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Abstract

Trypanosoma brucei, the eukaryotic parasite that causes human African
trypanosomiasis in humans, evades the immune system through antigenic
variation. T. brucei antigenic variation involves the periodic switching of the
variant surface glycoprotein (VSG) coat to an antigenically distinct variant. A
single VSG is expressed on the cell surface at any one time, but the T. brucei
genome contains a vast number of silent VSGs. To be expressed, a VSG must be
located in a specialised VSG blood stream form expression site (VSG BES). Silent
VSGs are copied into VSG BES by homologous recombination. Several proteins
have been demonstrated to be involved in this process but how VSG switching is

initiated remains unclear.

Four putative DNA repair factors were identified in T. brucei, whose eukaryotic
homologues play a range of roles in DNA repair and other aspects of genome
maintenance. These were two RecQ-like helicases, a Mus81 endonuclease and a
Pif1 family helicase (PIF6). To examine whether these factors play a role in DNA
repair and VSG switching, mutants were generated in blood stream form

T. brucei cells. Analysis of RecQ1 by RNAi knockdown revealed it to be an
essential gene in bloodstream form T. brucei, possibly involved in nuclear DNA
replication. Phenotypic analysis of recq2 mutants suggests that RECQ2 is
involved in the repair of a range of DNA damaging agents. Furthermore, analysis
of survival following DSB induction suggests RECQ2 is involved in the repair of
DNA DSBs, including those in the active VSG BES. VSG switching analysis showed
that recg2”’~ mutants have an elevated VSG switching rate and increase in
recombination events upstream of the active VSG. These analyses suggest that
RECQ2 suppresses VSG switching in T. brucei by suppressing recombination
events near the active VSG. Analysis of mus81 mutants showed mus81”’ mutants
to be sensitive to agents inducing replication stalling and DNA breaks, and that
MUS81 is important in the repair of DSBs. PIF6 appears to be a complicated DNA
repair factor, different from MUS81 and RECQ2. pif6'’" and pif6”’ mutants
appear to be more resistant to MMS than wild type cells, though more sensitive
to the replication stalling agent hydroxyurea. pifé6 mutants do not appear to be
more sensitive to DSBs than wild type cells and may even be more resistant. It is

unclear whether PIF6 is involved in VSG switching and more work is required on
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this factor to attempt to understand its DNA repair and VSG switching function in

T. brucei.

These analyses shed light on the DNA repair functions of four previously
uncharacterised T. brucei proteins. In particular, observations that RECQ2 is
deficient in repairing DSBs upstream of the active VSG and mutants exhibit an
elevated VSG switching rate cannot be reconciled with current thinking that
direct formation of DSBs in this location initiates VSG switching. This suggests
that the initiation of VSG switching is more complex than currently thought and
requires careful further study and consideration of the relevance of using direct

DSBs in this location to model VSG switching.
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1 Introduction

1.1 General Introduction

Trypanosoma brucei is a eukaryotic parasite within the Trypanosomatidae
family, a group of protozoan parasites belonging to the Kinetoplastida order.
Kinetoplastids are distinguished by possession of a kinetoplast, a concatenated
disc-shaped network of circular DNA molecules (kDNA) that comprise the genome
of the single mitochondrion found in each cell, located adjacent to the flagellar
basal body (Lukes et al., 2002). Kinetoplastid organisms possess a humber of
unusual biological processes compared to other eukaryotes including extensive
RNA-editing, a process that involves nucleotide insertion and deletion of
mitochondrial (KDNA) transcripts. This is necessary in order to produce mature
transcripts for translation. The Trypanosomatidae family includes the
Leishmania and Trypanosoma genera, which contain a number of parasitic
species that infect humans as well as other vertebrates (Simpson et al., 2006).
T. brucei causes human African trypanosomiasis (HAT), commonly known as
African sleeping sickness, in humans and nagana in cattle. T. brucei is
transmitted by the tsetse fly vector, thus restricting its distribution to areas of

Africa the tsetse fly inhabits.

African trypanosomes live exclusively extracellularly in the bloodstream and
tissue fluids of mammals. This extracellular lifestyle contrasts with the
intracellular Trypanosoma cruzi, a trypanosome species found in South America
causing Chagas disease. The extracellular lifestyle of African trypanosomes is
achieved by antigenic variation, the periodic switching in expression of their
variant surface glycoprotein (VSG) coat, which enables the parasite population
to continually evade destruction by the host’s immune system (discussed in
Section 1.2). This leads to chronic, and if untreated fatal, T. brucei infections.
These Trypanosoma species are of substantial health and economic importance
due to their impact upon humans, directly and indirectly through loss of
livestock. T. brucei is the African trypanosome species on which the greatest
amount of research has been conducted, facilitated by its amenability to

laboratory culture.
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The T. brucei species is divided into the subspecies T. brucei brucei, T. brucei
gambiense and T. brucei rhodesiense. These subspecies also have a different
geographical distribution and infection profile: T. brucei rhodesiense is present
primarily in southern and eastern Africa and causes a fast onset HAT, while

T. brucei gambiense is present in western and central Africa and causes a slow
onset, chronic form of HAT (Barrett et al., 2003). In contrast, T. brucei brucei is
not infective to humans due to parasite uptake of trypanosome lytic factor
(TLF), a toxic high-density lipoprotein (HDL) from human serum (Hajduk et al.,
1992; Harrington et al., 2009), composed of apolipoprotein A-I (apo A-1) and
haptoglobin related protein (Hpr) (Shiflett et al., 2005). T. brucei brucei is
closely related to the human-infective subspecies of T. brucei and shares many
important features with them, including VSG switching. It is therefore frequently
used as a laboratory model for human trypanosomiasis. T. brucei brucei is
however infective to mice, thus providing an in vivo model for trypanosomiasis

studies.

1.1.1 Trypanosoma brucei life cycle

For completion of its life cycle (Fig. 1-1), T. brucei must survive and proliferate
in both mammals and the tsetse flies (genus Glossina). The disparate
environments of the mammalian bloodstream and the tsetse fly has necessitated
T. brucei to evolve a complex life cycle with distinct stages adapted to the

environments it inhabits.

Mammalian hosts are infected via tsetse fly bites. The saliva of infected tsetse
flies contains metacyclic form trypanosomes, which are transmitted to the
mammal when the fly takes its blood meal. Metacyclic form trypanosomes are
pre-adapted to infect mammals and cell cycle arrested until they enter the
mammalian bloodstream (Matthews & Gull, 1997; Shapiro et al., 1984).
Metacyclic cells possess a metacyclic variant surface glycoprotein (MVSG) coat to
protect them from the immune response of the mammalian host they enter
(Tetley et al., 1987; Turner et al., 1988).

In the mammalian bloodstream, a series of morphological and biochemical
changes in the metacyclic form cells occurs, leading to differentiation into ‘long

slender’ bloodstream form (BSF) cells adapted for survival and proliferation in
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the mammalian bloodstream. The MVSG surface coat is replaced with a BSF VSG
(BVSG) coat to protect them from the innate and adaptive immune responses.
Cells proliferate rapidly in the bloodstream. The characteristic feature of BSF
cells is the periodic switching of the single VSG type on the surface of a cell to
an antigenically distinct VSG - the basis for immune evasion by antigenic

variation that is shared by many pathogens (discussed in Section 1.2).

METACYCLIC LONG
SLENDER

EPIMASTIGOTE c

MESOCYCLIC

TSETSE FLY MAMMAL

Figure 1-1 T. brucei life cycle.

The life cycle stages of T. brucei are shown, in the form of scanning electron micrograph
(SEM) images (to scale). The host animal of each stage and location of life cycle stages
within the tsetse fly are indicated. The name of each life cycle stage is shown, with straight
arrows indicating progression from one stage to another and curved arrows indicating
proliferative stages. Figure from Barry & McCulloch (2001).

Long slender BSF parasites differentiate into ‘short stumpy’ BSF trypanosomes,
reviewed in Rico et al. (2013). As parasitaemia increases, long slender form
cells differentiate into short stumpy form cells that are cell cycle arrested
(Reuner et al., 1997; Vassella et al., 1997). Cell cycle arrested short stumpy BSF
cells die if they are not transmitted to the insect vector (Turner et al., 1995),

which occurs by ingestion when the fly takes a blood meal. Trypanosomes pass
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into the midgut of the fly, where they differentiate into replicative procyclic
form (PCF) cells, then into proventricular mesocyclic forms that migrate to the
salivary glands. In the salivary glands epimastigotes and prometacyclics form,
which differentiate into infective metacyclics. The salivary glands are also the
location of trypanosome meiosis (Peacock et al., 2014; Peacock et al., 2011).
Metacyclic cells are transmitted back to a mammal when the fly takes its blood
meal. Though the mechanism driving the differentiation of PCF cells to
metacyclic cells in the tsetse fly is unknown, it has been replicated in vitro by
over expression of the RNA binding protein RBP6 (Kolev et al., 2012), suggesting
a role for RBPs in this process. PCF and BSF cells are the two T. brucei life cycle

stages amenable to in vitro culture.

1.1.2 Human African Trypanosomiasis: prevalence, symptoms
and treatment

African sleeping sickness occurs in 36 sub-Saharan African countries, areas where
the tsetse fly vector is present to facilitate transmission. Recent control efforts
have resulted in fewer than 8000 reported cases in 2012, down from an
estimated 300,000 cases in 1998 (World Health Organisation). Approximately
95% of HAT cases are due to T. brucei gambiense, with only a small minority

caused by T. brucei rhodesiense (World Health Organisation).

Human African Trypanosomiasis (HAT) is classed as either stage 1
(haemolymphatic) or stage 2 (cerebral), depending on whether the trypanosome
parasites have entered the central nervous system (CNS). In Stage 1,
trypanosomes proliferate in the blood and lymphatic tissue; it can last for weeks
or years and can include asymptomatic periods (Jamonneau et al., 2012; Songa
et al., 1991). Stage 2 HAT is characterised by trypanosome invasion of internal
organs, including the CNS. This progression can take months or years in T.
brucei gambiense infections but can occur within weeks in T. brucei rhodesiense
infections (Barrett et al., 2003).

There are currently only four drugs licensed for the treatment of HAT:
pentamidine, suramin, melarsoprol and eflornithine (World Health Organisation).
These drugs are associated with significant toxicity to the patient and/or dosing

that is problematic for treatment of patients in under developed countries
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(Milord et al., 1992; Pepin & Milord, 1991; Wilkinson & Kelly, 2009).
Additionally, the dense, antigenically variant VSG surface coat means

development of a vaccine is not promising (La Greca & Magez, 2011).

1.1.3 T. brucei genome

The haploid genome of T. brucei (strain TREU927; GeneDB version 2013-08-28) is
~35 Mb in size and primarily comprised of 11 mega base-sized chromosomes.
Genome sequencing (strain TREU927; GeneDB version 2013-08-28) revealed
12094 predicted protein-coding genes, including 1458 pseudogenes. The gene
repertoire of strain Lister 427 is less than that of TREU 927, due to a greater
degree of analysis having been performed on strain TREU927. Analysis of strain
Lister 427, which has revealed 9302 predicted protein coding genes, including
524 pseudogenes and a total genome size of ~26 Mb (GeneDB, version 2010-10-
20).

In their analysis of VSGs in the main contigs of the megabase chromosomes of
TREU927, Marcello & Barry (2007) analysed 904 VSGs, whilst Cross et al. (2014)
identified 2563 distinct VSG genes in the T. brucei Lister 427 genome. The 11
mega base chromosomes range in size from 0.9 Mb to >6 Mb and are numbered 1
to 11, 1 being the smallest and 11 the largest in size. However, chromosome
size varies between and within strains, with differences of up to four-fold
between chromosome homologue pairs in a single isolate (El-Sayed et al., 2000).
Approximately 20% of the genome encodes subtelomeric sequences, the majority
of which are T. brucei specific, and a large number of these are involved in
antigenic variation (Berriman et al., 2005), with many of the telomeres linked to
VSG bloodstream form expression sites (VSG BESs) (El-Sayed et al., 2000).

