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Abstract

The protozoan parasite Tryparosoma brucei has a complex life cycle with stages in
mammalian hosts, where it is the causative agent of sleeping sickness in humans and
nagana in cattle, and in the tsetse fly vector. In order to evade the host immune system, T
brucei undergoes a process called anligenic variation in the mammalian bloodstream. In
this process, a single Variant Surface Glycoprotein (VSG) is expressed on the cell surface,
acling as a protective coat, The mwolecular identity of the VSG coat is periodically and
spontancously changed by a number of different switching mechanisms. 7. brucei is
known to have conserved DNA repair pathways, including homeologous recombination
(HR) and mismatch repair (MMR). While the central recombination factor RAIDS1 and its
paralogue RAD51-3 have been shown to be important, but not essential, in VSG switching,
a number of other factors, including the MMR proteins MSH2 and MLH]I, seem not to be
involved. Work in this thesis sought to cxamine several aspects of MMR function in 7.

brucei, and concentrated on homologues of the bacterial MutS protcin.

The requitements for substrate length and sequence homology in T brucei HIR were
studied using a DNA transformation assay. It was shown that reduction in either the length
or the sequence identity of recombination substrates causes a significant reduction in the
transformation efficiency of linear DNA, at least at an interstitial site. Genctic disruption
of the MSH2 gene only seemed to affect HR using substrates over 100 bp in length and
with 5% divergence from the target sequence; shorter sequences and sequences with either
(% or 11% mismatches apparently remained unaffeeted, A number of transformants from
all classes of transformation retained an undisturbed copy of the target locus, hypothesised
to be due to low-level trisomy within the population. In addition, and at a very low raic,
distinct recombination events, resulting in observable changes in the 7. brucei
chroimosomes, were obscrved. This work reveals some of the factors which influence the

pathways of recombination used by T. hrucei.

A potential role for 7° brucei homologues of the meiosis-specific MutS homologues MSH4
and MSHS5 was also examined. Sequence comparisons show that these genes are present
in T brucei and the related kinetoplastids, 7. cruzi and L. major. Like their orthologues in
other organisms, 7. brucei MSH4 and MSHS lack a detectably functional mismatch
interaction domain. Although MSH4 and MSHS5 would only be expected to be required at
the epimastigote life cycle stage, expression of ASH) can be detected by northern blot in

procyclic form and bloodstream stage cells. Although creating genetic knockouts of these



genes was not successful, attempts were made to force expression of MSHA and MSHS
ORFs from an cctopic locus, though this did not disrupt MMR function, nor reveal other

observable phenotypes.

Finally, potential variation in MMR gene sequence and MMR functions in different T,
brucei strains and subspecies was investigated, Many bacterial strains, known as mutators,
have mutations in MMR genes, causing impaired MMR function and therefore increased
variability in the population. It has recently been reported that this phenomenon is also
observed in T, cruzi. MSH2 and RADS51 nucleotide and protein sequences were compared
between nine 7. brucei strains, and showed extremely low levels of polymorphisin.
However, four 7. brucei strains were found to vary in their tolerance to the DNA damaging
agents MNNG, H,0, and MMS; whether this is due to differences in MMR, another DNA

repair pathway, or deug uptake, is yet to be determined.
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CHAPTER 1

