is depleted from
the actively transcribed VSG-ESs (66). The depletion of base J by treatment with
Dimethyloxalyglycine (DMOG), a compound that chemically reduces base J led to the de-
repression of VSGs (66).

Facilitates Chromatin Transcription Complex (FACT), a complex enriched in silent ESs relative
to active ES is also implicated in the regulation of VSG ES transcription (131, 132). The FACT
complex in T. brucei is composed of Suppressor of transcription (Spt16) and Pol binding (Pob3)
subunits (131, 132). RNAi-mediated knockdown studies on Spt16 led to a growth arrest in the
G2/early M phase with the disruption of chromosomal segregation in both BFs and PFs (131).
RNA. followed by FACS analysis using T. brucei cell lines with a DS-Red reporter gene revealed
that along with the arrest in growth, the reporter gene in the silent VSG-ESs were also derepressed
in both BFs and PFs (131). ChIP analysis revealed that the depletion of Spt16 led to a decrease in
the levels of H3 and H2A histones at the silent ESs (132). Depletion of these histone variants at
the silent ESs lead to a more open chromatin conformation at the silent ESs. These results indicate
that the histone chaperoning activity of FACT affects the chromatin structure and consequently
affects the expression of VSG- ESs. ChIP analysis revealed that the depletion of Sptl6 led to a
decrease in the levels of H3 and H2A histones at the silent ESs (132). Depletion of these histone
variants at the silent ESs leads to a more open chromatin conformation at the silent ESs. These
results indicate that the histone chaperoning activity of FACT affects the chromatin structure and

consequently affects the expression of VSG- ESs.
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8.3.6. Mechanisms involved in the switching of VSGs.

Various proteins have been implicated in regulating mechanisms of switching. For instance,
histone methyltransferases such as DOT1B are known to influence the process of transcriptional
switching (133). DOT1B was crucial for maintaining the kinetics of switching (133). The authors
used wild type and mutant DOT1B cell lines that transcribe two VSGs under drug selection
pressure. Upon removal of the drug selection pressure, cells expressing wild type DOT1B were
able to immediately revert to a monoalleic state of VSG expression, expressing only either of the
two VSG genes whereas cells expressing the mutant DOT1B took up to 30 days to revert to a
monoallelic state of VSG expression (133). RAD-51, an integral member of the homologous
recombination pathway is crucial for VSG switching, enabling recombinantion of VSG sequences
from the large repertoire of available VSG gene sequences (134). Mutation of RAD-51 has been
shown to decreased the rate of VSG switching to extents ranging from 2-fold up to 130-fold (134).
Another protein integral for the recombination of VSGs is the telomere associated protein:
telomeric repeat binding factor (TRF) which protects the telomeres and is known to impact the
switching of VSGs (135). To investigate the role of TRF, RNAI was used to deplete the protein,
and this was followed by assays to evaluate the effect on the expression of VSGs (135). These
assays demonstrated that the depletion of TRF led to the switching of VSGs (135). About 65% of
the cells switched their VSGs by expression site recombination (135), and 33% of the population
switched via gene conversion (135). However, before the induction of RNAI, the majority of the
cells (85%) underwent switching via VSG gene conversion events (135). This indicated that TRF
influenced the mechanism of switching (135). Similarly, PIP5K, a phosphatidylinositol phosphate
kinase was reported to play a role in the regulation of VSG gene switching (136). Knockdown of
PIP5K in BFs led to the derepression of VSG genes and re-expression of PIP5K in these cells led
to the expression of only a single VSG (136). However, most cells underwent a switch in VSG
gene expression- 16% of the analysed clones transcribed VSG13, 2% transcribed VSG8, 2%
transcribed VSG21, and 1% transcribed VSG19 while the remaining 43% continued to expressed
the same VSG that they expressed before the knockdown of PIP5K (136). Among this population,
21% cells underwent recombination to express a VSG that was previously not found in any of the
ES (136).
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Models have been proposed explaining the mechanism of VSG switching have been proposed.
One model emphasizes the role of the DNA double strand breaks (DSBs) (137). This model
suggests that DSBs lead to the formation of DNA lesions in the ES that promote recombination
events (137). Ligation mediated PCR has revealed that the 70 bp repeats of an active ES is more
susceptible to such DSBs when compared to silent ESs (137). Such DSBs would promote
homolohous recombination as a repair mechanism which in turn leads to the replacement of the
VSG gene through recombination. Further evidence by Glover et. al., revealed that 70 bp repeats
serve as a source for homologous recombination (138). R-loops (three-stranded RNA-DNA
structures with an RNA-DNA hybrid and a displaced single-stranded DNA) have also been
implicated in influencing the switching of VSGs (139). R-loops are stable structures that contribute
to genomic instability interefering with the DNA replication fork progression, causing DSB
formation and recombination (139). Various enzymes such as helicases and RNaseH are involved
in resolving the structure or degrading the RNA in the loops (139). DSBs introduced due to R-loop
formation at either the 70 bp repeat regions or telomeric repeat regions are potential inducers of
homologous recombination and enhance the process of VSG switching (139). Evidently,
artificially introducing an R-loop upstream of an active VSG gene led to a 250-fold increase in the
VSG switching frequency (137, 139).

8.3.7. Telomeric position effect and silencing of ES transcription

Telomeric positioning effect (TPE) is an inheritable and also reversible phenomenon where the
transcription of genes lying in close proximity to the telomeres are suppressed (140). It was first
reported in yeast by Gottschling et.al., where Pol Il transcribed genes lying within 5 kb from the
telomeres were suppressed (140). David Horn and George Cross showed that a similar effect
manifests in trypanosomes whereby VSG genes are suppressed (141). Three T. brucei cell lines
were generated by transforming them with a construct possessing either an rRNA promoter, or a
PARP promoter or an ES promoter. Each cell line was also transformed with a reporter for the
endogenous ES promoter (downstream of the endogenous ES promoter) and another reporter for
the integrated promoters (downstream of the respective promoters). None of the reporter genes
were transcribed from the silent ES in BFs (141). A similar experiment was carried out in PFs

(141). The reporter for the endogenous ES promoter mediated transcription remained suppressed
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in PFs (141). The reporter for the integrated promoters was transcribed in the case of rRNA and
PARP promoters but not in the case of the integrated ES promoter (141) This study revealed that

T. brucei, like yeast exhibits a telomeric position effect (141).

8.4. The role of Repressor activator protein 1 (RAP1) in VSG gene expression

Yeast two hybrid screening using TRF as a bait led to the identification of RAP1 as a TRF-
interacting protein (142). RAP1 is an essential telomeric protein found among many eukaryotes.
It is a sequence specific DNA binding protein that has been implicated in various crucial cellular
functions in eukaryotes (142). These include transcriptional repression/ activation, maintenance of
telomeric structural integrity as well as protection of chromosome ends (142). RAP1 has been
extensively studied in yeast (S. cerevisiae) where it directly binds duplex or double-stranded
telomeric repeats (142). As described earlier, in yeast, it is known to play a major role in repressing
gene expression by means of a telomeric position effect which silences genes that lie in close
proximity to the telomeric region (142). Interestingly, in humans, RAP1 binds indirectly to the
telomeric repeats by association with TRF2 (142).

T. brucei RAP1 consists of three domains that have been a recent subject of study. It consists of a
N-terminal Breast cancer 1 (BRCA1) C-terminus (BRCT) domain, a central Myb (named after a
functionally similar gene that causes avian myeloblastosis) and a C-terminal Myb-like (Mybl)
domain (143). BRCT domains have been implicated in binding phosphopeptides and form an
integral part of many proteins involved in cell cycle regulation as well as DNA repair (144). The
Myb and Mybl domains are found in other DNA binding proteins and chromatin remodelling
proteins (145). Previous work on RAP1 has shown that it is essential for the regulation of VSG
expression in both BFs as well as PFs (142, 146). RNAi-mediated knockdown of RAP1 in BFs
proved to be lethal to the parasite and it led to the expression of silent VSG genes (142). Ablation
of RAP1 expression led to a 2 to 25-fold or 8 to 56-fold increase in the expression of silent VSGs
18 or 36 hrs post knockdown of RAP1 (142). IFA performed on these cells showed that multiple
VSGs were expressed on the surface of the parasite (142). The most interesting finding in the study
is that the silencing effect brought about by RAP1 is stronger at regions closer to the telomeres

(142). Data from this study shows that RAP1 has the ability to silence the entire ES with a stronger
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influence upon the regions closer to the telomeric region (142). Similarly, knockdown of RAP1 in
PFs has shown that RAP1 is essential for the growth as well as the silencing of VSGs in PFs (146).
gPCR data show a 10 to several 100-fold increase in the expression of silent VSGs when RAP1
was knocked down in PFs (146). Comparing BFs and PFs revealed a stronger silencing of VSGs
in PFs, possibly due to a more compact chromatin structure in PFs relative to BFs (146). In

summary, RAP1 plays a crucial role in silencing VSGs in both BFs and PFs.

Recent reports have shown that the RAP1 domains are crucial for certain protein-protein
interactions such as its interactions with TRF or interactions between RAP1 molecules (147).
Expression of a RAP1 allele without the Myb domain in T. brucei proved lethal to the parasite.
RNA-seq data also show that the VSGs (about 2700) were upregulated upon the expression of this
allele (147). Interestingly, co-immunoprecipitation with T. brucei TRF as well as
immunofluorescence analysis in cells expressing RAP1 allele lacking the Myb domain revealed
that the Myb domain is necessary for the interaction of RAP1 with TRF (147). The authors also
produced cells expressing RAP1 alleles that lacked the Mybl domain (147). IFA in these cells
revealed that the Mybl domain is important for the import of RAP1 into the nucleus by the importin
protein (147). Sequencing analysis showed that the Mybl domain had a nuclear localization signal
important for the import of RAP1 into the nucleus (147). Co-immunoprecipitation experiments
also showed that RAP1 has a self-interacting ability which is dependent on the BRCT domain of
the protein (147). This study sheds light on RAP1 and its domains in context to RAP1’s interaction
with TRF, its self-interacting ability and also the localization of RAP1 in the nucleus (147). These
domains are all functionally important for RAP1’s ability to perform its cellular functions,

especially regulate VSG gene expression to sustain the monoallelic nature of its expression.

8.5. Phosphoinositides and the regulation of VSG expression

Phosphatidylinositols (PIs) are molecules that possess a glycerol backbone, two non-polar fatty
acid tails and a phosphate group with a polar inositol head group (148). When PIs undergo
phosphorylation, they form PI phosphates (PIPs). An extensively studied aspect of PIP biology is
their role as integral constituents of the cell membrane, protecting cellular components from harsh

environmental changes such as high salinity, freezing temperatures, or even from dehydration
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(148). Pls also play a major role as cell surface anchors in the form of GPIs in many eukaryotes
ranging from single-celled parasites such as T. brucei and Giardia lambia up to metazoans such
as mammals (148). PIs also have various cellular functions including cell signalling and
trafficking (148). For instance, phosphatidylinositol 4-phosphate (P14P) and phosphatidylinositol
3-phosphate (PI13P) are essential for trafficking the precursors of complex glycosphingolipids
through the Golgi complex and then to the plasma membrane (149). The loss of PI3P, for example,
impedes the flux of these molecules out of the Golgi apparatus (149). Also, drastic changes in PIP
concentrations are known to affect various cellular functions, consequently affecting cell survival
(149).