Telomeres are nucleoprotein structures, located at the ends of chromosomes to
protect them from processes such as exolnucleolytic degradation and end-to-end
fusions (Stewart et al., 2012). Eukaryotic telomeres are usually composed of
TG-rich simple repetitive sequences that are replicated by the specialised
telomerase enzyme (Nandakurnar & Cech, 2013; Stewart et al., 2012). Between
the telomere and the core chromosome sequence lies a region known as the
subtelomere. There is no absolute definition of what a subtelomere is, but is is

agreed that subtelomere sequence is more complex than the simple repeats of
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the telomere but lacks the degree of conservation between chromosomes that
the chromosome core possesses, are highly polymorphic and contain an array of
types of repeat element (Churikov, 2001; Louis & Vershinin, 2005). Unlike
telomeres, which do not contain genes, subtelomeres encode genes with
important cellular functions and human subtelomere instability is associated
with disease (Sacconi et al., 2013; Mefford et al., 2012). A number of
pathogenic organisms that undergo antigenic variation, including T. brucei,
Plasmodium falciparum and Borrelia burgdorferi, express the genes encoding
variant surface antigens from subtelomeric regions (Horn, 2014; Claessens et al.,
2014; Zhang et al., 1997). Additionally, human subtelomeres encode human
olfactory receptor genes (Mefford, 2001; Trask, 1998) and immunoglobulin heavy
chains (Das et al., 2008), further evidence for subtelomeres as important

locations for diverse gene families.

Expression of the T. brucei genome is also unusual among eukaryotes. T. brucei
is the only known eukaryotic organism in which RNA polymerase | (RNAPI)
transcribes not only rRNA genes but also the protein-coding VSG and procyclin
genes (Gunzl et al., 2003). The gene organisation of trypanosomes is also
unusual, with virtually all genes organised into large directional gene clusters
(DGCs) containing tens of genes polycistronically transcribed by RNAPII (Imboden
et al., 1987). Polytranscriptional units are bounded by variant histones (Siegel
et al., 2009), transcriptional start sites are marked by histone H3K4
trimethylation (Wright et al., 2010) and base J (B-d-glucosyl-
hydroxymethyluracil, a modification of thymine) maps to transcriptional
terminators (Reynolds et al., 2014). Furthermore, the T. brucei genome displays
a segregation of gene types, with house-keeping genes clustered in DGCs in the
core of the megabase chromosomes, VSG gene sequences clustered in the
subtelomeres and BESs proximal to the telomeres (Barry et al., 2005). The
association of genes involved in antigenic variation with telomeres, an
organisation found in other organisms, has been suggested to be due to the ease
with which they ectopically recombine, thereby promoting VSG recombination
(Horn & Barry, 2005).

T. brucei also contain several intermediate chromosomes (200-900 Kb) and ~100
mini-chromosomes (50-150 kb) (El-Sayed et al., 2000). The only genes found so

far on mini-chromosomes encode VSG and expression site associated genes
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(ESAGs), though they do not contain VSG BESs (Wickstead et al., 2004). This
suggests that for expression of VSGs located on mini-chromosomes,
recombination of the gene into a VSG BES elsewhere is necessary. In contrast,
many VSGs found in intermediate chromosomes are present in VSG BESs, some of
which at least can be actively transcribed from VSG BESs (El-Sayed et al., 2000).

1.2 T. brucei antigenic variation

Though T. brucei is not the only pathogenic organism to undergo antigenic
variation, it is arguably has the most complex and extensive antigenic variation
system. Antigenic variation is a common strategy for pathogenic organisms to
prolong their survival in their host and enhance transmission and fitness (Barry &
McCulloch, 2001; Deitsch et al., 2009; Morrison et al., 2009). Antigenic variation
is a process exclusively concerned with evasion of host acquired immunity. In
this process, an organism expresses a single surface antigen at one time and
then switches among a series of antigenically distinct variants, each singly
expressed over time. The formation of such ‘families’ of surface antigen genes
can be achieved by a number of mechanisms. Recombination is a common
mechanism of antigenic variation and is exclusively used in some pathogens such
as Anaplasma marginale and Borrelia burgdoferi, which undergo antigenic
variation of Msp2 (major surface protein 2) and VIsE, a surface lipoprotein
respectively, both reviewed in Palmer et al. (2009). Neisseria too uses gene
conversion recombination (discussed in Section 1.3.2.1) to transfer
transcriptionally silent PilS sequences to the single PilE expression site. This
creates antigenic diversity in the gene encoding pilin, the major subunit of the
Neisseria type IV pilus, reviewed in Cahoon & Seifert (2011). However, antigenic
variation does not have to occur by recombination. Several pathogens utilise
transcriptional control to switch antigen variants. P. falciparum switches
between ~60 var genes, which encode erythrocyte membrane protein 1 (PfEMP1)
proteins, by transcriptional control, reviewed in Guizetti & Scherf (2013).
Giardia lamblia too, uses transcriptional control to switch between expression of

~200 variant surface proteins (VSPs), reviewed in Prucca et al. (2011).

Like Neisseria, T. brucei employs an antigenic variation system that uses
multiple copies of a gene, the VSG, and switches between them. However, the

T. brucei system is far more elaborate. While Neisseria possesses six variants of
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the pilin gene (Hill & Davies, 2009), the T. brucei distinct VSG genes genome
contains 2563 distinct VSG genes (Cross et al., 2014) that are expressed on the
T. brucei cell surface. In addition, T. brucei possesses >1 site of VSG expression,
the VSG BESs, meaning that VSG switching is not limited to recombination, but
can also employ transcriptional control mechanisms. This huge VSG archive is
much larger than any antigenically variant gene archive described elsewhere in

nature (Morrison et al., 2009).

It has until recently been thought that the VSG is the only antigen accessible to
the adaptive immune system due to the dense packing of the VSGs in the coat
(Fig. 1-6), therefore concealing the invariant surface molecules beneath as well
as preventing complement-mediated lysis machinery from accessing the cell
membrane. The host can thus only generate an antibody response to the VSG
expressed by the majority of the parasite population. However, a small subset
of cells switch expression to an antigenically different VSG and this
subpopulation escapes the immune response targeted to the parental
population. This pattern is repeated, and together with the density-dependent
differentiation of cells from long slender forms to short stumpy forms, produces
characteristic parasitaemic waves and a prolonged infection (MacGregor et al.,
2011; MacGregor et al., 2012). The view that the VSG coat shields all invariant
T. brucei antigens has been challenged recently however, by the discovery that
a Trypanosoma congolense haptoglobin-hemoglobin receptor is more elongated
than a VSG protein and thus may extend beyond the VSG coat (Higgins et al.,
2013).

1.2.1 T. brucei variant surface glycoproteins (VSGs)

Homodimers of variant surface glycoprotein (VSG) cover the cell surface of

T. brucei, forming a dense monolayer and hiding the invariant surface molecules
beneath from the host immune system (Fig. 1-2). VSGs are 400-500 amino acids
in length and the majority are between 420 and 460 amino acids long
(Hutchinson et al., 2003). The C-terminal region is buried in the cell surface
where it mediates attachment to the plasma membrane via a GPI anchor
(Ferguson et al., 1988), while the N-terminal domain points outward, exposed to
the immune system. Although VSGs have a conserved structure dominated by

alpha helices, they typically share less than 25% sequence identity with one
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another (Hutchinson et al., 2003). Variation is particularly high in the hyper
variable N-terminal region of 350-400 residues that are exposed to the immune

system (Berriman et al., 2005; Hutchinson et al., 2003).

T. brucei contains an estimated 1600 VSGs in its megabase chromosomes, with
most of these genes located in subtelomeric arrays (Berriman et al., 2005), as
well as a further ~200 on the mini-chromosomes and ~20 VSGs located in BESs
(see below) (Berriman et al., 2005; Marcello & Barry, 2007; Wickstead et al.,
2004). Analysis of 940 silent VSG genes in TRUE927 by Marcello and Barry (2007)
revealed that the vast majority of these were not intact genes capable of being
expressed. Fewer than 5% were fully intact VSGs and the remainder were full
length or partial VSG pseudogenes. Analysis of the VSGs of Lister 427 (Cross et
al., 2014) revealed a similar picture: 80% of the 2563 distinct complete and
partial VSGs analysed were incomplete or pseudogenes. The large pseudogene
repertoire acts as a resource for the generation of novel full-length mosaic VSGs

through recombination reactions.
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Figure 1-2 The VSG surface coat of T. brucei

The VSG coat covers the surface of the trypanosome, physically hindering immune access
to invariant antigens beneath. The VSG coat is composed of VSG dimers, (blue) composed
of a C-terminal domain, N-terminal domain and N-terminal loops. The N-terminal loops are
exposed to the immune system and are the most variable regions of the VSG. Figure
adapted from James Hall, PhD Thesis, 2012 and originally assembled using PDB structures
1vsg, 1xub, 1rcj and 1igt, visualized using Pymol (Schrédinger, LLC).

Trypanosomes also encode up to 27 distinct metacyclic variant surface
glycoproteins (MVSGs) that are expressed on the surface of metacyclic cells

(Turner et al., 1988) in the tsetse fly salivary gland. This MVSG remains

transcriptionally active until after the metacyclic from cell passes into a
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mammalian host and begins to differentiate into the BSF (Ginger et al., 2002).
The MVSG coat is then lost and replaced by a bloodstream VSG (BVSG) coat.

1.2.2 VSG expression sites

VSGs are transcribed from expression sites (ESs), polycistronic loci providing a
mechanism for monoallelic VSG expression. VSGs can only be expressed if they
are recombined into the ES and only one ES is actively transcribed at any one
time, resulting in expression of a single VSG in one cell. Trypanosomes possess
two types of ES: VSG blood stream expression sites (VSG BESs) and metacyclic
expression sites (MESs). T. brucei brucei EATRO 2340 possesses 23 distinct VSG
BESs (Young et al., 2008), while Hertz-Fowler et al. (2008) identified 15 VSG
BESs in the Lister 427 strain. One suggestion for why T. brucei possesses
multiple VSG BESs is that they may serve as sites for the construction of novel
mosaic VSGs through recombination reactions (Marcello & Barry, 2007). Another
possibility is that multiple VSG BESs allow for adaptation to growth in different
hosts through expression of different expression site associated genes (ESAGS)
(Bitter et al., 1998; Cordon-Obras et al., 2013; Pays et al., 2001). VSG BESs
(Fig. 1-3) are between 40 kb and 70 kb in length (Becker et al., 2004) and are
comprised of a telomere-proximal VSG, invariably flanked upstream by a humber
of 70 bp repeats as well as a number of promoter-proximal expression site
associated genes (ESAGs) and a region of repeats known as 50 bp repeats. The
70 bp repeat region varies in size between 0.1 kbp and 7.0 kbp (McCulloch &
Horn, 2009) and is not limited to the VSG BES, as over 90% of subtelomeric array
VSGs have at least one 70 bp repeat 1-2 kbp upstream (Marcello & Barry, 2007).
These repeats form the boundaries of gene conversion events that recombine
intact, silent VSGs into active VSG BESs for expression (Alsford et al., 2009).
Thus, these repeats provide 5’ sequence similarity between highly dissimilar
VSGs, though it has been suggested that they may provide a more active function

in recombination reactions (discussed in Section 1.2.4).