GENERAL INTRODUCTION



1 General introduction

1.1 Trypanosoma brucei

The protozoan parasite Trypanosoma brucei is the causative agent of trypanosomiasis in
humans (Human African Trypanosomiasis, or sleeping sickness), as well as in cattle
(nagana) and in a range of wild animals, which provide a reservoir of human infection.
Trypanosomiasis is endemic to 36 countries of sub-Saharan Africa, with 60 million people
at risk of disease; in 1998, 45,000 cases of sleeping sickness were reported, although the
World Health Organisation has estimated that the actual prevalence of the discase could be
up to ten times higher (www.who.int/mediacentre/factsheets/[s259/¢n), although more
recently the numbers have fallen to 70,000 (Barrett, et af., 2003). T. brucei is spread by
the tsetse fly (Glossina spp.), with a chancre or local inflammatory reaction visible at the
sitc of the bite, after which parasites pass into the bloodstream and lymphatic tissucs, The
symptoms of early human infection include a general malaise, fever, weakness and weight
loss, whereas late stage infection, when the parasites have crossed the blood-brain barrier
into the central nervous system, causes psychiatric, motor and sensory disorders and sleep
disturbances, followed by seizures, somnolence and coma. Sleeping sickaess is fatal in
many cases if left untreated, with disease severity somelimes depending on host genotype
(Sternberg, 2004). Two different subspecies of T. brucei are infective to humans, with
different disease outcomes: 7. b, gambiense, endemic to central and western Africa, causcs
a chronic infection where progression to late stage infection can take years, whereas 7. b.
rhodesiense, found in southern and eastern parts of the continent, causes an acute form of
the disease which can progress {o late stage within months (Stetnberg, 2004), The few
drugs available for the treatment of sleeping sickness are all associated with major
problems, including unacceptable side effects and an increasing rate of treatment failure
(Barrcett ef al,, 2003; Kennedy, 2004). A third 7. brucei subspecies, T. b, brucei, is not
infective to humans but can still infect cattle and wildlife (Gibson, 2002). The reasons for

this difference in host range are discussed in section 5.2.1.1.

The T. brucei genome, the near-complete sequence of which has been published (Berriman
et al., 2005), contains 11 diploid chromosomes, known as megabase chromosomes, These
tange in size from 0.9 to over 6 Mb, with a total hapleid genomic content of 26 Mb, and
are predicted to contain 9068 genes. In addition (El Sayed et «i., 2000), there are scveral
intermediate chromosomes of between 200 and 900 kb, and about 100 minichromosomes

measuring between 50 and 150 kb, Minichromosomes are composed mainly of tepetitive,
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palindromic sequences (El Sayed et af., 2000; Wickstead ef a/., 2004) that are present also
on the intermediate chromosomes. To date, only VSG and expression sitc-associated genes
(see section 1.1.4) have been found on these chromosomes (Melville et al., 1998;
Wickstead ef al., 2004). The published 7. brucei genome sequence was derived from the
TREU 927/4 strain; however, genomic content can differ by up to 25% between strains,
and the sizes of individual chromosomes can varv by a similar amount between the allelic
copies of a chromosome in the same steain (Melville ef al., 2000; El Sayed et al., 2000).
Mouch of this fluctuation is thought to be due to telomeric and subtelomeric rearrangements

possibly associated with antigenic variation, as described below (Melville ef ai., 2000).

T brucei belongs to the family Trypanosomatidae, of the protist order Kinetoplastida and
the order Eugelenozoa. The order Kinetoplastida is defined by the presence of the
kinetoplast, a single large mitochondrion made up of a complex network of circular DNA
molecules (Liu ef af., 2005). One peculiarity of the Kinetoplastida is the organisation of
their genes into polycisttonic transcription units, as discussed in more detail in section
4.2.5.1. Phylogenetic analysis of the eukaryotes bascd on a number of protein sequences
estimated divergence of this order from the eukaryotic lineage at approximately 1.98
billion years ago (Hedges ef al., 2004; sce figure 1.1). The genomes of two other human-
infective members of the Trypanosomatidae family, Trypanosoma cruzi and Leishmania
major, which cause Chagas discasc and leishmaniasis, respectively, have also been
sequenced (E] Sayed et al., 2005; Ivens ef al., 2005). Although these threc parasites are
grouped in different branches of the trypanosomatid phylogeny (Hughes and Piontkivska,
2003), there are high levels of synteny between 7 brucei, T. cruzi and L. major (Ghedin ef
al., 2004),