The genome of T. brucei has 26 genes that code for members of the pathway including inositol
phosphates (IP) or PI kinases and phosphatases (23 in number), a phospholipase C, enzymes that
are crucial for the synthesis of IP or Pls (4 in number), an IP symporter and an IP3 receptor (IP3R)
(136, 150). The IP metabolites as well as the various enzymes of the IP pathway occupy various
subcellular locations including the nucleus (PIP5Pase), plasma membrane (IPMK and PLC),
endosomes (PIP5K), cytosol (IPMK) and acidocalcisomes (IP3RyR) (22, 136, 150-155) . IPs and
Pls are essential in T. brucei where members of the IP pathway have been studied in association
with various cellular functions (150). Apart from functioning as structural molecules, their
functions also include cellular signalling, regulators of cell development and energy metabolism
and also contribute to the regulation of VSG gene expression (136, 151). Studies involving the
knockdown or mutation of members in the pathway have shed light on their role in
cellularviability, growth, and development. For instance, studies on inositol polyphosphate
multikinase (IPMK) has been implicated in regulating life stage development from BFs to PFs
(22). Specifically, the knockdown or the loss of catalytic activity of IPMK led to the upregulation
of certain PF stage-specific genes, activation of the OXPHOS pathway, expression of the
procyclins on the surface coat, and upregulation of genes coding for RBPs, phenotypes associated
with the development of PFs from BFs (22). Another example is T. brucei Fabl, a PI(3,5)P2
kinase, a protein involved in endosomal and lysosomal trafficking in T. brucei (151). RNAI-
mediated knockdown of PI(3,5)P2 kinase proved lethal to the parasite impeding the turnover of
ubiquitinylated membrane protein, highlighting the importance of the PI(3,5)P2 kinase in
trypanosome endomembrane biology (151).



32

The genes encoding enzymes of the PIP pathway: phosphatidylinositol phosphate-5 kinase
(PIP5K), phospholipase C (PLC) and phosphatidylinositol phosphate-5 phosphatase (PIP5Pase)
are involved in the regulation of VSG expression (143) (136). Gene expression analysis show that
the conditional knockdown of either PIP5Pase or PIP5K led to the expression of silent BF and MF
ESs whereas the overexpression of PLC led to a similar phenotype (143) (136). The mRNA levels
of VSGs in PIP5Pase or PIP5K knockdowns were about a 10,000-fold higher relative to the wild
type cells that expressed a single VSG (136). Once the expression PIPSPK was restored, the
monoallelic state of VSG expression was restored as well (136). Gene expression analysis of cells
after restoration of PIP5K by gPCR revealed that 16% of the analysed clones transcribed VSG13,
2% transcribed VSG8, 2% transcribed VSG21, and 1% transcribed VSG19 while the remaining
43% continued to expressed the same VSG that they expressed before the knockdown of PIP5K
(136). Immunofluorescence analysis of BFs showed that PLC, PIP5K and their substrates (PIPs)
localised at the plasma membrane. However, PIP5Pase localizes in the nucleus and co-localises
with telomeres (136). Interestingly, TRF and RAP1 also have a similar pattern of localisation and
they partially localised with telomeres (136). Coimmunoprecipitation and colocalization
experiments proved that RAP1 and PIP5Pase interact (143) (136). IP pathway and their association
with telomeric proteins (RAP1 and TRF) was further studied using glycerol gradients, followed
by western blot analysis of the glycerol gradient fractions (136). Sedimentation of RAP1 and TRF
was inititially determined using cell lysates from T. brucei BFs that express TAP tagged
TbPIP5Pase (136). However, knock down of PIP5K affected the sedimentation both RAP1 and
TRF (136). TRF sedimented in a higher sedimentation co-efficient whereas RAP1 shifted to a
slightly lower sedimentation co-efficient (136). This suggests that the IP pathway may regulate the
interaction between RAP1 and TRF (136). Immunofluorescence analysis of RAP1 after knocking
down PIP5Pase revealed that the knockdown of PIP5Pase led to the formation of multiple RAP1
loci (136). Interestingly, FISH analysis by 3D-deconvolution microscopy using a telomeric repeat
probe revealed that knockdown of PIP5Pase led to an increase in the number of telomeric foci
from less that five up to ten telomeric foci (136). This data, along with data from VSG gene
expression analysis suggests that the IP pathway regulates the association of these telomeric
proteins with the telomeric ES and the disruption of their interaction may lead to the transcription
of multiple ES (136).
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PIP5Pase dephosphorylates P1(3,4,5)P3 yielding P1(3,4)P2 (136) (143). Biochemical assays using
P1(3,4,5)P3 as a bait revealed that RAP1 also binds to PI(3,4,5)P3 (143). However, in the presence
of PIP5Pase, P1(3,4,5)P3 is dephosphorylated, depriving RAP1 of P1(3,4,5)P3 (143). Interestingly,
western blot analysis of T. brucei BF cell lysates run on a native gel revealed that PIP5Pase and
RAP1 were part of a 0.9 MDa protein complex (143). Immunoprecipitation of PIP5Pase followed
by MS analysis revealed that RAP1 was the top interacting candidate while immunoprecipitation
of RAP1 followed by MS analysis revealed that PIP5Pase was the top interacting candidate (143).
Other proteins identified through the MS analysis were: proteins involved in RNA processing,
nuclear lamina proteins, regulatory proteins and proteins involved in RNA processing (143). In
addition, ChIP analysis of RAP1 and PIP5Pase showed that PIP5Pase was enriched in 70 bp
repeats whereas RAP1 was enriched in 70 bp and telomeric repeats (143). ChIP analysis of RAP1
in a cell line expressing a catalytic mutant of PIP5Pase (D360A/N362A) showed that the mutation
of PIP5Pase increased the enrichment of RAP1 at the 70 bp repeats whereas it reduced its
enrichment at the telomeric repeats (143). Amino acids D360 and N362 are crucial for the
enzymological activity of T. brucei PIP5Pase and are conserved among yeast and human Pl 5-
pases (143). Enzymological analysis of the mutant PIP5Pase revealed that the mutations greatly
reduced its dephosphorylation activity (143). In addition, silent VSGs were expressed in cells
expressing the mutant PIP5Pase suggesting that the catalytic activity of PIP5Pase is crucial for the
silencing of VSGs in BFs (143).

Based on these findings the authors suggest that RAP1 binds to PI(3,4,5)P3, a substrate of
PIP5Pase (143). In the presence of PIP5Pase, RAP1 no longer binds P1(3,4,5)P3 (143). This may
result in RAP1 binding the ES chromatin at the telomeric repeats and 70 bp regions that flank the
VSG (143). This interaction of RAP1 may lead to the silencing of the transcription at all expression

sites except one (143).
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8.6. Concluding remarks

TRF
RAP1
PIP5Pase
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Fig 4. ES associated proteins and their regulation of VSG gene expression. The diagram depicts different proteins
that regulate VSG gene expression by associating with RNA Pol I, the telomeric repeats or by regulating the
epigenetics of the ES chromatin. RAP1 and PIP5Pase have been highlighted since the thesis focuses on their role in

the regulation of VSG gene expression.

T. brucei is a protozoan parasite that infects mammals and thrives in the host bloodstream where
it depends on antigenic variation to evade the host immune response and establish infection.
antigenic variation is tightly regulated wherein only one VVSG gene is expressed from a repertoire
of about 2500 VSGs. The transcription of VSGs is a multifactorial phenomenon depending on the
regulation of transcription at various levels. Transcription is dependent on factors such as the
regulation of Pol I transcription, structure of the chromatin as well as the telomeric position effect.
All these facets of VSG transcription are further dependent on proteins and protein complexes.
One such system implicated in the regulation of the VSG gene expression is the IP pathway, a
complex pathway well known to participate in various cellular processes. Perturbing members of
this pathway led to the de-repression of VSGs. PIPSPase was implicated in regulating monoallelic
VSG gene expression in BFs. It regulates VSG gene expression by regulating the interaction of
RAP1 with the substrate P1(3,4,5)P3. The authors of this study suggest a model whereby the
presence of PIP5Pase leads to the dephosphorylation of P1(3,4,5)P3 to P1(4,5)P2, depriving RAP1
of its substrate. In turn, RAP1 binds to the ES chromatin whereby it mediates the silencing of VSG
genes found at the associated ES. There are various questions regarding the regulation of VSG
expression by PIP5Pase that are yet to be answered. This includes clarifying whether PIP5Pase

plays a role in the developmental regulation of VSG expression. Moreover, the mechanism by
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which PIP5Pase silences all VSGs except one. Further, there is also a need to understand how the
catalytic mutation of PIP5Pase affects the association of RAP1 with the ES chromatin. This can
be achieved by determining the importance of PIP5Pase in PFs, the insect stage of the life cycle to
understand the role of VVSGs in developmental regulation of VSG gene expression. Moreover,
characterising the interactions involved is crucial. Specifically, this would involve the examining
the interactions between the proteins: PIP5Pase and RAP1, determining the role of PIP5Pase in
the developmental regulation of VVSG transcription and also understanding the role of PIPs play in
regulating the interactions of RAP1 with the ES chromatin DNA.



36

9. Project overview

9.1. Rationale and hypothesis

T. brucei BFs periodically switch the surface coat protein to evade the host antibody response. BFs
express one among 2500 VSG genes while VSGs are completely silenced in PFs. Various factors
have been implicated in the regulation the transcription of VSGs. Recently, the IP pathway has
been implicated in regulating VSG gene expression. The IP pathway has various roles at the
cellular level where it actively participates in trafficking, metabolism, and development of T.
brucei. Interestingly PIP5Pase was identified as a part of a 0.9 MDa protein complex along with
RAPL1, a telomere associated protein implicated in regulating VSG expression. Both PIP5Pase and
RAPL1 bind to the ES chromatin wherein RAP1 is implicated in the silencing of the telomere
proximal genes by TPE. Moreover, RAP1 binds to P1(3,4,5)P3, a substrate of PIP5Pase (143).
ChIP data also shows that the ablation of PIP5Pase catalytic activity affected the binding of RAP1
to the ES DNA (143). In other words, the presence or the absence of PI(3,4,5)P3 affected the
binding of RAP1 to the ES DNA (143).

There is a need to further understand how the interactions of PIP5Pase and RAP1 with PI1(3,4,5)P3
and the ES DNA affect VSG gene expression. Moreover, it would be crucial to determine if
PIP5Pase is essential in PFs and also how it affects the silent state of VVSGs in the PFs. This would
clarify the role of PIP5Pase in the developmental regulation of VSGs in T. brucei. Here, we
hypothesize that PIP5Pase plays a role in the developmental regulation of VSG genes in T. brucei.
Moreover, we hypothesize that the control of VSG silencing involves PIP5Pase regulation of
RAP1 association with telomeric ES. RAP1 binds to P1(3,4,5)P3 which is PIP5Pase substrate, and
this binding controls RAP1 association with the ES chromatin. This affects the process of VSG
silencing in BFs and PFs.

9.2. Specific aims

The hypothesis will be tested through the three specific aims listed below.

Determine the role of PIP5Pase in VSG gene silencing in procyclic forms i.e. the insect stage of

the parasite. Knockdown of PIP5Pase followed growth curve analysis and gene expression analysis



37

using qPCR will be used to determine the essentiality of PIP5Pase and its role in VSG gene

silencing in procyclic forms.

Determine the domains of RAP1 that interact with P1(3,4,5)P3 and with the ES chromatin DNA.
Recombinant RAP1 and its truncations will be purified. The purified recombinant proteins will be
used in binding assays with PIP(3,4,5)P3 to determine the domain that binds with P1(3,4,5)P3. The
recombinant proteins will also be used in gel shift assays and MST with synthetic ES chromatin
DNA sequences to determine the domains that binds with ES chromatin DNA.