ESAGs are co-transcribed with VSGs from the VSG BES; trans-splicing and
polyadenylation is used to process the primary VSG BES transcript to produce
monocistronic MRNAs. The type of ESAGs present in a VSG BES varies, as does
the number, though the relative order of the genes is rather conserved (Hertz-
Fowler et al., 2008; McCulloch & Horn, 2009). Relatively little is known about
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the function of ESAGs, although a number of functions have been proposed and
it has been suggested that they may serve to allow for adaptation to different
host environments (Bitter et al., 1998; Cordon-Obras et al., 2013; Pays et al.,
2001).

50 bp ESAGs 70 bp VSG
Figure 1-3 Generalised schematic of a bloodstream VSG BES

A typical bloodstream VSG expression site (BES) is shown. The 50 bp repeat region
(hatched box) is shown, followd by the promoter is shown (flag), a number of expression
site associated genes (ESAGs) (turquoise boxes), the 70 bp repeat region (hatched box) and
the VSG located most telomerically (pink box). Telomeric repeats are indicated by triangles.
Not to scale.

Transcription of the VSG BES (and MES) is carried out by RNAPI, which appears to
initiate transcription at both active and inactive VSG BES loci, though
transcription is only fully processive at the single active VSG BES (Vanhamme et
al., 2000), leading to monoallelic expression of only one VSG and its associated
ESAGs. In addition, there is evidence that there is also VSG BES regulation at
the level of transcription initiation (Nguyen et al., 2014) and that VSG BESs are
also regulated epigenetically (Figueiredo & Cross, 2010; Lopez-Farfan et al.,
2014; Stanne & Rudenko, 2010). The expression site body (ESB) is another
important explanation for monoallelic VSG expression. The ESB is an
extranucleolar RNA polymerase I-containing body that is associated specifically
with the active VSG BES (Navarro & Gull, 2001). This association of the ESB with
a specific VSG BES is heritable and crucial for the inheritance of monoallelic VSG
expression. The means by which trypanosomes achieve monoallelic VSG
expression has been recently reviewed by Gunzl et al. (2015) and Glover et

al. (2013b). T. brucei also contains monoallelically expressed metacyclic
expression sites (MES). Although MESs are also transcribed by RNAPI, their
promoter sequences are different to VSG BESs and they do not contain functional
ESAGs (Ginger et al., 2002).

1.2.3 Mechanisms of VSG switching in T. brucei

T. brucei possesses multiple mechanisms to facilitate the switching of expression
from one VSG to another. These are categorised as either transcription-based

switching or recombination-based switching.
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1.2.3.1 Transcriptional VSG switching

Transcriptional VSG switching, also termed in situ switching (Fig 1-4), involves
the cessation of transcription from the single active BES accompanied by the
activation of another single VSG BES, harbouring a distinct VSG, and resulting in
a change in VSG expression. Attempts to isolate T. brucei cells with two
activate VSG BESs showed that this is a highly unstable state (Chaves et al.,
1999), illustrating the rigorous control of this process. Transcriptional control
thus appears to be coordinated such that the switching ‘off’ and ‘on’ of VSG

BESs are events dependent on one another (Chaves et al., 1999).

Work by Figueiredo et al. (2008) showed that epigenetic mechanisms are
involved in transcriptional VSG switching. Figueiredo et al. showed that DOT1B,
a histone methyltransferase that methylates H3K79, is involved in transcriptional
switching. Deletion of DOT1B resulted in de-repression of silent VSGs at
telomeric loci, indicating that histone methylation is important in maintaining
monoallelic VSG transcription. Additionally, nucleosomes are depleted at the
active VSG BES compared to inactive VSG BESs (Figueiredo & Cross, 2010),
indicating a role for chromatin remodelling in VSG BES regulation. Depletion of
cohesin results in loss of monoallelic VSG expression and also causes an increase
in the rate of VSG transcriptional switching (Landeira et al., 2009), suggesting a
possible link to DNA replication or cell division. It is also possible that DNA
repair plays a role in transcriptional switching since induction of DNA damage
results in the transcriptional activation of silent VSG BESs (Sheader et al., 2004).
Utilisation of the much larger number of VSGs outside the VSG BES, by
recombinational VSG switching, is required for the chronic and fatal infections

caused by T. brucei.
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Figure 1-4 Transcriptional VSG switching.

Two VSG bloodstream expression sites (VSG BESs) are shown (A & B). Initially, the VSG in
BES (A) (pink box) is expressed, indicated by the red arrow and the VSG in BES (B) is
inactive, indicated by a red cross. The VSG in BES (B) (orange box) can be activated by
turning off transcription of VSG BES (A) and turning on transcription of VSG BES (B). Not
to scale.

1.2.3.2 Recombinational VSG switching

VSG switching via recombination is the most common form of VSG switching, at
least in pleomorphic lines, whereas monomorphic lines are believed to have a
bias towards transcriptional switching (Aitcheson et al., 2005; Robinson et al.,
1999) - see Section 1.3.2 for discussion of homologous recombination.
Pleomorphic T. brucei cell lines are those that undergo differentiation from long
slender BSF cells to short stumpy BSF cells. In contrast, monomorphic lines do
not readily undergo this differentiation. It has been suggested that
recombination is repressed in the monomorphic lines used in the laboratory such
as Lister 427, though this is debated (Barry, 1997). Recombination reactions
allow the movement of silent VSGs from elsewhere in the genome into active
VSG BES, leading to transcription of the new VSG. Silent VSGs in the
subtelomeric tandem arrays in the megabase chromosomes are the main source
of VSGs moving into the active VSG BES. However, silent VSGs in the mini-

chromosome subtelomeres and in silent VSG BESs in the megabase and
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intermediate chromosomes can also provide new VSGs by recombination and
appear to be preferentially used early in the course of an infection (Hall et al.,
2013; Morrison et al., 2005).

A number of distinct reactions have been described in VSG switching by
recombination: gene conversion (VSG GC), reciprocal telomere exchange
(telomere crossover, telomere XO) and mosaic VSG formation (Fig. 1-5). Gene
conversion (see Section 1.3.2.1 for discussion) involves the duplicative
transposition of a silent, intact VSG and surrounding sequence into the active
VSG BES. The boundaries of the duplicated region frequently extend beyond the
VSG. Upstream, the boundary of gene conversion can be the 70 bp repeats but
can also extend beyond this when the donor VSG is in a BES (Liu et al., 1983;
Timmers et al., 1987). Downstream sequence similarity can involve conserved
3’ VSG open reading frame (ORF) sequences, but often uses common sequences
in the untranslated regions (UTRs) of the VSG (Bernards et al., 1981) or can
extend beyond to the end of the chromosome if the silent VSG is telomeric
(Delange et al., 1983). The latter is known as telomere conversion. Although
70 bp repeats are used for homology, they are not indispensible for gene
conversion, since VSG switching events by gene conversion are still observed
when these repeats are deleted from the VSG BES or are inverted (McCulloch et
al., 1997). This is because, at least in monomorphic lines, such gene conversion
reactions often utilise sequence similarity further upstream between VSG BES
(Lee & Van der Ploeg, 1987), sometimes encompassing much of the ESAGs, even
as far as the VSG promoter ~50 kb upstream (Hertz-Fowler et al., 2008).
Synthesis-dependent strand annealing (SDSA) (Borst et al., 1996) and break-
induced replication (BIR) (Barry & McCulloch, 2001) (discussed in Sections
1.3.2.2 & 1.3.2.3 respectively) have been proposed as specific recombination
reactions that could account for such gene conversion events. The involvement
of BIR in T. brucei VSG switching was supported in a study Boothroyd et

al. (2009) analysing switched clones (discussed in Section 1.2.4).

Reciprocal telomere exchange (also called telomere crossover, telomere XO)
involves the exchange of telomeres between chromosomes by crossing over and
transfers a silent telomeric VSG into the active VSG BES (Pays et al., 1985),
though they occur less frequently than other forms of VSG recombination and

may even be suppressed (Kim & Cross, 2010; Kim & Cross, 2011). The previously
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active VSG is concurrently moved to the other chromosome telomere and is
therefore retained intact on the other chromosome. It is likely that this process
is achieved by DNA double strand break repair (DSBR) (Morrison et al., 2009) -

see Section 1.3 for discussion of DSBR.

Mosaic VSG formation involves the assembly of mosaic VSG genes through a
number of segmental gene conversion recombination reactions. Portions of two
or more donor VSG genes or pseudogenes are combined to form a novel,
functional VSG gene by segmental VSG gene conversion (Barbet et al., 1982;
Barbet et al., 1989; Kamper & Barbet, 1992; Thon et al., 1989; Thon et al.,
1990). Mosaic gene formation allows an expansion of the number of possible
VSG genes beyond those already encoded intact in the genome. As with other
instances of homologous recombination in T. brucei (Barnes & McCulloch, 2007),
mosaic VSG formation relies on sequence similarity. However, in this case the
reaction must detect some sequence similarity within the VSG ORFs (Marcello &
Barry, 2007), perhaps reflecting the preference for mosaic VSG donors sharing a
high degree of sequence similarity (>73%) (Hall et al., 2013). In contrast to VSG
gene conversion, the formation of mosaic VSGs is inefficient (Marcello & Barry,
2007), with mosaics expressed later in infections (Hall et al., 2013). Itis
assumed that mosaic gene formation involves assembly intermediates, which has
been suggested to occur in a silent VSG BES (Barry & McCulloch, 2001; Marcello
& Barry, 2007), though assembly intermediates have not been described in these

loci or elsewhere.
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Figure 1-5 Pathways of VSG switching by recombination

As described in the text, VSG switching by recombination can occur by mosaic VSG
formation, telomere crossover and VSG gene conversion. A VSG (pink box) in the active
VSG BES is shown, a VSG (orange box) in a silent VSG BES and multiple silent VSGs and
VSG pseudogenes (W) elsewhere in the genome. Hatched boxes depict 70 bp repeats and
red arrows indicate transcription of the VSG BES. A mosaic VSG formed from multiple
silent VSG and VSG pseudogene donors is depicted by the green and purple box

A number of proteins have now been identified to be involved in VSG switching
by recombination. These include RAD51 (McCulloch & Barry, 1999), the RAD51-3
paralogue (Dobson et al., 2011; Proudfoot & McCulloch, 2005) and BRCA2
(Hartley & McCulloch, 2008). RAD51, RAD51-3 and BRCA2 are homologous
recombination (HR) components and rad51”", rad51-3"" and brca2”’~ mutants
have a reduced but not abolished rate of VSG switching (Dobson et al., 2011;
McCulloch & Barry, 1999; Proudfoot & McCulloch, 2005). In contrast, MRE11 and
the RAD51 paralogues RAD51-4, -5 and -6, which are all involved in HR, are not
involved in VSG switching (Bressan et al., 1999; Dobson et al., 2011; Proudfoot &
McCulloch, 2005; Robinson et al., 1999). This shows that not all HR factors have
arolein T. brucei VSG switching. The topoisomerase TOPO3a (Kim & Cross,
2010) and RMI1 (Kim & Cross, 2011), components of a complex, which in yeast
acts as a regulator of crossover (Bussen et al., 2007; Chelysheva et al., 2008;
Raynard et al., 2008), are also involved in T. brucei VSG switching by
recombination. Unlike brca2, rad51 and rad51-3 mutants described above,
topo3a’ and rmi1”’" mutants display an elevated VSG switching rate, as well as
an increase in VSG switching events involving recombination at the 70 bp repeats

(Kim & Cross, 2010; Kim & Cross, 2011). These studies demonstrate that factors
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that act at multiple stages of HR can influence not only the rate of VSG

switching, but the switching profile.