1.1.1 The T. brucei life cycle

T. brucei has a complex life cycle, with stages in both mammalian hosts (including humans
and cattle) and the tsetse fly Glossina spp (Barry and McCulloch, 2001; see figure 1.2).
Life cycle stages, all of which are extracellular, were identified by virtue of differences in
morphology, for example movement of the kinetoplast, from the posterior end of the cell in
the bloodstream stage to a more central location in the procyclic form (Hendriks et al.,
2000), The replicative stages are the long slender bloodstream form, procyclic form, and
epimastigote form, which undergo constant mitotic division and cause infection in the
mammalian bloodsteeam and in the midgut and the salivary glands of the tsetse,

respectively. Transmission stages, on the other hand, do not undergo mitosis and appear to
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Figure 1.1. A phylogenetic tree of the eukaryotes. A phylogenetic tree of a number of
eukaryotic organisms was constructed based on a number of protein sequences, and used to
calculate times of divergence of various organisms from the tree. T. brucei belongs to the
Euglenozoan order, circled in red. Taken from Hedges et al., 2004.
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Figure 1.2. The T. brucei life cycle. T. brucei life cycle stages are shown as scanning electron
micrographs, shown to scale; an erythtrocyte is shown next to the long slender bloodstream stage
for comparison. The host organism and the name of the life cycle stage are indicated. Circular
arrows represent replicative stages, whereas straight arrows represent differentiation and
progression through the life cycle. Taken from Barry and McCulloch, 2001



be cell cycle arrested. These are the bloodstream short stwmpy stage, capable of
transmission from the mammalian bloodstream to the tsetse fly, the metacyclic stage,
capable of transmission from the tsetse salivary gland to the mammalian host (both as part
of an infected bloodmeal), and the mesocyclic form, capable of transmission [rom the
tsctse alimentary tract to the salivary gland. Transmission stage parasite forms appear to
be a dead end in the life cycle if not passed on to the next host; for example, it has been
observed that short stumpy cells can only survive for a matter of days if not transmitted to
the tsetse fly (Turner ef al., 1995). Short stumpy form trypanosomes also display partial
adaptations to survival in the tsetse fly; for example, they display increased resistance to
acidity and proteolytic stress compared to long slender cells (Nolan ef af., 2000). A similar
pre-adaptation is seen in tsctsc metacyclic form cells, which express a VSG coat (see
below) in preparation for transition into the mammalian blocdstream (Ginger et al., 2002).
Differentiation from the long slender to short stumpy bloodstream forms is dependent on
cell density in the host bloodstream (Reuner et af., 1997), communicated by a compound
known as “stumpy induction factor”, which triggers cell cycle arrest in Gi/Gy phase
through a cAMP signalling pathway (Vassella et al., 1997).

Bloodstream stage 1. brucei are covered by a protective coat of Variant Surface
Glycoprotein (VSG), which shields invariant surface molecules from the host immune
system, prolects the cell against complement-mediated lysis, and undergoes antigenic
variation (as discussed in section 1.1.5). In contrast, tsetse fly-infective cycle stages are
covered by procyclin, also known as procyclic acidic repetitive protein (PARP; not to be
confused with poly(ADP-ribose) polymerase, an enzyme involved in DNA damage
signalling),  Both VSGs and procyclins are anchored to the cell surface by
glycophosphatidylinositol (GPI) anchors (Boothroyd ef al., 1980; Ferguson, 1999;
Matthews ef al., 2004). Once the short stumpy form has been ingested as part of a tsetse
bloodmeal, loss of VSG and their replacement by procyclin on the surface of the parasite is
completed in a matter of hours (Hendriks ef al,, 2000; Matthews ef al,, 2004), Diffetent
procyclins are characterised by different internal repeats: EP forms contain internal Glu-
Pro repeats, whereas GPEET forms contain the Gly-Pro-Glu-Glu-Thr repeat (Roditi et al.,
1998). These variants arc cxpressed differentially, in different isoforms, throughout tsetse
infection (Acosta-Serrano ef a/., 2001; Roditi and Liniger, 2002). Some doubt remains as
to the function of the procyclin coat, but roles have been suggested in protection against
(typanocidal factors found in the midgut, and detection of tsetse-specific factors