Determine the effect of P1(3,4,5)P3 on the interaction of RAP1 with the ES DNA. Recombinanat
proteins will be used in gel shift assays with synthetic ES chromatin DNA in the presence of
P1(3,4,5)P3 to determine the effect of PI1(3,4,5)P3 on the interaction of RAP1 with the ES DNA.
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10. Methods

10.1. T. brucei cell culture and growth curve analysis.

T. brucei 29.13 (PFs) conditional nulls for PIP5Pase (T. brucei PIP5Pase CNs) were used for
growth curve analysis. They were previously generated by Dr. Igor Cestari. These cells express a
tetracycline regulatable V5 tagged PIP5Pase allele from the silent rDNA spacer. The endogenous
allelles of PIP5Pase were sequentially replaced by a puromycin and blasticydine drug resistance
cassette as described (136). The parasites were maintained in SDM-79 supplemented with 10%
FBS, G418 (7.5 pg/mL), phleomycin (12.5 pg/mL), hygromycin (50 pg/mL) and tetracycline (0.5
pg/mL). They were seeded at the concentration of 2 x 108 cells/mL and incubated at 25°C. Cells

were diluted to 2 x 10° cells/mL every 48 hours.

For growth curve analysis, 2.5 x 10° cells were grown with or without tetracycline for a period of
12 days in SDM-79 supplemented with G418, phleomycin and hygromycin. Concentration of cells
were determined daily using a cell counter (Beckman Coulter). The cells were diluted every two
days to maintain the concentration between 2 x 10° cells/mL and 3 x 107 cells/mL. A cumulative
curve was plotted with the time (hours) on the X-axis and cell concentration (cumulative cells/mL
(Log10)) on the Y-axis using MS Excel. The experiments were performed using 3 biological
replicates and the values represent 3 biological replicates +/- standard deviation of the mean
(SDm).

10.2. Immunofluorescence analysis.

2 x 10° mid log phase PIP5Pase CNs were collected for immunofluorescence analysis. They were
fixed in 2% formaldehyde prepared in PBS supplemented with 6 mM glucose for 10 minutes. Cells
were then loaded onto poly L- lysine (Thermo Fischer Scientific) treated 2 mm glass cover slips
(Fischer Scientific). The cells were incubated for 10 mins, allowing them to adhere to the cover
slip. The slips were washed three times with PBS-glucose. The cells were permeabilized with 0.2%
NP-40 (Fischer Scientific) in PBS, for 10 mins. They were washed five times with PBS-glucose.
They were then blocked for 1 hour with 10% milk, prepared in PBS-glucose. The cells were then
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incubated in mouse mAb a-V5 1:500 (Thermo Life Technologies) for 2 hours at RT. Cells were
then washed five times with PBS-glucose. They were incubated in goat a-mouse IgG (H+L) Alexa
Fluor 488 (1:1000) (Invitrogen) for 2 hours at RT. Cells were then washed five times with PBS-
glucose. The cells were then stained with 1 pug/mL 4',6-diamidino-2-107 phenylindole (DAPI,
Sigma-Aldirch) for 15 mins. The cells were washed four times in PBS-glucose and twice in water
and then mounted onto microscopy glass slides using mounting medium (Southern Biotech).
Epifluorescence microscopy and image acquisition was carried out on the Nikon E800 Upright
Fluorescence microscope. The images were acquired using the 60X objective, with the excitation

wavelength set at 499nm and emission wavelength set at 520nm.

10.3. Western blot analysis.

T. brucei PIP5Pase CNs were grown with or without 0.5 pg/mL tetracycline. Cells were collected
on 3 consecutive days, specifically: days one to three and spun down at 4000 x g for five mins in
a benchtop centrifuge. Cells were washed twice in PBS-glucose and spun down at 4000 x g. The
cell pellet was suspended in 1% Triton X-100 prepared in PBS-glucose supplemented with 1X
EDTA free protease inhibitor cocktail tablet (Pacrease extract, pronase, thermolysin, chymotrypsin
and papain) (50X) (Roche) (one tablet per 50 mL). The suspensions were incubated on ice for 10
minutes. They were spun down at 14000 x g for 10 mins. The supernatant/lysate was collected,
and the pellet was discarded. The lysates were then boiled in 1X Lamelli buffer [312 mM Tris-
HCI (pH6.8), 10% (w/v) SDS, 45% (v/v) (Fischer scientific), Glycerol 1% (w/v) (Fischer
Scientific), Bromophenol Blue 5% (v/v) (Fischer Scientific), 3-mercaptoethanol 1% (v/v) (Fischer
Scientific)] at 95°C for 5 mins. The denatured proteins in the lysate were resolved on 10% SDS-
PAGE at 130 V in 1X SDS-PAGE running buffer [3.0 g of Tris base (Fischer Scientific), 14.4 g
of glycine (Fischer Scientific), and 1.0 g of SDS (Fischer Scientific) in 1000 mL of water (pH
8.3)]. The resolved proteins were transferred onto nitrocellulose membrane for 1 hour at 85V in
1X transfer buffer [12.1g of Tris base (Fischer Scientific), 13.4g of glycine (Fischer Scientific)
dissolved in 1000 mL of water (pH 7.6)] at 4°C. The membrane was blocked for 1hr at RT with
6% (w/v) non-fat dry milk prepared in PBS. Membranes were probed first with mouse a-V5 1:2500
(Bioshop) in 6% milk prepared in PBS for 1hr at RT, followed by five washes of five minutes each

with PBS supplemented with 0.05% Tween 20 (Pierce). Afterwards, it was probed with a-mouse
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IgG HRP 1:5000 (Biorad) for 1 hour at RT, followed by five washes of 5 minutes each with PBS
supplemented with 0.05% Tween-20. Membranes were developed using Supersignal West Pico
Chemiluminescent Substrate (Thermoscientific) and images acquired on a ChemiDoc MP imaging
system (Biorad).

Loading control: After development and acquisition the membrane was stripped in low pH
stripping solution (25mM glycine-HCI, pH 2). They were then blocked again before probing with
mouse a-HSP 70 1:1000 (gift from Ken Stuart laboratory, Seattle Children’s Institute) for 1 hour
at RT, followed by five washes of five minutes each - with PBS supplemented with 0.05% tween.
Afterwards, it was probed with a-mouse 1gG HRP 1:5000 dissolved in 6% milk prepared in PBS
and incubated at RT, followed by five washes of five minutes each with PBS supplemented with
0.05% tween. The membrane was developed as indicated above.

10.4. RNA extraction and gPCR analysis.

10.4.1. RNA isolation

107 T. brucei PIP5Pase CN cells grown in the presence or absence of tetracycline were collected
on day 3. Day of sample collection was decided based on Western blot analysis that indicated
complete loss of protein on day 3 post knockdown. Cells were spun down at 4000 x g for 5 minutes
and the pellet was suspended in 1 mL TRIzol (Invitrogen). TRIzol suspensions were stored in -
80°C freezers until further use. The suspensions were treated with chloroform (200 pL per mL of
TRIzol used), mixed vigorously and spun down at 14000 x g for 10 mins at 4°C. The suspension
separated into an upper aqueous phase and a lower organic phase. The aqueous phase was retained
and treated with equal volumes of isopropanol (Fischer Scientific), gently mixed by tube inversion,
incubated at room temperature for 10 minutes and spun down at 14000 x g for 15 minutes. The
RNA pellet was retained and washed with 75% ethanol at 7500 x g for 5 minutes. The washed
pellet was air dried for 5-10 minutes. The RNA was dissolved in 20 pL nuclease free water. The
extracted RNA was quantified on a nanodrop device (Thermo Fisher spectrophotometer ND-100)

and visually analysed on a 1% agarose gel. It was stored at -80°C freezers until further use.
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10.4.2. DNase treatment and cDNA synthesis

RNA extracted was treated with Ambion (AM2222) DNAse treatment kit as per manufacturer’s
instructions. The RNA was again quantified using a nanodrop device (Thermo Fisher
spectrophotometer ND-100). cDNA was then reverse transcribed from 1 uG total RNA using
Invitrogen Superscript Il reverse transcriptase, using oligo dT primers as per manufacturer’s

instructions. The cDNA was stored in -80°C until further use.

10.4.3. Quantitative real-time PCR analysis

cDNA samples were diluted 20X in nuclease free water for qPCR analysis. gPCR was performed
using Bright Green Express 2X gPCR Master Mix-ROX (Applied Biological Materials Inc.).
Reactions were set up in 20 pL reactions: 10 uL master mix, 5 pL. cDNA and 5 pLL 10 pM primers
(forward + reverse primers) (Table 3). Primers for ES-VSGs and procyclins were obtained from
Cestari and Stuart, 2015 (136). 18S, tubulin and GAPDH were also analysed as endogenous
controls. Targets were analysed using a StepOnePlus RT PCR system (Applied Biosystems) using
conditions: 95°C for 10 minutes (one cycle), 95°C for 15 seconds (45 cycles), 60°C for 60 seconds
(45 cycles). Melting curve analysis was performed to ensure the amplification of single amplicons
in each target sample. Relative quantification of RNA was performed using the AACt method
(156). A bar graph representing the fold change in gene expression for each target was plotted with
gene targets on the X-axis and the relative quantification on the Y-axis. The values represent 4

biological replicates +/- SDm.

Table 2. lists all the qPCR pimers that were used to analyse BF VSGs, mVSGs, procyclins, 18s,
tubulin and GAPDH. The second section contains DNA sequences of the biotinylated forward and
non-biotinylated reverse complementary strands of the DNA used for the EMSA. The third section
contains DNA sequences of the Cy5-labelled forward and unlabelled reverse complementary
strands of the DNA used for the MST.
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Table 2. List of qPCR primers.