1.2.4 T. brucei 70 bp repeats

The majority (>90%) of VSG genes in T. brucei have one or more 70-bp repeats
upstream of them. These apparently VSG-specific repeats were first described
by Liu et al. (1983), and sequence comparisons have shown that the repeat
elements are quite variable in sequence and size between loci, though they are
composed of three sections: a 5’ section, containing 5-116 TAA or TAA-like
tandem repeats, a moderately conserved sequence with an alternating GT
characteristic, and a highly conserved 3’ sequence that is mainly alternating TA
repeats (Aline et al., 1985). Much of the size variation is due to changes in
numbers of (TAA)n repeat elements within each repeat (Aline et al., 1985),
though sequence composition and length changes are found in other conserved

sub-elements of these complex repeats (Shah et al., 1987).

In their analysis of the VSG gene silent archive, Marcello & Barry (2007) found
that 92% of full-length array VSGs have at least one 70 bp repeat 1-2 kbp
upstream with 74% of these possessing only one, 14% possessing two and 5%
three to fifteen copies. However, the number of 70 bp repeats adjacent to VSG
BES located VSGs is generally greater, comprising tens to over 100 repeats
(Alsford et al., 2009). MES VSGs are also flanked by 70 bp repeats, but the array
lengths appear more comparable with subtelomeric VSGs (Ginger et al., 2002).

It has long been thought that the 70 bp repeats play an important role in VSG
switching, though whether they provide passive sequence similarity or are the

focus for more active promotion of recombination is not clear.

1.2.4.1 DNA double strand breaks at 70 bp repeats as initiators of VSG
switching

The 70 bp repeats are a ‘hot spot’ for recombination events, marking the 5’
border of many VSG gene conversion events (Campbell et al., 1984; Liu et al.,
1983). This contrasts with the 3’ border, which is different depending on the
type of conversion event. In gene conversion of array VSGs the 3’ border is
frequently within the 3’ UTR of the VSG (Bernards et al., 1981), whereas it is the

chromosome end in the case of telomere conversion (Delange et al., 1983).
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These conclusions were drawn from analysis and comparison of DNA sequencing
data of the VSG and VSG BESs before and after VSG switching events. Taken
together, these data may suggest that the 70 bp repeats provide 5’ sequence
specificity in VSG switching that is lacking at the 3’ VSG end. Along with the
high proportion of VSGs with 70 bp repeats upstream, in particular at VSG BESs,
and the absence of significantly detectable numbers of 70 bp repeats elsewhere
in the T. brucei genome, this has lead to the theory that they may be involved in
VSG switching.

Given the very limited sequence similarity between VSGs, one hypothesis is that
the 70 bp repeats simply serve as stretches of sequence similarity for
recombination (Delange et al., 1985). Other authors have hypothesised that
they serve as the initiation point for gene conversion reactions and are the
location of the DNA double strand breaks (DSBs) or other lesions required for the
reaction (Matthews et al., 1990; Pays et al., 1983). It was suggested that such
initiation could depend on unusual structures formed by the 70 bp repeats that
lead to cleavage within the repeat tract (Campbell et al., 1984; Liu et al.,
1983). Alternatively, they could be recognised by a structure- or sequence-
specific endonuclease (Matthews et al., 1990), both of which would lead to the
DSB thought necessary to initiate gene conversion. However, in experiments
where the 70 bp repeats were removed from the active VSG BES, the overall VSG
switching rate was not decreased and VSG gene conversion was still observed,
nor was an effect observed when the repeats were mutated by inversion
(McCulloch et al., 1997). This suggests that the 70 bp repeats are not
indispensible for VSG gene conversion reactions and it was hypothesized that
mutation of the repeats made the involvement of a structure- or sequence-
specific nuclease or formation of unusual structures unlikely. However,
sequencing analysis of switched variants revealed that in cells lacking 70 bp
repeats 22% had switched the VSG in a gene conversion reaction that utilised
sequence similarity from an upstream ESAG, a pattern also observed in cells with
inverted 70 bp repeats but not in wild type trypanosomes. These findings
indicate that although the 70 bp repeats are not absolutely required for VSG
switching, they are a crucial determinant for efficient VSG switching by gene

conversion (McCulloch et al., 1997).
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Although DSBs were suggested to occur at 70 bp repeats, initiating gene
conversion reactions and a homology search, physical evidence for this was
lacking for a number of years. A study by Boothroyd et al. (2009) experimentally
investigated this hypothesis using an inducible yeast meganuclease, I-Scel. The
I-Scel meganuclease, originally isolated from Saccharomyces. cerevisiae, is a
site-specific endonuclease that recognises and cleaves a specific 18 bp
sequence. A recognition site for the yeast meganuclease was placed adjacent to
the 70 bp repeats of the active VSG BES and an inducible copy of the I-Scel gene
also introduced. The results of this study are summarised in Figure 1-6. The
researchers reported a 250-fold increase in VSG switching frequency upon
induction of a DSB, a much higher switching rate than normally found in lab-
adapted T. brucei cell lines, and more closely resembling the switching rate of
non-lab adapted trypanosomes. This increase in switching was not recapitulated
when the DSB was induced within an upstream VSG pseudogene, nor after DSB
induction when the 70 bp repeats were replaced with an I-Scel site. This
indicates that the location of the DSB (adjacent to the 70 bp repeats) and the
repeats themselves are important for the increase in VSG switching. PCR
amplification and sequence analysis of 18 of the switched variants revealed that
all had lost the VSG at the active VSG BES and replaced it with a donor VSG from
either a silent VSG BES or a mini-chromosome. Furthermore, in all of the
switched clones, the sub-telomeric region downstream of the active VSG was
lost and likely replaced by the sub-telomeric region of the donor VSG. The
authors conclude that such a recombination reaction is likely to be a result of
BIR (discussed in Section 1.3.2.2).

Boothroyd et al. (2009) then investigated whether DSBs within the 70 bp repeats
occur naturally in vivo. Using ligation-mediated PCR on unmodified, wild type
T. brucei, they detected putative DSBs distributed over the 70 bp repeats of the
active VSG BES site as well as, though less frequently, upstream of the VSG
pseudogene where another shorter set of 70 bp repeats is located. Ligation-
mediated PCR did not detect breaks within an internal chromosome locus
indicating that DSBs occur naturally and specifically within the 70 bp repeats of
wild type trypanosomes. Additionally, DSBs were not detected in a silent VSG
BES, suggesting that transcription may play a role in DSB formation. The authors

suggest that presence of DSBs upstream of the VSG pseudogene could be due to
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DSBs occurring throughout the VSG BES but that only those in the 70 bp repeats

last long enough to be detected.
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Figure 1-6 Effect of DSB induction at the 70 bp repeats on VSG switching

Boothroyd et al. (2009) used an I-Scel recognition site and enzyme to induce a DSB adjacent
to the active VSG BES 70 bp repeats. Cells consequently switched VSG by recombining a
silent VSG from elsewhere in the genome (other ESs, mini-chromosomes and silent VSG
arrays) into the region of the DSB, replacing the previously expressed VSG. Coloured
arrows indicate different VSGs, black and white boxes upstream are regions of 70 bp
repeats, grey arrows are non-VSG genes. Percentages indicate the frequency of VSG
switching events detected that utilised VSGs from each region. Figure from Barry &
McCulloch (2009).

Further work by Glover et al. (2013a) supported the hypothesis that DSBs at the
70 bp repeats initiate VSG switching. Similarly to Boothroyd et al. (2009),
Glover et al. (2013a) utilised the I-Scel meganuclease system to induce a DSB at
one of three locations in the active BES: just downstream of the 70 bp repeats of
the active VSG BES, adjacent to the BES promoter, or downstream of the VSG
(proximal to the telomere). Clonal cell survival following induction of a DSB
adjacent to the promoter was <20% but was strikingly lower (~5%) when a DSB
was induced downstream of the 70 bp repeats or proximal to the telomere. This
indicates that DSBs in the active VSG BES are typically lethal. Glover et

al. reported that DSBs induced near the active VSG BES promoter rarely
triggered VSG switching and telomere proximal DSBs induced VSG switching in
28% of surviving clones. However, almost all surviving clones switched VSG when
a DSB was induced adjacent to the 70 bp repeats. Furthermore, DSBs induced
adjacent to the 70 bp repeats triggered VSG switching mediated by

recombination using the 70 bp repeats, indicated by retention of ESAG1, an
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ESAG located upstream of the 70 bp repeats. In contrast, telomere proximal
DSBs triggered VSG switching through loss of the VSG BES. Additionally,
naturally occurring DSBs were reported in the VSG BES, but in contrast to the
findings of Boothroyd et al. (2009), they were present at all three VSG BES
regions assayed, irrespective of whether the site was transcriptionally active or
inactive. Similarly, Jehi et al. (2014b) also detected DSBs in inactive VSG BESs,
suggesting the hypothesis that the breaks exclusively localise in the inactive VSG

BES and in the 70 bp repeats may be inaccurate.

The above studies demonstrate that an artificially induced DSB at the 70 bp
repeats of the active VSG BES can induce VSG switching and that DSBs, or at
least DNA breaks, naturally occur at the 70 bp repeats of the active VSG BES.
Whether DSBs also occur within inactive VSG BESs is however, debated.
Nonetheless, the current prevailing hypothesis for the initiation of VSG switching
by recombination in T. brucei is that DSBs adjacent to the 70 bp repeats initiate
VSG switching through a homology search (Boothroyd et al., 2009; Glover et al.,
2013a).

1.2.4.2 70 bp instability

A number of events can result in DSBs and the initiation of HR, including
endonuclease cleavage at specific target sites (Arazoe et al., 2014; Malkova et
al., 2000), replication fork instability or collapse (Labib & Hodgson, 2007),
unusual secondary DNA structure (Bochman et al., 2012; Burrow et al., 2010)
and transcription (Merrikh et al., 2011; Takeuchi et al., 2003). As such, a
number of hypotheses can be proposed to explain why the 70 bp repeats may be
more prone to DSBs than other sites in the T. brucei genome. It was first
suggested a number of years ago (Matthews et al., 1990) that a sequence or
structure -specific endonuclease may be responsible for generating DSBs
specifically within the 70 bp repeats, similar to yeast mating type switching.
The S. cerevisiae HO endonuclease makes a site-specific DSB to initiate mating
type switching that occurs by HR, reviewed by Haber (1998). However, such an

endonuclease has yet to be identified.

A number of alternative explanations exist for the occurrence of DSBs at 70 bp

repeats based on the repetitive nature of the repeats. The 70 bp repeats
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contain a TAA-TTA motif, known to form a non H-bonded structure, which under
certain conditions can destabilise the DNA helix - a property not shared by other
triplet repeats (Ohshima et al., 1996b). Several different triplet repeats are
well established to cause repeat expansion and, when within or proximal to
disease genes, genetic mutation resulting in disease in humans (Ohshima et al.,
1996a). Such triplicate repeats are also associated with DNA polymerase pausing
(Kang et al., 1995). For example, DNA polymerase pausing occurs at the
CTG-CAG triplet repeat whose expansion is associated with myotonic dystrophy
(Kang et al., 1995), and is a hotspot for recombination (Jakupciak & Wells, 1999;
Pluciennik et al., 2002). Pausing of DNA polymerase on triplet repeats, including
the CTG-CAG repeat, leads to replication slippage and rearrangement (Viguera
et al., 2001). However, the TAA-TTA repeat does not share similar properties to
these repeats; it does not exhibit DNA polymerase pausing and overall has very
different genetic and biochemical properties (Ohshima et al., 1996b), suggesting
that its role in gene regulation may differ from other triplet repeats.
Transcription of the highly repetitive 70 bp repeats in the active VSG BES, which
have a propensity to form this unstable structure, may destabilise the active VSG
BES leading to a DSB (Boothroyd et al., 2009).