stimulating further differentiation (Roditi ef al., 1998),



1.1.2 Antigenic variation is a conserved mechanism for the

evasion of host immunity

A challenge facing all pathogenic organisms is survival in the face of host immunity. To
this end, many pathogens employ a system of highly mutable “coniingency genes” (Moxon
el al., 1994), which make up only a small subset of the genome, yet allow a much higher
rate of phenotypic variation than would be possible using only spontaneous mutations. In
fact, contingency genes’ functions are not limited to the avoidance of host immunity, but
allow enhanced propagation, including differential tissue binding, ccll invasion or
avoidance of phagocytosis. This strategy has been observed in viral, bacterial, fungal and
protozoal pathogens (Barry ef al., 2003), and can be classificd cither as phase variation or
antigenic variation, as described below. In most of these systems the rate of vatiation is
surprisingly similar (about 107 to 107 switch/cell/population doubling time), cven though
the considerable diversity in mechanisms used indicates convergent evolution (Deitsch e
al., 1997).

Many bacterial pathogens undergo phase variation, where expression of a given factor is
controlled by a simple “on/oft” switch (Henderson ef af., 1999). The most-cited examples
of phase vatiation are to be found in Gram-negative bacteria, where changes in surface
structures lead to differences in observable phenotypes such as cellular aggregation and
colony motphology. Some mechanisms of phase varfation involve recombination-
mediated genetic rearrangements: either site-specific recombination such as involving the
fimA. gene in Escherichia coli (Kulasekara and Blomfield, 1999), or RecA-dependent
homologous recombination, such as involving the type IV pilin in Neisseria gonorrhoed
(Mehr and Seijfert, 1998). Alternatively, gene expression can be modulated by slipped-
strand mispairing, where highly mutable short sequence repeats can be used as a switch
either by affecting a pene’s promoter ot by altering its reading frame; examples of this arc

seen in a nwmber of Helicobacter pylori genes (Saunders ef al., 1998).

Antigenic variation is distinguished from phase variation by the fact that it is strictly
concerned with evasion of acquired immunity through the cxpansion of alternative surface
molccules.  As such, it is more complex, since it involves switches between multiple
sutface antigens, rather than switches between two different states, as is seen in phase
variation. In intracellular life cycle stages of Plasmodium falciparum, the apicomplexan
parasite that is the causative agent of malaria, highly polymorphic parasite-cncoded

antigens are expressed on the surface of parasitized erytbrocytes. These are encoded by




three familics of genes, the var genes (which encode PIEMP1, or P. faleiparum crythrocyte
membrane protein 1), the rif (repetitive interspersed family)} genes, and the sievor
(subteloineric variant open reading frame) genes, which arc cxpressed one (or a very few)
at a time (Deitsch and Hviid, 2004). For the var genes, this is confrolled by transcriptional
silencing agents (Deitsch ez a/., 2001} which mediate changes in chromatin structure
(Deitsch, 2005); for the other gene familics, the method of conirol is not known. As well
as acling in immune evasion, some of these factors also have roles in virulence and
pathopenesis, as they affect the ability of the red cells to adhere to vascular endothelivm,
causing accumulation of parasites in certain organs, in particular the brain (Kyes ef al.,
2001). Another exampie of antigenic variation can be found in the protozoan intestinal
parasite, Giardia lamblia (Nash, 2002). In this organism, expression of a single 20-200 aa,
cysteine~rich Variant-specific Surface Protein (VSP) from a repertoire of approximately
150 is controlied by lranscriptional mechanisms (Mowatt ef af., 1991). T. brucer also uscs
antigenic variation in the evasion of host immunity; this mechanism involves both

transcriptional and recombinational processes, as outlined below.
1.1.3 T. brucei Variant Surface Glycoproteins

VSG molecules are the antigens that undergo switching in 7. brucei antigenic variation.
They cover the surface of bloodstream form cells in a densely-packed monolayer (see
figure 1.3), shielding nccessarily invariant conserved surface molecules (Borst and
Fairlamb, 1998) from the mammalian immune system (Overath ef al., 1994). This
protective function causes an immune response to be mounted against the expressed VSG,
necessitating periodic changing of the coat as described in section 1.1.5. There are
approximately 5.5 x 10° VSG homodimers on the sueface of cach 7. brucei cell (Cross,
1975; Auffret and Turner, 1981), and these arc endocytosed and recycled at a very high
rate via the flagellar pocket (Overath and Engstler, 2004),