gPCR Primer Sequences

Descriptio | GENE ID Reference Forward/ Primer sequence
n of Gene | (TritrypDB.org) Reverse
product or
Oligonucle
otide
sequence
VSG2 Th427.BES40.22 Cestari and Forward GTCCTAGCCCAAGTTCTTC
Stuart, 2015 (136)
Reverse GCTGTTGCAGTAGCTGTTAC
VSG3 Th427.BES153.14/ | Cestari and Forward CAGTCTTGTGCGCACTAGCT
Th427.BES65.13 Stuart, 2015 (136)
Reverse ATGCTGCTGCTGCTGTTACC
VSG6 Th427.BES4.11/ Cestari and Forward CAAGTTTGAGACGTGGGAGC
Th427.BES15.12 Stuart, 2015 (136)
Reverse AGATCGGCTGCTATTGCTGC
VSG8 Th427.BES29.9 Cestari and Forward CTACCAATTGCAGGGCTCAC
Stuart, 2015 (136)
Reverse TTACGGCCAGCAGCTTGGAT
VSG9 Th427.BES129.14 | Cestari and Forward AGCTTATCTAGCAGACGCCG
Stuart, 2015 (136)
Reverse TCCTCCCATTTCCTCCGATC
VSG11 Th427.BES122.11/ | Cestari and Forward CATAGGAACTGGCGACAACG
Th427.BES126.15 | Stuart, 2015 (136)
Reverse GAGCCGCCGAATTGTGTTTC
VSG13 Th427.BES51.12/ Cestari and Forward ATAACGCATGGCCATCTTGAC
Tb427.BES59.12 | Stuart, 2015 (136)
Reverse GTCGTTGCTGTGGATTGCTC
VSG14 Th427.BES64.2 Cestari and Forward TGCTTATATCGAGGCGACGG
Stuart, 2015 (136)
Reverse TTGTGGTTGGTGCGATCTCG
VSG15 Th427.BES134.6 Cestari and Forward AGCACCTTTTCCTGGACCTC
Stuart, 2015 (136)
Reverse AGTCGGCGTAGGTTGCATTG
VSG16 Th427.BES122.11 | Cestari and Forward CGGATCAAAGATAGCAGGGC
Stuart, 2015 (136)
Reverse GCCAGTGAACATACCTGTCG
VSG17 Th427.BES56.13 Cestari and Forward GGCCAACAAGCAAGGCTCAA/
Stuart, 2015 (136)
Reverse TTTGTCAGGTCCCGAAGCAC
VSG18 Th427.BES98.12 Cestari and Forward ACTGCTAAAGAAGGTCTGGG
Stuart, 2015 (136)
Reverse TCGCCCTTTGAGATAGGTGG
VSG19 Th427.BES10.10 Cestari and Forward ACAGGATGGCGGAACTCTAC
Stuart, 2015 (136)
Reverse GCGAGCAAAGCACATTTGGC
VSG21 Forward ACATGCGTCACATAACGCGG
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Th427.BES28.15/ | Cestari and Reverse TTGTTTGCTGGCCTGCTAGC
Th427.BES5.13 Stuart, 2015 (136)
Metacyclic | VSG 397 Kolev et al., 2012 | Forward TGAAGCTGTGAAAGGGACAG
VSG 397 (157)
Reverse GAGGGCGAATTGTTTGTTTAGG
Metacyclic | VSG 531 Kolev et al., 2013 | Forward GACGAAAGCCTGGGTAACATAAA
VG 53l Reverse CCGCAGCTCGTTGATAGTATTG
Metacyclic | VSG 639 Kolev et al., Forward CCGACGATGAACACAGTTGA
VSG 639 2014(158)
Reverse TCTATGCCGTTCGCCTTTAC
Metacyclic | VSG 653 Ramey butler et Forward GGGCTGTTTCGCGACTAATA
VSG 653 al., 2015(159)
Reverse CGTGGTGAAGTCTCCTGTTT
Metacyclic | VSG 1954 Savage et al., Forward GCAGAGGCCTTAGCACTAAAT
VSG 1954 2016(160)
Reverse GGAGTTGACTTTCCTCCATCAG
Procyclin Th427.10.10260 Urwyler, S. etal. | Forward CTGTACTATATTGACTTCAATTACA
(EP1) 2005(161) CCAAAAAG
Reverse GGTCTCAGGCGATGGTTAATAAGG
CATTAG
Procyclin Th427.10.10250 Urwyler, S. etal. | Forward CTGTACTATATTGACTTCAATTACA
(EP2) 2006(162) CCAAAAAG
Reverse CGTATATGCAAGTGTCCTGTCGCC
Procyclin Th427.06.520 Urwyler, S. etal. | Forward CTGTACTATATTGACTTCAATTACA
(EP3) 2007(162) CCAAAAAG
Reverse TTATGCGTGTCAGTGTCCTGTCACA
AAGGA
GPEET Th927.06.510 Urwyler, S. etal. | Forward CTGTACTATATTGACTTCAATTACA
2008(163) CCAAAAAG
Reverse AGGTTCGCGCTGAACAGAAG
B-tubulin Th927.1.2330 Cestari and Forward TTCCGCACCCTGAAACTGA
Stuart, 2015 (136)
Reverse TGACGCCGGACACAACAG
18S Th927.10.5330 Cestari and Forward CGGAATGGCACCACAAGAC
Stuart, 2015 (136)
Reverse TGGTAAAGTTCCCCGTGTTGA
GAPDH Th427.06.4280 This was designed | Forward
by Rishi Rajesh
and Dr. Cestari Reverse
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10.5. Recombinant protein expression and purification.

Recombinant proteins (rRAP1 and its recombinant domains- rBRCT, rMyb, rMybl) were purified
using plasmid constructs that were previously designed and generated by Dr. Cestari. The plasmid
constructs consisted of a pET29-a expression vector into which the gene- RAP1 (Tritrydb gene
ID- Th927.11.370) or its domains [BRCT (nucleotides 1-899), Myb (nucleotides 900-1680) and
Mybl (nucleotides 1681-2569)] were cloned. These plasmids were transformed into NiCO(DE?3)
competent cells (New England Biolabs). Prior to induction, bacterial cultures were grown to a
density of 0.6 OD in a shaker incubator (New Brunswick) at 37°C. The cultures were induced with
0.5 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) (Sigma Aldrich) overnight at 18°C for
RAPL1 or 37°C for 4 hours for the recombinant domains. Cultures were spun down at 10,000 x g
for 15 minutes at 4°C. The supernatant was discarded, and the pellets were resuspended in lysis
buffer (PBS, 5 mM DTT, 0.2 mg/mL lysozyme, 0.05% NP-40 and 10% glycerol) supplemented
with ImM PMSF or protease inhibitor cocktail (10 mL lysis buffer for every 1 L culture). For the
purification of rBRCT, the lysis buffer was supplemented with 7 M urea (Fischer Scientific). The
suspensions were incubated on ice for 10 minutes. The cells were lysed by sonication for 30
seconds (pulse on for 5 seconds, pulse off for 5 seconds) using a sonicator (Fischer Scientific).
The lysed cells (20 mL) were spun down at 13,000 rpm for 5 minutes. The lysate was incubated
with nickel beads (Biorad) (500 uL for every 20mL lysate volume) overnight at 4°C, on a rotating
tube holder. Beads were washed with wash buffer: two washes with 10 mL protein purification
wash buffer [50 mM sodium phosphate dibasic (Fischer Scientific), 300 mM NaCl (Fischer
Scientific), 20 mM Imidazole (Fischer Scientific), pH 8] and five washes with 1 mL protein
purification wash buffer. Beads were spun at 1000 x g after each wash step and the flow through
was discarded. The protein was eluted from the beads using protein elution buffer (50 mM sodium
phosphate dibasic, 300 mM NaCl, 300 mM Imidazole, pH 8). The beads were incubated in 500 pL.
elution buffer for five minutes and spun down at 1000 x g for 1 minute. The eluate was collected
into a new eppendorf tube. Eight such elutions were performed for each purification. To visualize
the eluted protein, 20 uL from each fraction was run on a 10% SDS-PAGE at 130 V in SDS-PAGE
running buffer, followed by Coomassie staining. The fractions containing proteins were pooled.
The purified protein was dialysed using dialysis buffer (25 mM HEPES (Invitrogen), 150 mM
NaCl, 10% glycerol, pH 7-7.5) overnight at 4°C. The dialysed proteins were once again resolveds
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on a 10% SDS-PAGE and visualised by Coomassie staining. The dialysed protein was mixed with
10% glycerol and stored at -80°C until further use. The proteins were then quantified using Pierce
BCA Protein Assay Kit (Sigma Aldrich).

10.6. Phosphatidylinositol binding assays.

1 pg of HIS-tagged recombinant protein (rRAP1, rBRCT, rMyb, or rMybl) was diluted in 400 pL
of binding buffer (25 mM HEPES pH 7.5, 150mM NaCl, 0.2% Nonidet P-40 and 0.1% Tween 20)
for binding assays as described (165) . 5% of volume was collected for Western blot analysis
(input). 1 uM biotin conjugated Dic8-PI(3,4,5)P3, Dic8-PI(4,5)P2, InsP(1,4,5P3 or
InsP(1,3,4,5)P4 (all from Echelon biosciences) was incubated with the diluted protein in a rotating
eppendorf tube holder at RT for 1 hour. After 1 hour, magnetic streptavidin beads (blocked
overnight with 3% bovine serum albumin (BSA) (Biobasic) at 4°C) were added and incubated at
4°C for 1 hour in a rotating eppendorf tube holder. The tubes were placed in a magnetic stand. The
flow through was separated into an eppendorf tube for Western blot analysis. The beads were
washed five times with wash buffer (25 mM HEPES pH 7.5, 300 mM NaCl, 0.2% Nonidet P-40
and 0.1% Tween 20). The beads were separated from the suspension using a magnetic stand after
each wash and the flow through was discarded. The beads were resuspended in 50 pL elution
buffer (2x Laemmli buffer supplemented with 710 mM 2-mercaptoethanol) and boiled at 95°C for
5 minutes. The beads were separated using a magnetic stand and the eluate was collected into an
eppendorf tube. For competition assays, recombinant proteins, biotin-labelled PI1(3,4,5)P3 were
incubated with or without 5-50 uM unlabelled Dic8-P1(3,4,5)P3 (Echelon biosciences) as a
competitor and the same protocol was followed. The input, flow through and eluate were resolved
on 10% SDS-PAGE at 130 V in SDS-PAGE running buffer. The resolved proteins were transferred
onto a nitrocellulose membrane at 85 V for 1 hour at 4°C in transfer buffer. The membrane was
blocked for 1 hour at RT with 6% milk prepared in PBS. The membrane was probed first with
mouse a-HIS 1:5000 (Genescript) diluted in 6% milk prepared in PBS for 1 hour at RT, followed
by five 5-minute washes with PBS supplemented with 0.05% tween. Afterwards, it was probed
with a-mouse IgG HRP 1:5000 dissolved in 6% milk prepared in PBS for 1 hour at RT, followed

by five washes of 5 minutes each in PBS supplemented with 0.05% tween. The membrane was
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developed using Supersignal West Pico Chemiluminescent Substrate (Thermoscientific) and the

image was acquired on a ChemiDoc MP imaging system (Biorad).

10.7. Electrophoretic mobility shift (EMSA) or gel shift assays.

Biotinylated DNA sequences (Table 3.) were denatured in a thermocycler using the program: 95°C
for 10 minutes (one cycle), 94°C for 50 seconds (-1°C per cycle for 72 cycles) and 22°C forever.
Reactions were set up with 100 nM DNA, 2 mg/mL yeast tRNA, 1 ug recombinant protein in DNA
binding buffer (20 mM HEPES, 40 mM KCI, 10 mM MgCl2, 10 mM CaCl2 and 0.2% Nonidet P-
40). The reactions were incubated on a thermomixer (Eppendorf) at 37°C for 1 hour. The binding
was crosslinked using the “optimal crosslink” setting on a benchtop UV-crosslinker (Spectrolinker
XL-1 500). 10 uL of the total reaction was resolved on a 10% native gel at 100 V in 0.5 X TAE.
The reactions were transferred onto a nylon membrane at 100 V for 30 minutes in 0.5 X TAE. The
membrane was blocked for 1 hour at RT with nucleic acid detection blocking buffer (Life
Technologies). It was probed with streptavidin 1:5000 (Genescript) diluted in nucleic acid
detection blocking buffer (Life Technologies) for 1 hour at RT, followed by five minute washes
with PBS supplemented with 0.05%tween. The membrane was developed using Supersignal West
Pico Chemiluminescent Substrate (Thermoscientific) and the image was acquired on a ChemiDoc

MP imaging system (Biorad).

Table 3. List of Oligonucleotide sequences for EMSA.

Oligonucleotide Sequences for EMSA
Telomeric | NA This was designed | Forward strand | BIOTIN-
repeats by Rishi Rajesh (G-rich strand) | TTAGGGTTAGGGTTAGGGTTAGGGT
and Dr. Cestari TAGGGTTAGGGTTAGGGTTAGGTTA
GGGTTAGGG
Reverse CCCTAACCCTAACCCTAACCCTAAC
complementary | CCTAACCCTAACCCTAACCCTACCC
strand TAACCCTAA
70 bp NA Miner et al. 2016 | Forward strand | BIOTIN-
repeats (164) ATGATAATGATAATAATAATAGGA
GAGTGTTGTGAGAGTGTATATACG
AATATTATAATAAGAGCAGTAATA
ATA
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Reverse
complementary
strand

TATTATTACTGCTCTTATTATAATAT
TCGTATATACACTCTCACAACACTC
TCCTATTATTATTATCATTATCAT

Scrambled
sequence

NA

This was derived
from sequence of
telomeric repeats

Forward strand

BIOTIN-
AGGTGGGTTGTGGTGTTGAGTTGTG
TATAGATGGGGGAGGTGGGAGGTT
AATGGGATTGT

Reverse
complementary
strand

ACAATCCCATTAACCTCCCACCTCC
CCCATCTATACACAACTCAACACCA
CAACCCACCT

10.8. Microscale thermophoresis (MST).

10.8.1. DNA acquisition and preparation.

Nucleic acid substrates (Table 4.) were designed with a Cy5 fluorophore conjugated to the 5’

hydroxyl group and were prepared by Integrated DNA Technologies (IDT) for analysis with

Monolith NT.115 Red (NanoTemper®). Non-fluorescent antisense DNA was prepared in order to

prepare double stranded DNA substrates for the analysis. The 2 strands were annealed by mixing

equimolar concentrations in a buffer containing 10 mM Tris—HCI pH 7.4, 2 mM MgCI2, 50 mM

NaCl. followed by incubation in the thermocycler using the following program: using the program:

95°C for 10 minutes (one cycle), 94°C for 50 seconds (-1°C per cycle for 72 cycles) and 22°C

forever. All DNA samples were stored at -20°C. Before each assay the DNA was re-folded using

the program: 95°C for 10 minutes (one cycle), 94°C for 50 seconds (-1°C per cycle for 72 cycles)

and 22°C forever.