A further hypothesis proposes that the 70 bp repeat region is a ‘fragile site’ due
to the repetitive sequences within the region and thus pre-disposed to
replication stalling. Replication fork stalling is associated with a number of
elongation-blocking lesions including DNA damage, protein, transcription, DNA
secondary structure or DNA repeats (Labib & Hodgson, 2007; Merrikh et al.,
2011). Replication fork collapse results in single stranded DNA (ssDNA) gaps,
which after processing could become structures able to undergo HR and
potentially initiate VSG switching. There are multiple ways a replication fork
could stall in a VSG BES. As already mentioned, TAA-TTA repeats present in the
70 bp repeats predispose the region to forming unusual DNA structures. Such
structures, or indeed the repeats themselves, could lead to replication fork
stalling, as has been observed at some sites (e.g. long genes) in other eukaryotes
(Brewer, 1988; Helmrich et al., 2011; Tuduri et al., 2009). This suggestion fits
well with the findings by Boothroyd et al. (2009) who only detected DSBs in an
actively transcribed VSG BES, though does not explain the presence of DSBs in
inactive VSG BESs reported by others (Glover et al., 2013a; Jehi et al., 2014b).
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Furthermore, replication stalling has been documented to initiate gene
rearrangement. For example, the induction of a DSB in the S. cerevisiae mat1
locus is achieved through replication stalling, which leads to recombination and
gene transposition, resulting in mating type switching (Klar, 2007). Another
interesting mechanism by which replication stalling may occur is demonstrated
in the antigenic variation of the Neisseria PilE locus. The formation of a
DNA:RNA hybrid, brought about by expression of a small RNA (sRNA), is necessary
for the formation of a guanine quadruplex (G4) secondary DNA structure
required for switching of the downstream PilE locus (Cahoon & Seifert, 2009;
Cahoon & Seifert, 2013). G4 structures are guanine-rich regions of DNA capable
of forming a four-stranded DNA structure (Huppert, 2008). It is thought that the
RNA:DNA hybrid forms on the C-rich strand, allowing the formation of the G4
structure on the G-rich strand, possibly mediated by binding proteins. G4
structures can impair replication, leading to replication instability (Lopes et al.,
2011; Rizzo et al., 2009; Weitzmann et al., 1996).

1.3 Double Strand Break Repair (DSBR)

The genome is subjected to various types of DNA damage including DSBs, which
are frequently described (Jackson, 2002; Lees-Miller & Meek, 2003b; Polo &
Jackson, 2011; Zhang et al., 2009) as the most serious form of DNA damage due
to loss of integrity of both strands. DSBs can be caused by a number of events,
including UV (Greinert et al., 2012) and ionising radiation (Costes et al., 2010),
replication stalling (Unno et al., 2013), mutagenic chemicals (Driessens et al.,
2009; Ma et al., 2011; Morel et al., 2008) and endogenously generated free
radicals (Albino et al., 2006). DSBs that arise must be repaired to prevent
serious mutations such as gross chromosomal rearrangements, which are
detrimental and possibly lethal to single-celled organisms. T. brucei, like all
eukaryotes, possess multiple mechanisms to repair DSBs. Non-homologous end
joining (NHEJ) and HR are the two principle pathways used by most eukaryotes
to repair DSBs. These two pathways differ in their requirement for a
homologous template to repair DSBs and in the fidelity of the repair they
catalyse. Both pathways are found in almost all eukaryotes, but whether they

both act in T. brucei is unclear.
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1.3.1 Non-homologous end-joining (NHEJ)

Non-homologous end joining (NHEJ) is a DSBR pathway that is conserved in
virtually all eukaryotes and is also found in some bacteria (Weller et al., 2002).
The pathway requires no template and little (2 or 3 bp) or no homology for
repair, and thus can lead to mutations through the re-joining of resected DNA at
DSB ends or the re-joining of incorrect DSB ends. Despite this, evidence
indicates that most mammalian cells utilise NHEJ more than HR, as NHEJ is
favoured in GO and G1 cell cycle stages (Lees-Miller & Meek, 2003b). NHEJ is
also favoured when DSBs are located proximal to the telomere (Ricchetti et al.,
2003). The regulation of pathway choice (HR vs NHEJ) is reviewed in Symington
& Gautier (2011) and Chapman et al. (2012).

The primary proteins responsible for NHEJ (Fig. 1-7) are the Ku70/80
heterodimer and DNA ligase IV, which acts in association with the protein XRCC4
(Grawunder et al., 1997; McElhinny et al., 2000). Beyond these core proteins,
NHEJ in mammals also requires the DNA-dependent protein kinase catalytic
subunit (DNA-PKcs) (Smith & Jackson, 1999), while at least in yeast, the Rad50-
Mre11-Xrs2 (MRX) complex, an endoexonuclease, is necessary (Chen et al.,
2001a).

The first step of NHEJ is DSB end binding. The Ku70/80 heterodimer binds the
DSB ends and can be translocated from the DNA ends in an ATP dependent
manner (Dynan & Yoo, 1998). In mammals, this is thought to be important for
stabilising and recruiting the DNA-PKcs, which also binds to each side of the
break; DNA-PKcs is recruited by Ku70/80 and forms the DNA-PK complex (Dynan
& Yoo, 1998). In yeast, MRX (MRN, Mre11-Rad50-Nbs1 in humans) processes the
DSB ends (Khanna & Jackson, 2001; Paull & Gellert, 1998). This role appears to
have been supplanted by DNA-PKcs in mammals. Some bacteria, such as Bacillus
subtilis, possess a NHEJ pathway and Ku homologues have been found,
suggesting that the pathway arose before the divergence of the prokaryotic and
eukaryotic lineages (Weller et al., 2002). The molecules of DNA-PKcs either side

of the break bridge the ends together prior to re-ligation (DeFazio et al., 2002).

The final stage of NHEJ is ligation. In eukaryotes, the NHEJ-specific DNA ligase
IV/XRCC4 complex is recruited to the DNA ends and catalyses the ligation of the
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two ends (Chen et al., 2000). This process often results in loss of nucleotides at

the two ends of the break, resulting in inaccurate repair.
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Figure 1-7 Schematic of the steps of non-homologous end joining

The steps of NHEJ are shown, as described in the text. Black lines represent duplex DNA.
Ku70/80 heterodimers bind the DNA ends (turquoise circles), recruiting DNA PKcs (yellow
oval) to the DSB ends. The DNA ligase IV-XRCC4 complex (grey semi-circle and pink
hexagon respectively) completes the ligation of the DSB ends. Figure adapted from Claire
Hartley, PhD Thesis (2008).

No evidence has so far been found that NHEJ takes place in T. brucei; the
genome does not encode a detectable DNA ligase IV-XRCC4 complex, though
Ku70/80 is conserved (Burton et al., 2007; Conway et al., 2002a). In addition,
transformation experiments (Conway et al., 2002b), induction of a DSB (Glover
et al., 2011; Glover et al., 2008) and analysis of end joining in cell extracts
(Burton et al., 2007) has each failed to provide evidence for NHEJ. T. brucei
does however possess an ‘MMEJ’ repair system (microhomology-mediated end
joining, see below) capable of joining the free ends that is readily seen in each
of the above experimental settings, perhaps suggesting that it has evolved to

supplant NHEJ.

1.3.2 Homologous recombination (HR)

DSB repair by homologous recombination (HR) involves the utilisation of an
intact, sequence-related DNA molecule located elsewhere in the genome as a

template for repair. For this reason, HR normally results in fewer mutations
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compared to NHEJ. In contrast to NHEJ, which predominantly acts in GO/G1
(Lees-Miller & Meek, 2003a), HR acts primarily in late S-phase/G2 in vertebrate
cells (Takata et al., 1998), reviewed in Branzei & Folani (2008). HR can be

considered to occur in stages, as shown in Figure 1-8.

The first stage of HR, termed synapsis, involves the invasion of one strand of the
broken DNA duplex into a homologous sequence, normally an intact duplex,
elsewhere in the genome. This requires a 3’ ssDNA overhang coated with a
filament of the protein RAD51, a eukaryotic homologue of the bacterial RecA
protein and a key protein in HR, permitting strand exchange to take place. The
5’-3’ exonuclease Exol, MRX (Mre11-Rad50-Xrs2) complex and Sae2 resect the 5’
DNA ends to produce 3’ ssDNA overhangs necessary for binding of Rad51
(Cannavo et al., 2013; Fiorentini et al., 1997; Nicolette et al., 2010). The ssDNA
in eukaryotes is coated with replication protein A (RPA), which protects the
ssDNA from nucleases and removes secondary structure but is also inhibitory to
nucleoprotein filament formation (Sugiyama et al., 1997). RPA removal is
therefore required for RAD51 filament formation. The RAD52 recombinase,
which is not detectably present in T. brucei, facilitates this in S. cerevisiae
(Sugiyama & Kowalczykowski, 2002; Sung, 1997) and BRCA2 has been
demonstrated to bind RAD51 and promote RAD51 filament formation (Jensen et
al., 2010; Liu et al., 2010b; Thorslund et al., 2010).

Following assembly of the RAD51-nucleoprotein filament, strand exchange
occurs. RAD51 catalyses the 3’ ssDNA end invasion of an undamaged,
homologous DNA molecule forming a three-way junction (D-loop). Though RAD51
is the catalytic enzyme in strand invasion, it is supported by other proteins
including RAD52, RAD54, so-called ‘RAD51 paralogues’ (such as RAD55 and RAD57
in yeast) and BRCA2 (Llorente et al., 2008). T. brucei encodes four Rad51
paralogues that act in HR (Dobson et al., 2011; Proudfoot & McCulloch, 2005).
DNA synthesis then occurs using the D-loop 3’ DSB end as the primer and the
homologous DNA strand as the template (Paques & Haber, 1999). After priming
DNA synthesis on the 3’ DSB end, repair of the DSB can proceed in one of several

pathways: gene conversion, synthesis dependent strand annealing (SDSA) or BIR.
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Figure 1-8 Schematic of homologous recombination in eukaryotes

The stages of HR, as described in the text. Black lines represent duplex DNA and grey lines
represent duplex DNA used as the template for repair. The 3’ ends of the DSB are resected
by the MRN complex (turquoise arrow) and RPA (pink circles) binds the ssDNA. RAD51
(orange ovals) is loaded onto the 3’ ssDNA by BRCA2 (purple oval) and the RAD51 filament
invades a homologous DNA template (grey line).

1.3.2.1 Gene conversion

Gene conversion is the main route of DSB repair by HR (Chen et al., 2007) and
allows the unidirectional transfer of genetic information from homologous
sequences to the site of the DSB. Gene conversion can occur via the formation
of a Holliday junction (HJ) (Fig. 1-9), or alternatively by synthesis-dependent
strand annealing (SDSA) or BIR (not depicted, described below). In both
pathways, the 3’ DSB end invades the homologous sequence forming a D-loop.
Gene conversion by HJ resolution then proceeds by the other 3’ ssDNA tail
pairing with the D-loop, resulting in the formation of two HJs (Holliday, 1964).
This intermediate is resolved by cleavage of the Holliday junctions to yield
either a product with or without crossover of flanking regions, depending on the
axis along which the HJ is cleaved. Gene conversion by SDSA produces non-

crossover products (Sung & Klein, 2006).
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1.3.2.2 Break-induced replication (BIR)

Break-induced replication (BIR) (Fig. 1-9) occurs when only one of the 3’ ssDNA
strands invades a homologous DNA duplex, forming a D-loop. BIR can be used to
repair DSBs when only one end is available for strand invasion and D-loop
formation, such as when homology only exists at one end of the DSB (Llorente et
al., 2008). The D-loop assembles into a replication fork and copies the
downstream sequence, leading to long gene conversion tracts that can be
hundreds of kilobases in length or even to the chromosome end (Esposito, 1978;
Malkova et al., 1996; Paques & Haber, 1999). The frequent and long gene
conversions cause BIR reactions to often go undetected in cells (Paques & Haber,
1999). Such gene conversion events differ from SDSA (see Section 1.2.2.3) and
DSB repair because resolution is by establishment of a bubble-like replication
fork that moves along the chromosome (Saini et al., 2013) rather than through a
process driven by recombination. BIR can occur through Rad51-dependent and
Rad51-indepenedent mechanisms (Malkova et al., 1996; McEachern & Haber,
2006); Rad51-independent BIR requires shorter homologous sequences (30 bp)
than Rad51-dependent BIR (Ira & Haber, 2002).