VSGs ave generally between 400 and 500 aa long, and arec made up of two domains: the C-
terminal domain of 40-80 aa, closest to the plasma membrane of the cell; and the N-
terminal domain of 350-400 aa, which extends beyond the invariant surface molecules and
contains the exposed epitopes (Pays, Salmon, Morrison, Marcello and Barry, in press),
While only minimal primary sequence conservation within these domains can be detected,
3D crystallographic structures of both the N-terminal (Blum ef af., 1993) and C-terminal
(Chattopadhyay ef af., 2005) domains demonstrate that secondary and tertiary structure are

well conserved. The C-terminal domain has an elongated structute, which is proposed to
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Figure 1.3. A schematic representation of the cell surface of bloodstream form T. brucei.
VSG dimers (attached to the GPI anchor via the C-terminal domain), a transferrin receptor and an
hexose transporter are shown associated with the plasma membrane. A transferrin and
immunoglobulin G (IgG2) molecule are also shown for size comparison. Taken from Borst and
Fairlamb, 1998
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Figure 1.4. Schematic representation of the silent VSG repertoire on the megabase
chromosomes of T. brucei strain TREU 927/4. Chromosomes are represented by horizontal
lines, with the chromosome number in a grey box to the left of each chromosome. Arrays of VSGs
are depicted by black blocks; the orientation of sets of VSGs is shown by the position of the box
above or below the line. The provisional number of VSGs in each array is shown. Breaks in
contiguation are represented by oblique lines. Taken from Barry et al., 2005.



allow the exposed N-terminal domain to extend out substantially from the plasma
membrane (Chattopadhyay ef al., 2005). The N-terminal domain is made up of a “VSG
fold” of two antiparallel aipha helices, which interact with the corresponding helices of the
partner VSG of the homodimer creating a coiled-coil structure. Both domains can be
classified info different groups based on the number and organisation of cysteine residues
{Carrington ¢t al., 1991), and although certain combinations of N and C domains seem to

be preferred, all are possible (Carrington et al., 1991; Hutchinson ef a/., 2003).

The basis of antigenic variation is that F'SGs arc cxpressed one at a time, with a single VSG
being selected from a large repertoire of silent ¥SGs. The original estimate of the number
of VS8Gs, calculated by probing cosmid librarics al low stringency with 70-bp repeat (see
section 1.1.4) sequence, was approximately 1,000 (Van der Ploeg ef al,, 1982), and
analysis of the genome sequence has confirmed this figure to be roughly correct: the total
number of FSGs on the megabase chromosomes has been estimated at 1,600, with 940
annotated to date (L. Marccllo and 1. Barry, pers. comm.), The total number wili,
however, be higher, as approximately 100-200 VSGs are found at subtelomeric sites within
the minichromosomes {(Wickstcad e? al., 2004), which have not been sequenced. A
number of surprising facls about the VSG archive have been uncovered thanks to genomic
sequence analysis (Barry et al., 2005). Firstly, silent VSG genes on the megabase
chromosomes are found overwhelmingly in subtelomeric arrays (see figure 1.4), rather
than in intorstitial arrays as previously thought (Barty and McCulloch, 2001), with only 5
FSGs being found in interstitial locations (Barry er al., 2005). This occupation of
subtelomeres by genes involved in antigenic variation is also found in other pathogens,
including P. falciparum (Scherf et al., 2001).  One explanation for why this may be
advantageous is that it allows for high levels of ectopic recombination (Batry ef al., 2003),
perhaps facilitating gene diversification with minimal risk to essential chromoasome-
internal genes. Secondly, only 5% of genes in the VSG archive are fully functional,
encoding all known featurcs of known expressed VSGs; of the remaining genes, 9% are
classified as alypical and are predicted not to be adequately folded or meditied duc to
defective GPI signals and/or cysteine pattern, 62% are pseudogenes with frameshifts
and/or stop codons, and 19% are gene fragments, in many cases duc to ingi insertion

(Barry et al., 2005; L.. Marcello, pers.comm.).