Table 4. List of Oligonucleotide sequences for MST.

Oligonucleotide Sequences for MST

Telomeric
repeats

NA

This was designed
by Rishi Rajesh
and Dr. Cestari

Forward strand
(G-rich strand)

Cy5-
TTAGGGTTAGGGTTAGGGTTAGGGT
TAGGGTTAGGGTTAGGGTTAGGTTA
GGGTTAGGG

Reverse
complementary
strand

CCCTAACCCTAACCCTAACCCTAAC
CCTAACCCTAACCCTAACCCTACCC
TAACCCTAA
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70 bp NA Miner et al. 2016 | Forward strand | Cy5-
repeats (164) ATGATAATGATAATAATAATAGGA
GAGTGTTGTGAGAGTGTATATACG
AATATTATAATAAGAGCAGTAATA
ATA
Reverse TATTATTACTGCTCTTATTATAATAT
complementary | TCGTATATACACTCTCACAACACTC
strand TCCTATTATTATTATCATTATCAT
Scrambled | NA This was derived | Forward strand | Cy5-
sequence from sequence of AGGTGGGTTGTGGTGTTGAGTTGTG
telomeric repeats TATAGATGGGGGAGGTGGGAGGTT
AATGGGATTGT
Reverse ACAATCCCATTAACCTCCCACCTCC
complementary | CCCATCTATACACAACTCAACACCA
strand CAACCCACCT

10.8.2. Binding checks to confirm binding.

Following annealing, binding checks were performed. 5 nM DNA was incubated with 1 uM rRAP1
in a buffer containing 50 mM HEPES pH 7.4, 5 mM MgCl2, 100mM NaCl and 0.25% (V/V) NP-
40 in a total reaction volume of 50 uL. The reaction was incubated at 37°C for 1 hour. After
incubation, the samples (5-10 uL) were loaded, by capillary action on to capillary tubes (4
capilaries containing the DNA with protein and 4 capilaries containing control reactions that were
set up with no protein) and analysed using the Monolith NT. 115 Red (NanoTemper®). Reactions
were also set up with the scrambled sequence derived from the telomeric repeats. The fluorescence
change between two time points was measured for each sample to confirm the binding.

10.8.3. Equilbrium dissociation constant (kd) measurements.

16 reactions containing 5 nm annealed DNA was incubated with 16, 1:2 serial dilutions of rRAP1
(3.125 puM was the highest concentration of rRAP1 used). The total reaction volume was 50 pL.
The reaction was incubated at 37°C for 1 hour. After incubation, the samples (approximately 5-10
uL) were loaded, by capillary action on to capillary tubes. Reactions were incubated at 37°C for 1
hour followed by which they were loaded into capillary tubes and analysed using the Monolith
NT. 115 Red (NanoTemper®). The fluorescent change between two time points was measured for
each reaction and a binding affinity curve was generated by plotting the fraction bound (Y -axis)
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against each dilution point (X-axis). This was performed using the Graphpad Prism software

version 9.

10.9. Statistical analysis.

All data are representatives of multiple replicates. Data from growth curve analysis and gene
expression analysis by qPCR are representatives of at least 3 biological replicates +/- SDm. Data
from Western blots, phosphatidylinositol binding assays and EMSA are representatives of at least

2 replicates.
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11. Results:

11.1. PIP5Pase is important for the developmental regulation of VSGs

11.1.1. PIP5Pase localizes in the nucleus in PFs

To determine the localization of PIP5Pase in PFs, immunofluorescence using PIP5Pase
conditional null cell line was performed. This cell line expresses a VV5-tagged PIP5Pase from the
silent rDNA spacer in presence of tetracycline. Immunofluorescence assays in BFs showed that

PIP5Pase localizes in the nucleus (136).

DAPI

DAPI PIP5Pase-V5

Fig. 5. PIP5Pase localises in the nucleus in PFs. A. Immunofluorescence analysis of V5- tagged PIP5Pase in T.
brucei PFs. Differential interference contrast shows the cell population analysed by immunofluorescence microscopy.

DAPI was used to stain the nucleus. Mouse Anti V5 antibodies followed by anti-mouse 1gG alexa 488 antibodies were
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used to detect V5-tagged PIP5Pase. Merge shows the localization of PIP5Pase at the nucleus. K denotes the
kinetoplastid and N denotes the nucleus. The red square indicates the magnified image. Bar 100 um B. Control:
Immunofluorescence analysis of V5- tagged PIP5Pase in the absence of tetracycline in T. brucei PFs. DIC shows
the cell population analysed by immunofluorescence microscopy. DAPI was used to stain the nucleus. Mouse Anti
V5 antibodies followed by mouse 1gG alexa 488 antibodies were used to detect VV5-tagged PIP5Pase (undetected here).
Bar 100 pm.

The localization data in PFs show that PIP5Pase-V5 coincides with DAPI staining of the nuclear
DNA (Fig. 5A), and thus indicates that PIP5Pase in PFs also localizes in the nucleus. No significant
signal for PIP5Pase-V5 was detected outside of the nucleus or KDNA (Fig. 5A).
Immunofluorescence analysis performed in control showed no signal for V5 (Fig. 5B). Hence,

PIP5Pase localizes in the nucleus of PFs as seen in BFs.

11.1.2. PIP5Pase is essential for the growth of PFs

To determine if PIP5Pase is essential for PFs growth, PIP5Pase was knocked down in PFs and
growth curve analysis was performed in which cells were counted daily. A growth defect was
detected starting at day five after which cells with the PIP5Pase-V5 KD started to die whereas

the cells expressing PIP5Pase continued to grow normally (Fig. 6A).
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Fig. 6. PIP5Pase is is essential for the growth of PFs. A. Growth curve analysis after PIP5Pase knock down in T.
brucei PFs. Growth curve of cells expressing PIP5Pase-V5. Cells were grown in the absence or presence of 0.5 pg/mL
of tetracycline, and counted daily with a Beckman particle counter. Data shows the mean of three biological

experiments, +/- SDm. B. Western blot analysis of V5-tagged PIP5Pase in T. brucei PFs. Cell lysates were extracted
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from cells grown with or without tetracycline. Proteins were resolved in 10% SDS/PAGE and transferred to
nitrocellulose membrane. PIP5Pase-V5 was detected using monoclonal mouse anti-V5 antibodies and secondary
antibodies: goat anti-mouse 1gG-HRP by chemiluminescence. The membrane was stripped and re-probed with mouse
anti-mitochondrial HSP-70 antibodies. It was detected using secondary goat anti mouse 1gG-HRP antibodies by

chemiluminescence.

To determine the time required for the complete loss of protein, cells were collected every 24 hrs
and cell lysates prepared for Western blot analysis from 24 to 120 hrs (Fig. 6B). There was a
gradual decrease in PIP5Pase-V5 expression, however, the protein was almost completely depleted
by day three (Fig. 6B). Interestingly, the cells remained viable at this time point. The data indicate
that PIP5Pase is essential for PFs growth.

11.1.3. Knockdown of PIP5Pase results in the expression of silent VSGs in PFs

Previously published RNA-seq data from BFs show that the KD of PIP5Pase results in
transcription of VSGs present in silent ESs as well as those found in sub-telomeric arrays (143).
In PFs, all VSGs are silent, and the PFs express procyclins on their surface which protect the
parasites against the acidic nature of the insect gut (26). To determine the effect of PIP5Pase KD

on the expression of VSGs in PFs, gPCR was performed (Fig. 7).
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Fig7. VSG gene expression analysis by gPCR after knockdown of PIP5Pase in T. brucei PFs. The yellow bars
represent the bloodstream form VSGs, the red bars represent the metacyclic form VVSGs and the green bars represent

the procyclins.

The analysis was done on cells collected on day three, a time point in which the protein was
completely knocked down and the cells were still viable. gPCR was performed with primers
specific to the VSGs found on the BF and MF ESs and procyclins. 18s rDNA and tubulin were
used as endogenous controls. KD of PIP5Pase resulted in the expression of all silent VSGs found
in the both BF ESs and MF ESs (Fig. 7). Upon KD, the change in expression was between 5-20-
fold higher for BF and MF ES VSGs compared to cells that express PIP5Pasei (Fig. 7).
Interestingly, the expression of procyclins were also affected upon KD of the gene. Normally, all
procyclins are transcribed in PFs and they are regulated post-transcriptionally. The cell line under
study predominantly express EP2. First, EP1, EP2 and EP3 are overexpressed relative to the levels
in tet+ cells with about 5-fold change in their expression (Fig. 7). Second, GPEET is
downregulated relative to tet- cells with almost about 5-fold change in expression (Fig. 7). This
data indicates that PIP5Pase is essential for silencing of VSGs in the PFs. PIP5Pase KD also affects

the expression of procyclins.

11.2.1. Purification of RAP1 and its domains

Studies showed that RAP1 and PIP5Pase interact and migrate in a 0.9 MDa protein complex in
native gel (143), and that RAP1 interacts with PI(3,4,5)P3, a substrate of PIP5Pase (25, 143).
Interestingly, RAP1-PI(3,4,5)P3 interaction was ablated in the presence of PIP5Pase (143). ChiP,
followed by qPCR also showed that RAP1 interacts with the ES chromatin at the 70 bp repeats
and the telomeric repeats whereas PIP5Pase interacts with the 70 bp as well (25, 143). To validate
the interactions in vitro between RAP1 and ES DNA sequences and to identify the RAP1 domains
interacting with PI(3,4,5)P3, recombinant RAP1 (rRAP1) or RAP1 domains were purified to
homogeneity (Fig 8B). T. brucei RAP1 is a 91 KDa protein with an N-terminal breast cancer 1
carboxy- terminal domain (BRCT), a central Myb domain and a C-terminal Myb-like (Mybl)

domain (Fig. 8A). BRCT domains can be found among proteins involved in the cell cycle,
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recombination as well as those involved in DNA-damage response (166). A study by Williams et
al., showed that BRCT binds to phosphorylated proteins via the recognition of phosphoserine
residues (166). On the other hand, Myb and Mybl domains are found among proteins involved in

transcriptional regulation and are known to bind DNA (167).
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Fig. 8. Purification of recombinant RAP1 and its truncations. A. Diagram of recombinantly purified T. brucei
His-tagged RAP1 (rRAP1-His) and its domains- rBRCT-His, rMyb-His and rMybl-His. B. 10% SDS/PAGE shows
rRAP1-His and its domains purified to homogeneity. Recombinant proteins were resolved in a 10% SDS-PAGE,

followed by Coomassie blue staining.

A number of conditions were tested to optimize the purification of each protein, summarized in
table 3. The table lists the bacterial strains, induction temperatures and induction times tested and

the conditions used for the purification if each protein.

Table 5. Conditions tested to optimise the purification of proteins- rRAP1, rBRCT, rMyb,
rMybl.