1.3.2.3 Synthesis-dependent strand annealing (SDSA)

In contrast to BIR and gene conversion, in synthesis-dependent strand annealing
(SDSA) the D-loop migrates and the invading DNA strand (forming the D-loop) is
ejected from the D-loop after priming DNA synthesis. The ejected strand
anneals with the complementary strand associated with the other end of the DSB
(Nassif et al., 1994) (Fig. 1-9). DNA synthesis and ligation complete the repair.
As no HJ is formed, only non-crossover products result from SDSA (San Filippo et
al., 2008).
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Figure 1-9 Pathways of DSB repair

Three mechanisms, described in the text, used to repair DSBs by homologous
recombination are shown. Solid lines indicate duplex DNA, grey lines represent template
DNA and dashed lines indicate newly replicated DNA. Top: a DSB is shown that has been
processed and one ssDNA end has invaded a homologous template. Repair of the DSB by
gene conversion, BIR and SDSA are shown.

1.3.3 Single strand annealing (SSA)

A fourth mechanism, single strand annealing (5SA) (Fig. 1-10), can be employed
to repair DSBs. It occurs when a DSB is flanked by direct repeats and involves
repair of the DNA using the repeated DNA sequences. SSA is independent of
Rad51 (Ivanov et al., 1996), does not involve the strand invasion and D-loop
formation described in the mechanisms above and does not produce HJs.
Instead, following resection of the DSB ends to produce 3’ ssDNA, the 3’ DSB
ends anneal to one another rather than invading a homologous DNA sequence.
The Rad52 recombinase is required for SSA (lvanov et al., 1996). Glover & Horn
(2009) found that repair of DSBs within the RRNA spacer locus, which is flanked
by stretches of duplicated sequence, was consistent with SSA, suggesting this

process operates in T. brucei.
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Figure 1-10 DSB repair by single strand annealing (SSR)

Duplex DNA is represented by black lines and direct repeat sequences are indicated in
yellow. Resection of the non-homologous 5’ ends of the DSB is followed by annealing of
the direct repeats. The overhangs are resected and ligation completes repair of the DSB,
resulting in loss of the sequence between the direct repeats.

1.3.4 Microhomology-mediated end joining (MMEJ)

Microhomology-mediated end joining (MMEJ) (Fig. 1-11) is another DSB repair
pathway, potentially distinct from NHEJ and HR, though the enzymatic
machinery remains unknown. Although it was initially thought that MMEJ
functioned only in the absence of NHEJ machinery, it has been established that
MMEJ occurs even when the NHEJ pathway is not compromised (McVey & Lee,
2008; Nussenzweig & Nussenzweig, 2007). In contrast to NHEJ, which requires
no homology to repair DSBs, MMEJ requires short stretches of homology, typically
~6-20 bases, though (as with NHEJ) it is error prone and loss of sequence occurs
(McVey & Lee, 2008). It has been proposed (McVey & Lee, 2008) that MMEJ
repair begins with the removal of Ku70/80 and Rad51 (which inhibit MMEJ) from
the DNA, followed by resection of the 5’ DNA ends by the MRX complex and the
nuclease Exo1 and endonuclease Sae2. This promotes resection to reveal micro-
homologous sequences. These micro-homologous sequences anneal to one
another and repair is completed by DNA synthesis and ligation. The enzymes
responsible for the short homology base-pairing are unclear and the process can
be very imprecise, leading to repair products containing numerous base

mismatches. MMEJ is readily detected in T. brucei in vivo (Conway et al.,



Chapter 1 52

2002b; Glover et al., 2011) and in vitro using nuclear cell extracts (Burton et

al., 2007), and may therefore be a robust process in T. brucei.
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Figure 1-11 Microhomology-mediated end joining (MMEJ)

Duplex DNA is represented by black lines and yellow boxes indicate microhomologous
sequences. After removal of Ku70/80 and RAD51, repair by MMEJ proceeds by resection of
the 5’ DNA ends to reveal 3’ ssDNA and microhomologous sequence. These
microhomologies anneal and repair is completed by trimming of 3’ ssDNA flaps, gap filling
DNA synthesis and ligation of ends to produce dsDNA, with loss of sequence between the
microhomologies.

1.4 DNA Helicases in DNA repair

Helicases are molecular motors that unwind polynucleic acids using energy
released from nucleoside triphosphate (NTP) hydrolysis, most commonly ATP.
This process results in the translocation of the helicase along the polynucleic
acidin a 5’23’ or 3’>5’ direction. Helicases are divided into two major
superfamilies: superfamily 1 (SF1) and superfamily 2 (SF2), along with the
smaller superfamilies 3 to 6. Different types of helicase act on different nucleic
acid substrates. DNA helicases unwind DNA, RNA helicases unwind RNA and some
helicases unwind DNA:RNA hybrids. DNA helicases function in a wide range of
nucleic acid processes. Some examples of roles helicases play in DNA

replication, transcription, repair and recombination are described below.
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Helicases are crucial for the replication of DNA. For example, the MCM2-3 (mini
chromosome maintenance complex) helicase is the eukaryotic replicative
helicase (Labib et al., 2000). Other helicases facilitate replication of specific
regions, such as the role of the Srs2 helicase in replication of hairpins (Anand et
al., 2012). The recovery of replication forks that have stalled, reversed or
collapsed also require helicases. For example, the Werner helicase, along with
the Dna2 nuclease, functions in the recovery and restart of reversed replication

forks in human cells (Thangavel et al., 2015).

Transcription and transcriptional regulation also utilises helicases. The TFIIH
(transcription factor Il human) complex, which is part of the transcription
initiation apparatus, also functions in DNA repair, and contains two DNA
helicases, XPD and XPB (xeroderma pigmentosum group D and xeroderma
pigmentosum type B) - reviewed in Egly & Coin (2011). Another family of
helicases with important roles in transcription is the DExD/H box RNA helicases.
These helicases regulate transcription in a variety of ways, reviewed in Fuller-
Pace (2006), including acting as transcriptional co-activators or repressors,
acting as bridging factors to recruit transcription factors and stabilising

transcription initiation complexes.

XPB and XPD helicases, as part of the TFIIH complex, also function in nucleotide
excision repair (NER) (Coin et al., 2004; Kuper et al., 2014; Timmins &
McSweeney, 2006). NER is a DNA repair pathway that repairs single-stranded
DNA damage, such as UV damage, which distorts the DNA helix, reviewed in
Kamileri et al. (2012). Helicases also participate in other DNA repair pathways.
Human RECQL5 (RecQ-like 5) is involved in base excision repair (BER) (Tadokoro
et al., 2012), a repair pathway that corrects lesions resulting processes such as
alkylation, oxidation and deamination, reviewed in Robertson et al. (2009). In
addition, a number of helicases including Sgs1/BLM and human helicase B are
involved in DNA repair by homologous recombination (Liu et al., 2015; Wu &
Hickson, 2003). Helicases can play both stimulatory and inhibitory roles in
homologous recombination. For instance, the Sgs1 helicase in yeast (Bloom
helicase in humans) is part of the machinery that resects DNA ends, a necessary
step for HR (Mimitou & Symington, 2008; Nimonkar et al., 2011). In contrast,
the Srs2 helicase has an anti-recombinogenic effect due to its disruption of
RAD51-ssDNA filaments (Krejci et al., 2003; Veaute et al., 2003).
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1.4.1 RecQ helicases in DNA repair and two putative T. brucei
RecQ-like helicases

RecQ-like helicases are an SF2 family (Gorbalenya & Koonin, 1993) of DNA
helicases so-called due to the homologous region they share with the E. coli
RecQ helicase, first described by Umezu et al, (1990). The RecQ family is
conserved from bacteria to humans (Fig. 1-12) and unwind DNA in a 3’25’
direction (Bachrati & Hickson, 2008). Schizosaccharomyces pombe and

S. cerevisiae each possess a single RecQ helicase, Rgh1 and Sgs1 respectively. In
contrast, multicellular eukaryotes such as humans and Drosophila possess
multiple RecQ helicases (Adams et al., 2003; Bernstein et al., 2010; Capp et al.,
2009; Chen et al., 2010).

Escherichia coli [ ] T TT] 610 RecQ
Saccharoymyces cerevisiaeE- [“] | - | | | 1447 Sgs1
Schizosaccharomyces pombe I |] |] | - | | | 1328 Ragh1
Homo sapiens [- I]I] | - | | I[]1432 WRN
Homo sapiens B W Bl T 1417 BLM
Homo sapiens I | Tl | 1208 RECQ4
Homo sapiens [|| - | I ]I[] 649 RECQ1
Homo sapiens | [ - | 991 RECQS

D Helicase domain - Strand exchange domain . Nuclear localisation
. . sequence
- RQC domain - Exonuclease domain q

D HRDC domain |:| Acidic region

Figure 1-12 Domains and features of bacterial and eukaryotic RecQ helicases

Typical domains and features found in RecQ helicases are shown. All RecQ helicases share
a conserved helicase (DEAD/DEAH box helicase) domain. RQC (RecQ C-terminal) and
HRDC (helicase and RNAse D C-terminal) domains are present in most RecQ family
members and mediate protein and nucleic acid interactions. Some members contain a
strand exchange domain, exonuclease domain or nuclear localisation signal. The number
of amino acids in each protein sequence is indicated on the right. Accession numbers can
be found in Appendix 7.2. Not to scale.
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RecQ helicases participate in DNA replication, recombination and repair
(Croteau et al., 2014). RecQ proteins interact with many DNA repair proteins to
play multiple roles in multiple types and stages of DNA repair. They also
participate in DSB NHEJ, where the Werner syndrome RecQ protein (WRN)
interacts with the XRCC4-ligase IV complex (Kusumoto et al., 2008). In addition,
human RECQ1 interacts with Ku70/80, with depletion of RECQ1 leading to
reduced NHEJ (Parvathaneni et al., 2013). HR involves RecQ proteins such as
the yeast Sgs1 and human Bloom syndrome RecQ protein (BLM) helicases, which
promotion resection of DNA ends (Gravel et al., 2008; Mimitou & Symington,
2008; Zhu et al., 2008). Yeast Sgs1 also interacts with Rad51 to inhibit Rad51
filament formation (Wu et al., 2001). S. cerevisiae Sgs1 interacts with the HR
nuclease Mre11 (Chiolo et al., 2005). Addtionally, Sgs1/BLM interact with
mismatch repair proteins Mlh1 and MLh3 (Argueso et al., 2003; Dherin et al.,
2009; Langland et al., 2001; Wang & Kung, 2002). The function of these RecQ-
mismatch repair interactions is unclear, though it has been suggested it could be

to promote resolution of meiotic crossovers (Wang & Kung, 2002).