Protein Bacterial strain* Induction Induction time
temperature (°C) (hours)

Tested Used Tested Used Tested Used
rRAP1 1,2 1 18, 30, |18 2,4,0N | ON
37
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rBRCT 1,2,3 1 18, 30, |37 2,4,0N
37

rMyb 1,2 1 18, 30, |37 2,4
37

rMybl 1,2 1 18, 30, |37 2,4
37

*_1: NiCO(DE3), 2: Rosetta(DE3), 3: BL21(DE3)

ON indicates overnight.

Notable, NiCO(DE3) showed better yield than other cell lines for the expression of each protein
and hence was used in the purification protocol. rRAP1 was induced at 18°C overnight (ON) while
rMyb and rMybl were induced at 37°C for 4 hours. They were also soluble and were purified using
Nickel beads. rBRCT was best expressed when induced at 37°C for 4 hours. However, unlike
rRAP1 or the other domains, rBRCT was insoluble and the yield post purification was low. In
order to increase the solubility and thereby the purification yield, a range of urea concentrations:
1M, 3M or 7M was used in addition to the lysis buffer. rBRCT was purified in denaturing
conditions using 7 M urea. The proteins were dialysed against a pH 7.4 HEPES buffer to remove
urea, allowing the protein to refold. This makes the protein suitable for use in experiments. The
yields have been listed in table 4. The table lists the yield in pg/uL obtained for each protein after
affinity purification. The purified proteins were then quantified using Pierce BCA Protein Assay
Kit (Sigma Aldrich).

Table 6. Yield of proteins (rRAP1, rBRCT, rMyb, rMybl) after affinity purification.

Protein Yield (pg/pL)
rRAP1 1.3

rBRCT 0.7

rMYB 1.1

rMYBL 1.02

11.2.2. BRCT domain of RAP1 binds to PI(3,4,5)P3

Pulldown assays with PI1(3,4,5)P3 and other PI/IP metabolites revealed that RAP1 bound
preferentially to P1(3,4,5)P3 (143). Purified recombinant proteins (rRAP1 and its domains) were
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utilised in pulldown assays with biotinylated PIPs/IPs. After incubation with proteins, these
metabolites were pulled down with streptavidin beads (Fig. 9A). The bound proteins were eluted
from the beads and used in Western analysis. The flow through from each of these reactions were

also collected for Western blot analysis using a-His antibodies.
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Fig. 9. Phosphoinositide binding assays revealed that the rBRCT domain of RAP1 binds with P1(3,4,5)P3. A.
Diagram of phosphoinositide binding assays used to study the binding of rRAP1-His, rBRCT-His, rMyb-His,
rMybl-His to PIPs/IPs. The recombinant protein and the biotin-labelled PIPs/IPs are incubated at room temperature
for 1 hour, followed by which the PIPs/IPs are pulled down using streptavidin beads. Any bound protein is eluted and
resolved on a 10% SDS-PAGE, followed by transfer to a nylon membrahne. The protein is then detected using
monoclonal mouse anti-His antibodies and secondary antibodies: goat anti-mouse 1gG-HRP by chemiluminescence.

B. Phosphoinositide binding assay of rRAP1-His and PIPs/IPs .The Western blot shows the binding assay performed
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with His-tagged rRAP1 and biotinylated PIPs/IPs. C. P1(3,4,5)P3 binding assays with rRAP1-His and its domains.
Western analysis of eluates from phosphoinositide binding assays with rRAP1, rBRCT, rMyb and rMybl. The binding
assay with rRAP1 was used as the positive control and the binding assays with each of the proteins with streptavidin

beads was used as the negative control.

First, binding assays showed that rRAP1 binds to PI1(3,4,5)P3, but not P1(4,5)P2 or IP(1,4,5)P3
(Fig. 9B). There was no nonspecific binding of the proteins to the beads as confirmed by a negative
control using only rRAP1 and streptavidin beads (Fig. 9B). To determine which domain of RAP1
bound to PI(3,4,5)P3, assays were performed with rBRCT, rMyb and rMybl recombinant proteins
(Fig. 9C). Reactions with rRAP1 were used as positive controls (Fig. 9C). Reactions incubated
with beads were used to rule out nonspecific binding of the proteins to the beads (Fig. 9C). The
data showed that the BRCT domain of RAP1 bound to PI1(3,4,5)P3; however, neither Myb nor
Mybl domains bound to the PI1(3,4,5)P3 and they could be detected in the flow through (Fig. 9C).

11.2.3. BRCT domain of RAP1 binds specifically to PI(3,4,5)P3

To determine if rBRCT binds specifically to PI(3,4,5)P3-biotin, competition assays were
performed by addition of increasing molar excess concentrations of non-biotinylated P1(3,4,5)P3
or P1(4,5)P2 to the binding reactions (Fig. 10A).
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Fig. 10. BRCT domain of RAP1 binds specifically to PI(3,4,5)P3. A. PI(3,4,5)P3 competition assay.
Phosphoinositide binding assay of His-tagged rBRCT with PI(3,4,5)P3 from binding assays with PI(3,4,5)P3
in the presence of free PI(3,4,5)P3 and free PI(4,5)P2. Proteins were resolved in a 10% SDS/PAGE and
transferred to a nitrocellulose membrane. rBRCT was detected using monoclonal mouse anti-His
antibodies and secondary goat anti-mouse IgG-HRP antibodies by chemiluminescence. B. Binding assay
with rBRCT-His and PIPs/IPs. Phosphoinositide binding assay of His-tagged rBRCT with PI(3,4,5)P3,
PI(4,5)P2, IP(1,3,5)P3, and IP(1,3,4,5)P4 to identify PIPs/IPs that bind to rBRCT. rBRCT was detected using

monoclonal mouse anti-His antibodies and secondary goat anti-mouse IgG-HRP by chemiluminescence.

Interestingly, the binding of rBRCT to biotinylated P1(3,4,5)P3 was competed out by molar excess
of PI(3,4,5)P3 (Fig. 10A). The binding was partially competed out at 10 and 25uM of non-
biotinylated PI1(3,4,5)P3 and was completely outcompeted at a concentration of 50uM of non-
biotinylated P1(3,4,5)P3 (Fig. 10A). The binding remained unaffected by the addition of molar
excess of PI1(4,5)P2 (Fig. 10A). The data indicated that the binding between PI1(3,4,5)P3 and
rBRCT is specific.

Data from previous work show that RAP1 binds specifically to PI(3,4,5)P3 and in trace amounts
with P1(4,5)P2 while it does not bind other PIP/IP metabolites (143). To determine if rBRCT bound
other PI/IP metabolites, similar binding assays were used. rBRCT bound specifically to
P1(3,4,5)P3 but not other PIP/IP metabolites (Fig 10B). Unlike RAP1, not even trace amounts of
rBRCT bound to PI(4,5)P2 (Fig 10B). Hence, RAP1 binds specifically to PI(3,4,5)P3 via the N-
terminal BRCT domain.

11.3. Myb and Mybl domains of RAP1 bind ES chromatin DNA.

11.3.1. RAP1 binds directly to 70 bp repeats and telomeric repeats in vitro.

ChlIP followed by gPCR revealed that RAP1 binds to ES chromatin at the 70 bp and telomeric
repeats (143). RAP1 is also associated with PIP5Pase which also interact with 70 bp and telomeric
repeat chromatin (143). Moreover, these proteins are a part of a 0.9 MDa protein complex (143).
To determine if RAP1 bound directly to ES DNA repeats, electrophoretic mobility shift assays
(EMSA) were performed. Reactions were performed with purified rRAP1 and biotinylated DNA
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sequences i.e., synthetic telomeric repeats (ten repeats of TTAGGG) and 70 bp repeats (one
sequence of 70 bp length). In this assay, the DNA bound to the protein will migrate slower that
unbound DNA, appearing as a shift in the migration. To control for nonspecific DNA-protein
binding a scrambled sequences derived from telomeric repeats was used. These reactions were
then run on native gels, transferred to nylon membranes and detected using the streptavidin based-
chemiluminescene. First, the assay was performed with telomeric repeats, 70 bp repeats and the

scrambled sequence (Fig. 11B).
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Fig. 11. RAP1 binds directly to 70 bp repeats and telomeric repeats in vitro. A. Diagram of the EMSA used to study
the binding of rRAP1-His and its domains to 70 bp repeats and the telomeric repeats B. EMSA of rRAP1-His with
biotin-labelled 70 bp or telomeric repeat DNA. rRAP1 and the biotin labelled DNA sequences are incubated for 1
hour at 37°C in the appropriate buffer. The reactions are then UV-crosslinked and resolved on a 6% native gel,
followed by transfer to a nylon membrane. Afterwards, the DNA is detected using streptavidin-HRP with the
chemiluminescent nucleic acid detection module (Thermo Fischer Scientific). C. Binding check by MST to confirm
the binding of rRAP1-His to telomeric repeats. D. Binding check by MST to confirm the binding of rRAP1-His to
70 bp repeats. E. Binding check by MST to rule out non-specific binding of rRAP1-His using the scrambled
sequence. The curve shows the binding check performed by MST using the Monolith NT.115 to confirm the
interaction between rRAP1 and the Cy5-labelled DNA sequences. The Y-axis represents Fnorm (the normalised
fluorescence i.e., the difference in fluorescence before and after activation of the IR laser). The X-axis represents the
samples: without (left) or with (right) protein. Binding is detected when the is a change in DNA fluorescence (Fnorm)
of the Cy5-labelled telomeric repeats when it is bound to a protein (rRAPL). Further, the signal obtained from binding
of telomeric repeats and 70 bp repeats to RAP1 was larger than the signal obtained from the binding of the scrambled

sequence to RAP1, confirming the binding of rRAP1 to telomeric repeats and 70 bp repeats.

Two major observations were made from this assay. First, rRAP1 bound to both 70 bp repeats and
telomeric repeats whereas it did not bind the scrambled control (Fig. 11B). Secondly, rRAP1
interactions with the telomeric repeats were different from its interaction with the 70 bp repeats
(Fig. 11B). rRAP1 migrates as a single complex with the telomeric repeats (Fig. 11B). With the
70 bp repeats, RAP1 forms multiple DNA-protein complexes (Fig. 11B).
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MST analysis using rRAP1 and the three DNA sequences further corroborate these findings (Fig.
11C, 11D, 11E). Binding analysis performed with rRAP1 and the telomeric repeats confirm the
interaction of rRAP1 and the telomeric repeats in vitro (Fig.11C). Similarly, binding analysis
performed with rRAP1 and the 70 bp repeats confirm the interaction between rRAP1 and 70 bp
repeats in vitro (Fig.11D). Finally, control assays performed with rRAP1 and the scrambled
sequence concluded that rRAP1 binds specifically with the telomeric repeats and the 70 bp repeats

in vitro. The data indicates that RAP1 can bind directly to the telomeric repeats or 70 bp repeats
in vitro.
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Fig 12. RAP1 binds with different affinities to the tel repeats and 70 bp repeats in vitro. A. Equilbrium dissociation
constant (kq) calculatedfor the binding of rRAP1-telomeric repeats from dose response curve obtained from MST.
MST analysis was performed with 5 nM telomeric repeats and 1:2 serial dilutions of rRAP1 (3.125 uM was the highest
concentration used). The curve represents the dose response obtained from MST for rRAP1 and telomeric repeats.
The Y-axis represents the fraction bound. The X-axis represents the concentration of rRAP1. B. Equilbrium
dissociation constant (kd) calculated for the rRAP1-70 bp repeats from dose response curve obtained from MST.
The curve represents a replicate of the dose response curve obtained from MST for rRAP1 and 70 bp repeats. The Y-

axis represents the fraction bound. The X-axis represents the concentration of rRAP1 in each reaction.