RecQ helicases also interact with many proteins involved in DNA replication. For
example, human RECQ4 interacts with the replisome factors MCM10 and MCM2-7
helicase and RECQL4 interacts with CDC45 and GINS (Go, Ichi, Nii, and San; five,
one, two, and three in Japanese) (Im et al., 2009; Xu et al., 2009b). Due to
their direct role in DNA replication, absence of RecQ helicases can lead to
replicative damage. For example, WRN co-purifies with the DNA replication
complex in embryonic stem cells (Lebel et al., 1999), and absence of BLM and
WRN leads to accumulation of replication intermediates (Lonn et al., 1990).
RecQ helicases also act in the repair of replicative damage, as in the case of
yeast Sgs1, a function that interestingly can be uncoupled from its function in

DNA recombination (Bernstein et al., 2009).

RecQ helicases play an important role in the processing of double Holliday
junctions (dHJs) as part of the RTR (also known as BTR) complex. The complex
is composed of a RecQ helicase (BLM in mammals, SGS1 in yeast), a
topoisomerase llla and RMI1 (RecQ mediated genome instability 1; also known as
BLAP75/18) (Johnson et al., 2000; Wu et al., 2000; Yin et al., 2005). The RTR
complex is an important regulator in the processing of dHJ recombination

intermediates, to produce exclusively non-crossover products, known as dHJ
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dissolution (Bussen et al., 2007; Chelysheva et al., 2008; Raynard et al., 2008)
(Wu & Hickson, 2003) (Fig. 1-13). This in contrast to the alternative pathway of
processing dHJs by resolvases (such as Mus81), which can produce both non-
crossover and crossover products, known as dHJ resolution. In dissolution, the
RecQ helicase in the RTR complex branch migrates the two HJs closer to one
another to form a hemicatenane intermediate, a structure in which one strand
of a DNA duplex is wound around a strand of another DNA duplex. TOPO3a then
processes the hemicatenane, making a nick in one strand and passing the other
strand through to dissolve the dHJ (Yang et al., 2010). RMI1 possesses no
catalytic activity but its presence is essential for the stability of the complex
and loss of RMI1 results in an increase in crossover events similar to that
observed after BLM/SGS1 loss (Chang et al., 2005; Yin et al., 2005).
Alternatively, resolvases can process dHJs by cleaving the dHJs and depending
on the the orientation of the nucleolytic cleavage the result is either a crossover
or non-crossover product. In humans this can be achieved with either the
MUS81-EME1 (MUS81-MMS4 in S. cerevisiae) complex acting together with SLX1-
SLX2, or by GEN1 (YENT1 in S. cerevisiae). As crossovers are potentially
deleterious to the cell, the processing of dHJs by resolution is tightly regulated
during the cell cycle. Dissolution via the RTR complex is favoured throughout
most of the cell cycle, with resolvase activity limited to the end of the cell cycle
to resolve any remaining recombination intermediates that would be a barrier to

chromosome segregation (West et al., 2015).
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Figure 1-13 Resolution and dissolution of double Holliday junctions

A double Holliday junction (dHJ) is shown following resection of a DSB, D-loop formation
and pairing of the other 3’ ssDNA tail to form a dHJ. Processing by resolution involves a
resolvase such as the MUS81-EME1/SLX1-SLX4 complex or GEN1 and can result in
crossover or non-crossover products depending on the orientation of cleavage (coloured
arrows). Alternatively, the RTR can dissolve the dHJs using the branch migration activity of
the RecQ-like helicase and the decatenating activity of the topoisomerase, producing only
non-crossover products.

Trypanosoma brucei is unusual among unicellular organisms with respect to its
RecQ helicases. The T. brucei genome contains two genes annotated as putative
RecQ-like helicases: Tb427.06.3580 (here referred to as RECQ1) and
Tb427.08.6690 (here referred to as RECQ2) (TriTrypDB.org). These two T. brucei
putative RecQ helicases are two of the factors examined in this thesis, neither
having been characterised prior to this work. Most multicellular organisms
possess multiple RecQ helicases (discussed below). Humans encode five: WRN

(Werner syndrome protein), BLM (Bloom syndrome protein), RECQ1, RECQ4 and
RECQ5 (Bernstein et al., 2010). C. elegans encode four, named HIM-6, WRN-1,
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RECQ5 and RECQ1, though only the first three have been functionally
characterised (Hyun et al., 2012; Jeong et al., 2003; Jung et al., 2014). In
contrast, unicellular organisms generally only contain one RecQ helicase: e.g.
RecQ in E. coli, Rgh1 in S pombe and Sgs1 in S. cerevisiae (Bachrati & Hickson,
2008; Myung et al., 2001; Umezu et al., 1990). T. brucei is therefore unusual
among unicellular organisms in containing more than one RecQ helicase, though
this would appear to be common among kinetoplastids, since searches conducted
on the TriTryp database (TriTrypDB.org) show that most Trypanosoma and
Leishmania spp, as well as Crithidia fasciculata, contain more than one gene

annotated as a RecQ-like helicase.

Kinetoplastids have evolved expanded gene families to carry out kinetoplastid
DNA (kDNA) repair and replication. For example, the Pif1 helicase gene family,
restricted to one or two genes in most eukaryotes, is expanded in T. brucei to
eight genes, six of which localise to the mitochondria and three of which have
been demonstrated to function in kDNA replication or maintenance (Liu et al.,
2009a; Liu et al., 2009b; Liu et al., 2010a; Wang et al., 2012). Kinetoplastids
also contain an expansion in bacterial-like DNA Polymerase I-related enzymes
that all act in KDNA replication or maintenance (Bruhn et al., 2010; Chandler et
al., 2008; Concepcion-Acevedo et al., 2012; Klingbeil et al., 2002). Given this,
it is possible that TbRECQ1 has evolved to provide a specialised kDNA function.

1.4.2 Pif1 family helicases in DNA repair

First described in S. cerevisiae (Foury & Kolodynski, 1983), and since shown to
be present in almost all eukaryotes, Pif1 family helicases (Fig. 1-14) belong to
the SF1B helicase family and move in a 5’23’ direction (Bochman et al., 2010).
S. cerevisiae possesses two Pif1 helicases, Pif1 and Rrm3, though most
eukaryotes studied to date possess only a single Pif1 helicase (Bochman et al.,
2010). The founding member of the PIf1 helicase family is S. cerevisiae Pif1
(ScPif1), which was discovered in a genetic screen for genes affecting
mitochondrial DNA (Foury & Kolodynski, 1983).
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Saccharoymyces cerevisiae ] ||l | | 859 Pif1

Saccharoymyces cerevisiae l:_:l 723 Rrm3
Schizosaccharomyces pombe :ﬁi:l 805 Pfh1
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I . | 920 pit
B 693 Pif2
| | 505 Pif3
[ [ | 819 Pit4
| 796 Pife
| |
[T | 693 Pif8

|. Pif1 helicase domain

Trypanosoma brucei

|:| Helicase domain
P-loop containing

nucleotide triphosphate
hydrolase domain

Figure 1-14 Pif1 family helicases

Pif1 helicase domains in various eukaryotic Pif1 helicases and predicted protein domains in
all eight T. brucei PIF1 helicases. The number of amino acids in each sequence is shown on
the right. Accession numbers can be found in Appendix 7.2. Not to scale.

As with RecQ helicases (Section 1.4.1), Pif1 helicases participate in a wide
variety of nucleic acid processes. S. cerevisiae Pif1 inhibits telomerase, with
pif1 null mutants possessing longer telomeres and repairing DSBs by aberrantly
adding telomeres to the DSB ends (Makovets & Blackburn, 2009; Schulz & Zakian,
1994; Zhou et al., 2000). Several lines of data suggest that the S. pombe Pif1
protein and one of the three isoforms of the S. pombe Pif1 protein Pfh1p
functions in the DNA damage response. Pfh1p levels increase following
camptothecin treatment (Pinter et al., 2008), an inducer of DNA lesions through
its inhibition of topoisomerase | (Hsiang et al., 1985; Liu et al., 2000). In
addition, Pfh1 mutants in S. pombe and Pif1 mutants in S. cerevisiae are both
more sensitive to the DNA damaging agents MMS and hydroxyurea (Tanaka et al.,
2002; Wagner et al., 2006). Both Pif1 and Pfh1 localise to DNA damage foci,
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Pfh1 after gamma irradiation and Pif1 after treatment with the DNA damaging
agent camptothecin (Pinter et al., 2008; Wagner et al., 2006). Furthermore, S.
cerevisiae Pif1 has been proposed to play a direct role in the repair of DSBs by
BIR (Chung et al., 2010; Wilson et al., 2013).

G4 structures are thought to be acted upon by Pif1 helicases. S. cerevisiae Pif1
suppresses G4-associated genomic instability (Paeschke et al., 2013) and
recombinant S. cerevisiae PIF1, along with over 20 other Pif1 helicases, have
been shown to bind and/or unwind G4 structures in vitro (Paeschke et al., 2013;
Ribeyre et al., 2009).

Pif1 helicases play a number of roles in replication. Nuclear S. cerevisiae Pif1
participates in the processing of Okazaki fragments and some reports suggest
that S. cerevisiae Rrm3 is a component of the replisome (Azvolinsky et al., 2006;
Matsuda et al., 2007). However, there is debate as to whether Rrm3 is a part of
the replisome or if it is specifically recruited to stalled replication forks (Calzada
et al., 2005). A major function of S. cerevisiae Rrm3 is in the disruption of
protein-DNA complexes at certain genomic loci, known as Rrm3-sensitive sites.
In the absence of Rrm3, the replication fork pauses at these sites (lvessa et al.,
2002).

Lastly, Pif1 helicases also perform mitochondrial functions. S. cerevisiae Pif1
has two isoforms, produced by initiation of translation from two different start
sites. Translation initiation from the first start site results in the inclusion of a
mitochondrial targeting sequence in the protein and synthesis of the
mitochondrial isoform (mtPif1) (Zhou et al., 2002). S. cerevisiae mitochondrial
Pif1 is required for the maintenance of mitochondrial (mt) DNA, with
mitochondrial DNA being lost more quickly in Pif1 mutant strains (Schulz &
Zakian, 1994; Vandyck et al., 1992)

S. cerevisiae mtPif1 may be part of the mitochondrial replisome (Cheng et al.,
2007; Foury & Vandyck, 1985) and be involved in mitochondrial DNA replication

and recombination, though it plays a non-essential role (Cheng et al., 2009).
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1.4.2.1 Pif1 helicases in T. brucei

In contrast to the single Pif1 family helicase possessed by most eukaryotes,

T. brucei has eight Pif1 helicases, TbPIF1-8. The predicted protein domain
organisation of Tb1-8 are shown in Fig. 1-14. The majority of T. brucei Pif1
helicases (TbPif1-2 and TbPif4-7) contain a predicted Pif1 family domain, as
predicted using InterProScan sequence search. Two helicase domains (though
not specifically Pif1 helicase domains) are predicted in TbPif3 and TbPif8
contains a P-loop containing nucleotide triphosphatase hydrolase domain. The
absence of a detectable Pif1 helicase domain in two T. brucei Pif1 helicases
demonstrates the divergent nature of T. brucei. The majority of these Pif1
helicases have been shown to play a kinetoplast role: TbPIF1, 2, 5 and 8 have
been characterised and are involved in kinetoplast replication (Liu et al., 2009a;
Liu et al., 2009b; Liu et al., 2010a; Wang et al., 2012). TbPIF3, 4 and 7 yet to
be characterised, but TbPIF3 localises to the cytoplasm while TbPIF4 and 7
localise mainly in the kDNA disc (Liu et al., 2009a). TbPIF6 has been
demonstrated to localise to the nucleus (Liu et al., 2009a) but otherwise has not
been characterised. All three proteins play roles in genome maintenance,
stability or repair in other organisms but have not been characterised in T.

brucei.