The equilibrium dissociation constants for rRAP1-telomeric repeats as well as rRAP1-70 bp
repeats were measured using MST (Fig. 12A and 12B). A dose response curve was generated in
each case and the kg was measured (Fig. 12A and 12B) and the average of the kq was calculated.

For the binding of rRAP1 with telomeric repeats, the k¢ was determined to be 0.03127 uM. For
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the binding of rRAP1 with 70 bp repeats, the kg was determined to be 0.3940 uM. This data

indicates a difference in the affinities of each of the DNA sequences to rRAPL in vitro.
11.3.2. Myb and Mybl domains of RAP1 bind to the ES chromatin DNA in vitro.

RAP1 has a central Myb and a C-terminal Mybl domain. Myb domains are DNA binding domains
found in proteins that are involved in transcriptional regulation (167). To determine the domains

of RAP1 that bind DNA, EMSA was perfomed with purified rMyb, rMybl or rBRCT domains
(Fig. 13).
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Fig. 13. EMSA with rMyb-His, rMybl-His and rBRCT-His with telomeric repeats and 70 bp repeats. Gel shift assays

were performed with rMyb, rMybl and rBRCT domains of RAP1 and DNA sequences. Reactions were resolved on a
6% polyacrylamide native gel and transferred onto a nylon membrane. The biotin-labelled DNA is detected by

Unbound DNA

streptavidin-HRP using chemiluminescence.

Both rMyb and rMybl domains of RAP1 bound to both the telomeric repeats as well as the 70 bp
repeats whereas it did not bind to the scrambled sequence whereas rBRCT did not bind any DNA
sequence (Fig. 13). Interestingly, there was an apparent difference on the domains binding the
DNA sequences. rMyb bound to both sequences forming single protein-DNA complexes whereas
rMybl bound to the telomeric repeats forming a single DNA-protein complex but it formed
multiple protein-DNA complexes with the 70 bp repeats (Fig. 13). Together, this data indicate that
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the Myb and Mybl domains of RAP1 bind the telomeric repeats as well as the 70 bp repeats.
Interestingly, these domains bind apparently differently to the telomeric repeats and the 70 bp

repeats.

11.3.3. P1(3,4,5)P3 disrupts the binding of RAP1 to telomeric repeats and 70 bp repeats.

Previous data showed that PIP5Pase KD or catalytic mutation affects transcription of ESs (Cestari
et. al., 2019 and Fig. 7) and affects association of RAP1 with ES DNA, and thus ES transcription.
Hence, EMSA was performed to test whether P1(3,4,5)P3 affects RAP1 binding to ES repeats.

First, EMSA was performed with telomeric repeats and rRAP1 with the addition of increasing

molar concentrations of PI(3,4,5)P3.

Increase in PI1(3,4,5)P3 concentration disrupted the binding of rRAP1 with the telomeric repeats
in a dose-dependent fashion (Fig. 14A). At 5uM, there was a slight change in rRAP1-DNA binding
whereas the increase in P1(3,4,5)P3 concentrations to 10 and 25 uM resulted in the loss of DNA-
protein complex at the top of the gel (Fig. 14A). Moreover 50 uM of PI(3,4,5)P3 completely
inhibited the binding of rRAP1 to telomeric repeats (Fig. 14A). The data indicates that P1(3,4,5)P3
affects the binding of RAP1 to telomeric repeats.
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Fig. 14. Binding of RAP1 to ES chromatin DNA in vitro is affected by P1(3,4,5)P3. EMSA was performed with
RAP1 and telomeric repeats or 70 bp repeats in the presence of increasing concentrations P1(3,4,5)P3. The reactions
were resolved on a 6% polyacrylamide native gel and transferred to a nylon membrane. The biotin-labelled DNA was
detected using streptavidin-HRP by chemiluminescence. A. Binding of rRAP1-His with telomeric repeats in the
presence of PI(3,4,5)P3. B. Binding of rRAP1-His with 70 bp repeats in the presence of P1(3,4,5)P3.

EMSA was also performed with rRAPL and 70 bp repeats with the addition of molar excess
P1(3,4,5)P3 (Fig. 14B). Interestingly, 50 uM of PI(3,4,5)P3 did not affect the binding of rRAP1 to
70 bp repeats (Fig. 14B). To determine if a further increase in the P1(3,4,5)P3 concentration would
affect the binding, EMSA was performed with PI1(3,4,5)P3 concentrations ranging from 25-200
UM (Fig. 14B). The binding of rRAP1 to 70 bp repeats was only disrupted at 200 uM (Fig. 14B).
Together, the data indicate that the in vitro binding of RAP1 to either DNA sequences was affected
by the addition of PI(3,4,5)P3. However, the binding of RAP1 to telomeric repeats was at least
four times more sensitive to PI(3,4,5)P3 than 70 bp repeats. This suggests that the binding of RAP1
to the ES chromatin DNA is affected by the presence of PI1(3,4,5)P3.

To test if the binding of the RAP1 domains Myb and Mybl is affected by the presence of
PI1(3,4,5)P3, assays were performed with the recombinant domains and the DNA sequences (Fig.
15). Specifically, assays with 70 bp repeats were performed in the presence of 200 uM P1(3,4,5)P3,
the concentration required to disrupt the binding of rRAP1 to the 70 bp repeats whereas assays

with the telomeric repeats were performed in the presence of 50 uM PI(3,4,5)P3 (Fig. 15).
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None of the protein DNA interactions were affected by the presence of PI(3,4,5)P3. The data
suggests that P1(3,4,5)P3 affects the binding of RAP1 to the DNA sequences through its interaction
with the BRCT domain of RAP1 and not via Myb or Mybl domains.
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Fig. 15. PI(3,4,5)P3 affects the binding of RAP1 to the DNA sequences through its interaction with the BRCT
domain of RAP1 and not via Myb or Mybl domains. EMSA was performed with rMyb or rMybl and telomeric repeats
or 70 bp repeats in the presence of increasing concentrations of P1(3,4,5)P3. The reactions were resolved on a 6%
polyacrylamide native gel and transferred to a nylon membrane. The biotin-labelled DNA was detected using
streptavidin-HRP by chemiluminescence. A. Binding of rMyb-His with telomeric repeats in the presence of
P1(3,4,5)P3 B. Binding of rMybl-His with telomeric repeats in the presence of PI(3,4,5)P3. C. Binding of rMyb-
His with 70 bp repeats in the presence of P1(3,4,5)P3. D. Binding of rMybl-His with 70 bp repeats in the presence
of PI1(3,4,5)P3.
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12. Discussion

12.1. PIP5Pase plays a key role in regulating VSG expression in different

developmental stages.

PIP5Pase is a nuclear protein and is one among the key members of IP pathway (136). The
conditional knockdown of PIP5Pase was lethal to T. brucei PFs. T. brucei PFs reside in the insect
gut and unlike BFs, do not express VSGs on their surface (168). Instead, they express a different
coat known as procyclins which protect the parasite from the protease content of the insect gut
(168). Interestingly, the knockdown of PIP5Pase led to the expression of silent VSG genes in
procyclic forms and also affected the transcription of procyclins- both of which are transcribed by
RNA polymerase I. Previous data show that PIP5Pase is essential in BFs of the parasite, the
knockdown of which led to the derepression of the silent VSGs (136). The knockdown of PIP5Pase
in PFs occurred within 3 days after depriving the media of tetracycline. This differed from what
was observed in the BFs where the protein is depleted within a few hours (136). The differences
can be attributed to the differences in the division time between the BFs and PFs. BFs have a
doubling time of about 6 hours whereas PFs have a longer doubling time of about 11 hours.
Secondly, the growth defect appears to start 5 days after the knockdown of the protein in PFs
whereas data on BFs show that the growth defect occurs 24 hours after the knockdown of PIP5Pase
(136). The longer time required for procyclic forms to divide could account for the longer interval
that exists between the time of tetracycline removal and establishment of the growth defect.
Specifically, the differences in the rate of cell division could affect the dilution of protein over the
course of multiple cell divisions. Moreover, the turnover of proteins from the two life stages maybe
different. This could possibly account for the longer time required for the depletion of the protein
in PFs than in BFs. This phenomenon has been observed in the case of some RBPs. For instance,
protein turnover rate for KREPBA4 is about 2-4 days in BFs whereas it’s about 4-8 days in the case
of PFs (169). In BFs, with divisions occurring at every few hours, any remaining PIP5Pase is
subject to dilution at a much faster rate. On the other hand, protein dilution can occur at a much

smaller rate in PFs as the rate of division is relatively lower.
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VSGs are expressed in a monoallelic fashion in BFs whereas in PFs they are silent. This status of
VSG expression is stringently maintained by various proteins and protein complexes. Perturbation
of some of these factors affects the status of VSG transcription (25). Previous studies on the
inositol phosphate pathway provide evidence that argues that the integrity of this pathway is key
in maintaining VSG monoallelic expression in BFs (136). Further studies on PIP5Pase in BFs and
the current study on the PFs also suggests that PIP5Pase, a member of the pathway is crucial for
the appropriate expression and silencing of VSGs in either stage (143). Interestingly, the
magnitude of derepression of VSGs varies greatly between the BFs and PFs. RNA analysis from
BFs after conditional knockdown of PIP5Pase showed that the MF and BF ES VSGs were up to
10,000-fold abundant relative to cells which actively expressed PIP5Pase (143). RNA analysis
from PFs after conditional knockdown of PIP5Pase shows a much lower abundance of about 5 to
20-fold relative to the cells which actively express PIP5Pase. This derepression of VSGs upon
knockdown of PIP5Pase may be a consequence of the chromatin organisation in either of the
developmental stages. Studies have shown that the chromatin structure plays a major role in
regulating the transcription and silencing of the ESs. Studies by Cross and Rudenko laboratories
on the chromatin of active and silent ESs highlight the structural differences between the chromatin
of actively transcribed ESs and silent ESs (124, 130). For instance, the chromatin of an active ES
is depleted of nucleosomes and thus it has a more open structure compared to a silent ES that has
a more compact structure (124, 130). Furthermore, recent studies on BFs have revealed the
association of various chromatin remodelling factors that regulate ES transcription by maintaining
the structure of the active and silent ES. This includes the ISW1 complex, FACT complex, BDFs,
DOT1b, histones, which actively participate in maintaining the compact chromatin structure as
seen in silent ESs in BFs (126) (132) (61) (170). Perturbation of any of these proteins or the
associated complexes either led to the transcription of silent VSGs or switching of VSGs in these
silent ESs. Similarly, studies on PFs have also provided evidence indicating the importance of
chromatin integrity in maintaining the silent state of VSGs in PFs. Work by Navarro el al., has
shown that T7TRNAP mediated transcription from a T7 promoter integrated in the chromosome is
completely suppressed in BES in PFs but not in the PFs suggesting a tighter chromatin
conformation in PFs (171). Formaldehyde assisted isolation of regulatory elements or FAIRE
analysis of ES chromatin in PFs also suggests the presence of a more compact ES chromatin

structure in PFs (146). In the same study, the depletion of the telomere associated RAP1 led to a
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strong derepression of VSGs from the ESs (146). PIP5Pase, like RAP1, is associated with the ES
chromatin and interestingly, are both are part of a 0.9 MDa protein complex. This suggests a
possibility whereby the depletion of PIP5Pase affects the chromatin structure of the associated ES,
resulting in the derepression of VSGs. In addition to this, a possible explanation for the differences
observed in the magnitudes of derepression between the two life stages could be the differences in

chromatin structures between the BFs and PFs as discussed earlier (146).