1.5 Mus81 endonucleases in DNA repair and a putative
T. brucei Mus81 homologue

Mus81 (MMS UV Sensitive) is a structure specific endonuclease first identified in
S. cerevisiae (Boddy et al., 2000; Interthal & Heyer, 2000). It acts in complex
with its partner protein (Eme1 in humans and S. pombe, Mms4 in S. cerevisiae),
which is essential for Mus81 nuclease activity (Boddy et al., 2001; Ciccia et al.,
2003; Kaliraman et al., 2001; Ogrunc & Sancar, 2003). Mus81 proteins of S.
cerevisiae, S. pombe and H. sapiens are shown in Figure 1-15. MUS81 proteins
contain an ERCC4 domain. ERCC4 domains are involved in nucleic acid binding
and are found in a number of DNA repair proteins, including RAD1 and XPF, as
well as in MUS81 and another crossover junction endonuclease, EME1 (Ciccia et
al., 2008).



Chapter 1 62

Mus81 acts with its partner protein to perform a number DNA repair functions
involving resolution of recombination intermediates arising from replication and
recombination by DNA cleavage (Hanada et al., 2007; Regairaz et al., 2011b).
Mus81 resolves stalled and collapsed replication intermediates in human and
yeast cells (Doe et al., 2002; Hanada et al., 2007; Regairaz et al., 2011a) and
promotes the restart of stalled replication forks by fork cleavage (Pepe & West,
2014a). Mus81 also acts on 3’ DNA flaps and nicked HJs (Pepe & West, 2014b)
and also acts on intact HJs (Boddy et al., 2001; Chen et al., 2001b; Gaillard et
al., 2003). Resolution of recombination intermediates by Mus81 results in
crossover and yeast mus81 mutants have a lower rate of meiotic crossover
(Boddy et al., 2001; Kaliraman et al., 2001; Osman et al., 2003). Mus81-
mediated meiotic crossover has also been observed in mice (Holloway et al.,
2008). Additionally, Mus81 acts to promote BIR repair of DSBs by its recruitment
to the invading DNA strand, where its endonuclease activity facilitates the
establishment of the replication fork required to complete BIR (discussed in
Section 1.2.2.2). In this process, Mus81 also promotes template switching,
where the invading DNA strand ‘switches’ to a new homologous template, which
frequently results chromosomal translocations (Pardo & Aguilera, 2012; Stafa et
al., 2014).

MUS81 is also involved in the response to some forms of DNA damage such as
methylation and UV-induced DNA damage in S. cerevisiae (Interthal & Heyer,
2000), and interstrand crosslinks in mammalian cells as part of the MUS81-EME1
complex (Hanada et al., 2006). Budding and fission yeast toleration of
replication defects also requires Mus81, where Mus81 allows replication through
damaged DNA and helps recruit Cds1, a protein that modulates the activity of
damage tolerance enzymes (Boddy et al., 2000; Interthal & Heyer, 2000).

The T. brucei genome encodes one gene (Tb427.08.6740; TbMUS81) that BLAST
(basic local alignment search tool) analysis conducted prior to this work
suggested is a Mus81 homologue but that has not been characterised or

examined.
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Saccharoymyces cerevisiae I | | I 632 Mus81
Schizosaccharomyces pombe | | | I 608 Mus81
Homo sapiens I | | I 551 Mus81

] ercc4 domain

Figure 1-15 lllustration of yeast and human Mus81 proteins.

Comparison of the size of eukaryotic Mus81 proteins and and location of ERCC4 domains.
The number of amino acids in each protein sequence is indicated on the right. Accession
numbers can be found in Appendix 7.2. Not to scale.

1.6 Aims of this project

The overall aim of this thesis was to investigate the role of several
uncharacterised factors in DNA repair and VSG switching in T. brucei. In
particular, it was aimed to investigate the hypothesis proposed by Boothroyd et
al. (2009), and since commencing this work supported by Glover et al. (2013a),
that DSBs at the 70 bp repeats of the active VSG BES initiate VSG switching by
recombination. These factors were selected based on the DNA repair and
replication functions of their equivalent proteins in other eukaryotes, notably

humans and yeast.

The aforementioned uncharacterised T. brucei factors were: TbRECQ1 and
TbRECQ2 (Th427.06.3580& Th427.08.6690; RecQ-like helicases), TbMUS81
(Tb427.08.6740; structure-specific endonuclease) and TbPIF1 (Tb427.10.910;
Pif1 family helicase). The specific aims of this work and the approaches taken

to address each are detailed below.

1.6.1 Roles of four factors in DNA repair

Aim 1: Investigate whether each of these four factors are involved in T. brucei

DNA repair.

Approach: Generation of heterozygous and null knockout mutants in wild type

cells and analysis of their DNA damage phenotypes.
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1.6.2 Roles of four factors in DSB repair

Aim 2: Establish whether each of the four factors are involved in the repair of
DSBs, including DSBs at the 70 bp repeats, the location hypothesised to be where
VSG switching-initiating DSBs occur.

Approach: Generate heterozygous and null knockout mutants in cell lines that
allow the induction of DSBs at specific locations using the I-Scel meganuclease

system, and analyse survival and repair of DSBs in these mutants.

1.6.3 Roles of four factors in VSG switching

Aim 3: Assess whether and how the four factors function in VSG switching.

Approach: Generate heterozygous and null knockout mutants in a cell line
permitting the VSG switching rate and profile of T. brucei cells to be assayed in

vitro and perform VSG switching experiments using these mutants.

1.6.4 DSBs at the 70 bp repeats as the initiators of VSG switching

These aims sought to investigate the role of these four factors in DSB repair at
the site hypothesised to initiate VSG switching (using I-Scel directed DSBs), while
also investigating their role in VSG switching in an unbiased fashion (using a VSG
switching assay). This concurrent analysis was designed to not only investigate
whether and how these factors are involved in DNA repair and VSG switching,
but also further our understanding of the initiation of VSG switching and explore

the hypothesis that DSBs at the 70 bp repeats are the initiating lesion.












Appendices 316

Summary of survivors from first RECQ2 HRES I-Scel assay (see Section 4.5 and Figure 7-2).
Puromycin resistance was determined by testing growth in 1 pg.mL'1 puromycin (PUR).
Details of PCR analyses can be found in Figure 7-2 and Section 4.5.1. Grey shaded clones
were not included in calculation of VSG2217 and ESAG1 frequency (Fig. 4-12) due to: *, clone
not induced; §, clone likely not induced; #, no PCR data. Yellow, positive result; blue,
negative result. Blue hatching, clones tested by PCR but no amplifiable genomic DNA
(gDNA) recovered.

Table 7-3 continued

7.5 HRES mus81 [-Scel assay PCRs

The results of the diagnostic PCRs to test for RECQZ2 (as a positive control),
VSG221 and ESAGT in survivors from the MUS87 HRES I-Scel assay discussed in
Section 4.5.2 are shown in Figure 7-3. Several clones determined to not be
induced, due to puromycin resistance and presence of both V5G221 and ESAGT,
are marked in Figure 7-3. For several clones, genomic DNA was not recovered or
cells not recovered for puromycin sensitivity - marked in Table 7-4. Clones
classed as uninduced, or for which there was missing data were excluded from
calculation of the percentage of cells that retained VSG221 and ESAGT (see
Figure 4-14).
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Figure 7-3 Diagnostic PCRs of survivors from MUS81 HRES I-Scel assay

Genomic DNA was extracted from HRES wild type and HRES mus81” and HRES mus81”
surviving clones from the MUS87 HRES |-Scel assay detailed in Section 4.5.2. The presence
of genomic DNA was tested using PCR amplification of a region of RECQ2 using primers
using primers #77 & #78 (232 bp product). Presence of VSG221 was tested by PCR
amplification using primers #90 and #91 (955 bp product) and presence of ESAG1 was
tested by PCR amplification using primers #92 and #93 (328 bp product). Distilled water (-)
was used as a negative control. WT, wild type (positive control). —T, survivors from non-
tetracycline (I-Scel non-induced) condition; +T, survivors from with tetracycline (I-Scel
induced) condition. Numbers indicate clone numbers. Gaps indicate that lanes have been
aligned in this figure after excision from multiple gels/membranes or from disparate parts of
the same gel/membrane. Sizes shown, (ladder, bp).
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PCR
Cell line |Induction|Clone|Survival in PUR| RECQ2 | VSG221| ESAG1
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Table 7-4 Summary of analysis of first MVUS87 HRES I-Scel assay

Summary of survivors from MUS871 HRES I-Scel assay (see Section 4.5.2 and Figure 7-3).
Puromycin resistance was determined by testing growth in 1 |.|g.mL'1 puromycin (PUR).
Details of PCR analyses can be found in Figure 7-3 and Section 4.5. Grey shaded clones
were not included in calculation of VSG221 and ESAG1 frequency (Fig. 4-15¢c) due to: *,
clone not induced; #, no PCR data. Yellow, positive result; blue, negative result; blank box,
cells not recovered for puromycin (PURO) testing; blue hatching, clones tested by PCR but
not amplifiable genomic DNA (gDNA) recovered.
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Negative
Positive
[ ]No growth with or without PURO
Clone tested, no amplifiable gDNA in sample

Table 7-4 continued

7.6 HRES pif6 I-Scel assay PCR

The results of the diagnostic PCRs to test for RECQZ (as a positive control),
VSG221 and ESAG1, in survivors from the MUS81 HRES I-Scel assay discussed in
Section 4.5.3 are shown in Figure 7-4. Clones determined to not be induced,
due to puromycin resistance and presence of both V§G221 and ESAG1, are
marked in Figure 7-4. For several clones, genomic DNA was not recovered or
cells were not recovered for puromycin sensitivity testing - marked in Table 7-5.
Clones classed as uninduced, or for which there was missing data (marked in
Table 7-5) were excluded from calculation of the percentage of cells that
retained VSG221 and ESAGT1 (see Figure 4-15).
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Figure 7-4 Diagnostic PCRs of survivors from first PIF6 HRES I-Scel assay

Genomic DNA was extracted from HRES wild type and HRES p:f6 and HRES p:f6
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RECQ2

surviving clones from the PIF6 HRES I-Scel assay detailed in Section 4.5.3. The presence of
genomic DNA was tested using PCR amplification of a region of RECQ2 using primers using
primers #77 & #78 (232 bp product). Presence of VSG221 was tested by PCR amplification
using primers #90 and #91 (955 bp product) and presence of ESAG1 was tested by PCR
amplification using primers #92 and #93 (328 bp product). Distilled water (-) was used as a
negative control. WT, wild type (positive control). —T, survivors from non-tetracycline (I-
Scel non-induced) condition; +T, survivors from with tetracycline (I-Scel induced) condition.
Numbers indicate clone numbers. Gaps indicate that lanes have been aligned in this figure

after excision from multiple gelsimembranes or from disparate parts of the same

gellmembrane. Sizes shown, (ladder, bp).
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Figure 7-4 continued
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Figure 7-4 continued
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PCR
Cell line |Induction| Clone|Survival in PUR| RECQ2 | VSG221| ESAG1
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Table 7-5 Summary of analysis of survivors from first PIF6 HRES I-Scel assay
Summary of survivors from MUS871 HRES I-Scel assay (see Section 4.5.3 and Figure 7-4).
Puromycin resistance was determined by testing growth in 1 |.|g.mL'1 puromycin (PUR).
Details of PCR analyses can be found in Figure 7-3 and Section 4.5. Grey shaded clones
were not included in calculation of VSG227 and ESAG1 frequency (Fig. 4-16C) due to *,
clone not induced; #, no PCR data. Yellow, positive result; blue, negative result; blank box,
cells not recovered for puromycin (PURO) testing; blue hatching, clones tested by PCR but
not amplifiable genomic DNA (gDNA) recovered; pink hatching, genomic DNA not obtained.
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Table 7-5 continued
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Positive
PCRs not performed, gDNA not extracted

Clone tested, no amplifiable gDNA in sample

Table 7-5 continued
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