PIP5Pase associates with the ES chromatin as suggested by previously published data (143). The
possible influence over the chromatin conformation is further corroborated by evidence collected
from these recent studies. ChIP data on PIP5Pase shows that PIP5Pase associates to the ES
chromatin, highly enriched at the 70 bp repeats. In addition to this, PIP5Pase is a part of a major
protein complex. All current data on PIP5Pase seems to suggest a model whereby PIP5Pase
catalytic activity regulates VSG expression by influencing the chromatin structure. However, the
current data does not clarify the role of the other proteins found in association with PIP5Pase.
Other proteins in this complex involve regulatory proteins, proteins of the nuclear lamina, RNA
processing proteins and DNA binding proteins. Some of these proteins have been associated with
the regulation of gene expression in other organisms. For example, homologs of CRK9 and PP1
(components of the 0.9 MDa multiprotein complex) in Saccharomyces pombe have been
implicated in regulating RNA Pol 1l transcription (172). RAP1, another associated member of the
complex, also binds telomeric repeats in S. cerevisiae mediating a telomeric silencing effect (173).
NOP54 may also play a role in the developmental regulation of VSG expression since it plays an
important role in chromosomal segregation during cell cycle (174). Studies focusing on these
interacting proteins in either life stages of T. brucei will be crucial to gain clarity on the role of the
0.9 MDa multiprotein complex in the regulation of VSG gene expression.

12.2. Characterization of RAP1 and its domains

Data from previous studies show that RAP1 interacts with PIPSPase as a part of a multiprotein
complex (143). RAP1 also binds the ES chromatin, being highly enriched at the 70 bp repeats as
well as the telomeric repeats (143). In addition RAP1 also binds PI1(3,4,5)P3, a substrate of
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PIP5Pase (143). In vitro assays from this study aimed at characterizing the domains of RAP1 that
were responsible for these interactions. This provides a better understanding of the mechanism by
which these interactions influence the ES transcription. Recombinant proteins (RAP1 and its
domains) were purified for these in vitro assays. Data from the previous study on RAP1-
P1(3,4,5)P3 interaction was reproduced using biotinylated P1(3,4,5)P3 as a bait in pull down assays
(143). Interestingly, pull down assays with each of the domains revealed that only the N-terminal
BRCT domain of RAP1 bound to PI(3,4,5)P3 while the Myb domain or the Mybl domain did not.
This is the first report that demonstrates the PIP binding activity of the BRCT domain. The BRCT
domain has been implicated in recognizing and binding phosphopeptides (144) but never has it
been shown to bind phosphoinositides. Notably, a more recent study on T. brucei RAP1 has also
revealed that the BRCT domain is crucial for the protein-protein “self-interaction” between RAP1
molecules which could account for the enrichment of the protein at the ES chromatin (147). Put
together, these studies along with current data suggests a role for the BRCT domain of RAP1 in
the regulation of VSG transcription which involves its interaction with P1(3,4,5)P3. Assays with
few other PIPs and IPs showed that it bound specifically to PI(3,4,5)P3 and none of the others
including P1(4,5)P2, IP(1,3,5)P3, and IP(1,3,4,5)P4. Further, data showing that molar excess of
P1(3,4,5)P3 and not PI(4,5)P2 out competes the BRCT-PI(3,4,5)P3 interaction corroborates the
specificity of this interaction. However, more detailed analysis of this interaction is needed to
determine the key amino acid residues involved in this interaction. Structural characterization of
the BRCT domain of BRCA, a protein implicated in tumor suppression, revealed amino acids
responsible for its phosphopeptides binding ability including methionine (M1775), valine (V1696
and V1809), and arginine (R1699) residues, possibly forming a phosphopeptide binding motif
(144). Mutation of any of these amino acids (R1699Q, R1699W, V1696L, M1775R and
V1809F) ablated the protein’s interaction with phosphopeptides (144). Multiple sequence analysis
of T. brucei RAP1 BRCT domain and other RAP1 BRCT domains revealed certain conserved
amino acid residues- P81, C118, Y144. Further characterization of the domain by mutation of these
conserved amino acids (P81, C118, Y144) could shed light on the important amino acids needed
for this interaction. It would also be essential to determine if this interaction is specific to T. brucei

RAP1 or if it is a universal property of RAP1 conserved among other eukaryotes.
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EMSA used to determine the domains involved in RAP1 protein-DNA interaction have revealed
interesting details about the protein-DNA interaction. Firstly, RAP1 directly interacts with both
the telomeric as well as the 70 bp repeats. RAP1 forms a large protein complex with many other
proteins, some of which (for example, TRF) are known to interact directly with DNA (22). Hence,
it is important to establish if the interaction of RAP1 with the telomeric ES is direct or not (22).
Thus, the EMSA establishes that the interaction of RAP1 with the telomeric repeats and the 70 bp
repeats can be direct. Secondly, EMSA with the RAP1 domains revealed that the domains
responsible for the interaction of RAP1 with the DNA sequences are the central Myb and the N-
terminal Mybl domains, both of which are conserved among RAP1 in other eukaryotes which are
known to interact with DNA (142). The EMSA show that the Myb domain interact with the
telomeric repeats as well as the 70 bp repeats. Moreover, it appears to interact with both the
sequences, similarly, forming a single protein-DNA complex. Interestingly, Mybl, which also
binds both sequences, forms multiple protein-DNA complexes with the 70 bp repeats whereas it
appears to have a much weaker interaction with the telomeric repeats. The multiple complexes
formed with the 70 bp repeats suggest the possibility that stoichiometric differences exist between
these sequences. The formation of multiple complexes with 70 bp repeats may also reflect the

differences in affinity between the sequences.

To gain a better understanding of the affinities of RAP1 to the telomeric repeats and the 70 bp
repeats, MST was used. Interestingly, MST revealed a clear difference between the binding of
RAP1 to the telomeric repeats and the 70 bp repeats. RAP1 binds with telomeric repeats with a
higher affinity (0.03127 puM) compared to the 70 bp repeats (0.3940 puM). A much higher
concentration (250 uM) of PI(3,4,5)P3 was required to disrupt the binding of RAPL1 to the 70 bp
repeats when compared to telomeric repeats which required only 50 uM of PI1(3,4,5)P3. The
differences may be significant to understand the mechanisms of RAP1 and PIP5Pase regulation of

ES silenving.
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12.3. PI1(3,4,5)P3 regulates RAP1 binding to the ES chromatin.

Interestingly, the presence of PI1(3,4,5)P3 appeared to affect the binding of RAP1 to the telomeric
repeat sequences at a concentration much lower (50 uM) than that required to disrupt the binding
of the 70 bp repeat sequences (250 uM). This in vitro data correlates to the published ChIP data
which showed that the loss of PIP5Pase catalytic activity affected the binding of RAP1 to the 70
bp and telomeric repeats in vivo (143). More specifically, the loss of PIP5Pase catalytic activity
led to a three-fold increase in the binding of RAP1 to the 70 bp repeats accompanied by a 650-fold
decrease in its binding to the telomeric repeats (143). A model proposed by the authors suggests
that PI1(3,4,5)P3, a substrate of RAPL, is dephosphorylated by PIP5Pase catalytic activity to
P1(3,4)P2, depriving RAP1 of its substrate (143). In turn, RAP1 binds to the ES chromatin leading
to a change in the conformation of the chromatin, silencing the associated VSG gene (143). In
addition to characterizing the domains of RAPL, this thesis also sheds light on the mechanistic
aspect of this proposed model. In absence of P1(3,4,5)P3, RAP1 binds the chromatin via the Myb
and Mybl DNA binding domains. In presence of P1(3,4,5)P3, the BRCT domain of RAP1 binds to
P1(3,4,5)P3 which potentially brings about a conformational change in RAP1 which disrupts its
the binding to the ES chromatin. The presence of PI(3,4,5)P3 may also influence the
oligomerization of RAP1 molecules which has been identified to occur by the interaction between
the BRCT domains of RAP1 molecules (175). Oligomeric RAP1 might play an important role in
the binding of RAP1 to the telomeric repeats or 70 bp repeats. The possible change to the RAP1
oligomeric state by the binding of the PI(3,4,5)P3 to the BRCT domain may affect RAP1-DNA

interaction.
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13. Conclusions

The process of antigenic variation in T. brucei has been a subject of great interest for many
decades. Precisely, the regulation of VSG gene expression has been extensively studied leading to
the discovery and implication of multiple proteins and protein complexes. Recently, the IP
pathway has been implicated in the regulation of VSG gene expression. The IP pathway plays a
major role in various cellular pathways such as cell growth, differentiation, endocytosis, and
apoptosis. However, until recently the role of the IP pathway in regulating VSG gene expression
was unknown. Specifically, PIP5Pase was implicated in the regulation of monoallelic expression
of VSG genes in BFs. It associates with RAP1, as a part of a larger multiprotein complex at the
telomeric ES. Previously, a mechanism of regulation was proposed wherein the regulation of VSG

gene expression was regulated by interactions of PIP5Pase and RAPL.

The aim of the current project was to gain further resolution on the developmental regulation of
VSG gene expression as well as to understand better the mechanism involved. To carry out this
study, a hypothesis was proposed where RAP1 binds to PI(3,4,5)P3 which is a PIP5Pase substrate,
and this binding controls RAP1 association with the ES chromatin. To test this, the role of
PIP5Pase in the silencing of VSGs in PFs was examined. This involved knocking down of
PIP5Pase in PFs, followed by analysis of VSG gene expression. Further, the interaction of RAP1
with PI(3,4,5)P3 and the ES chromatin DNA was studied.

The key findings from this study were:

PIP5Pase is essential for PFs and is necessary for the silencing of VSG genes in PFs.

The N-terminal BRCT domain of T. brucei RAP1 binds PI(3,4,5)P3 in vitro.

RAP1 binds directly to telomeric repeats and 70 bp repeats in vitro.

Myb and Mybl domains of RAP1 are the DNA binding domains of RAPL.

The presence of P1(3,4,5)P3 affects the binding of RAP1 to the ES chromatin DNA whereas the
presence of PI(3,4,5)P3 does not affect the binding of either Myb or Mybl domains to the ES
chromatin DNA.
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Data from previous studies put together with data obtained from the current study has provided a
better understanding of the process by which RAP1 and PIP5Pase interact and thereby regulate
VSG gene expression. The diagram (Fig. 16 and 17) suggests how the interactions of each RAP1
domain with either the substrate PI(3,4,5)P3 or the ES chromatin DNA affects the transcription of
VSGs

1?-+?;' | h o BRCT
PI(3.4,5)P3 */A. - @

PIP5Pase active

Fig. 16. A silent ES.

In the case of a silent ES (Fig. 16), the presence of PIP5Pase dephosphorylates P1(3,4,5)P3 to
P1(3,4)P2, depriving RAPL1 of its substrate. In turn, RAP1 binds to the ES chromatin DNA via the
Myb and the Mybl domains. This interaction of RAP1 with the ES disrupts the transcription of the
ES by Pol I, rendering the ES and the associated VSG gene inactive.
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Fig. 17. An active ES
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However, in the case of PIP5Pase knockdown or inactivation (Fig. 17), RAP1 binds P1(3,4,5)P3
via the BRCT domain, leading to a possible conformational change that disrupts its interaction
with the ES chromatin DNA. This could potentially lead to some change in the ES chromatin

DNA, allowing the active transcription of the entire ES including the VSG gene.

Based on the model (Fig. 16 and 17) and data from previous studies, it can be said that the
regulation of PIP5Pase may play a crucial role in the regulating the monoallelic expression of
VSGs (136, 143). Moreover, PIP5Pase could also be involved in the switching of VSGs (136).
PIP5Pase is a part of a 0.9 MDa protein complex and the members of this complex may regulate
the activity of PIP5Pase (143). Apart from members of the 0.9 MDa complex, other PIP proteins
(found in the plasma membrane) such as PIP5K and PLC or other signalling pathways may also
be involved in the regulation of PIP5Pase activity. It would be crucial to understand how these

proteins and pathways may play a role in regulating PIP5Pase activity.
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