The strategy of placing surface antigen genes in subtelomeric locations is also cmployed
by a number of other organisms (Batry ef al., 2003), including the parasites T. cruzi
(Chiurilio ef al., 1999) and P. falciparum (Scherf et al., 2001), the cubacterium Borrelia

hermsii (Kitten and Barbour, 1990), and the fungal pavasite Preumocystis carnii (Wada
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and Nakamura, 1996). A notable exception to this trend is the protist Giardia lamblia, all
of whose vsp genes are interstitial (Adam, 2000). The effectively aneuploid nature of the
subtelomceres means that they can recombine cctopically with cach other rather than being
limited to homologous chromosomes (Horn and Rarry, 2005). In many other crganisms
such as H. sapiens, the subtelomeres is where recombination and expansion of genomic

repeat sequences is common (Linardopoulou ¢f ¢i., 2005).

Metacyclic form trypanosomes encode a relatively specific set of FSGs, which arc
expressed for a fow days after infection of the mammalian host before being replaced by
bloodstream-specific ¥SG (Ginger et ai., 2002). The repertoire of metacyclic VSGs is
much smallet than that of bloodstream stage VSGs, calculated by immunological methods
to contain only 27 genes (Turner ¢ al., 1988), not all of which are known to be functional.
However, gradual turnover of this small repertoire prevents the devefopment of herd

immunity (Batry ef al., 1983).

1.1.4 Expression sites

VSGs are expressed from specialised polycistronic transcription units called c¢xpression
sites (see figure 1.5). There are approximately 20 of these in the 7. brucei genome (Becker
et al., 2004) that are used in the bloodstream, which are referred to as bioodstream
expression sites (BESs). In addition, metacyclic VSGs are expressed from metacyclic
stage-specific expression sites (MESs). BESs and MESs are located exclusively in
subtelomeric locations, with a single one being expressed at once. BESs vary between ~40
and 100 kb in size (Becker er al., 2004), and have a variable but consetrved structure
(Berriman ef al., 2002). The VSG gene is located closest to the telomere, within
approximately 5 kb of the telomeric repeats (Horn and Barry, 2005). Upstream of the VSG
is a stretch of up to 20 kb (McCulloch et af., 1997) of short, divergent repeat sequences
known as the 70-bp repeats (Liu ef al., 1983), shorter stretches of which are also found
upstreamn of most silent ¥SG genes in subtelometic arrays (Barry et al., 2005). Between 8
and 10 cxpression-sile-associated genes (ESAGSs) can be found upstream of the 70-bp
repeats. Some of their functions are as yet unknown and in many cases they have
degenerated to pseudogenes. Tn addition, several arc members of multigene families with
paralogues in interstitial locations (Pays ef o/., 2001; Donelson, 2003). None of the ESAGs
have been found to be directly involved in antigenic variation, although some have roles in
host-parasite interactions. The human serum resistance-associated gene which confers
human infectivity on certain 7. brucei strains (see section 5.2.1.1), is expresscd as an

ESAG (Xong el al., 1998). ESAGS and ESAG7, the only ESAGs identified in every BES
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studied, encode the two subunits of the 7. brucei transferrin receptor (Schell et al., 1991,
Ligtenbery ef al., 1994), and are presumably essential, as they provide the parasite’s sole
means of iron uptake from the host bloodstream (Berriman ef af., 2002), Different alleles
of ESAG6 and ESAG7 are found in different BESs, with differing affinities for transferrins
from different hosts (Bitter et al., 1998). This led to the theory that the use of different
BESs helps to establish host specificity, though this has been cast into doubt when it was
shown recently that differences in binding do not correspond to differcnces in growth in
the sera of different mammalian species (Salmon ef af., 2005). Transcription of the active
BES (and of procyclin gencs) is carried out by RNA polymerase I, usually reserved in
eukaryotes for the transcription of ribosomal RNA (Lee and Van der Ploeg, 1997, Laufer
et al., 1999; Gunzl et al., 2003), although differences between BES and rRNA promoters
have been identified (Zomerdijk ef al., 1990; Horn and Cross, 1997b). These genes all
require transcription at very high rates. IHowever, another possible reason for the use of
RNA polymerase I is that it allows differential control of expression, rather than the
unregulated ftranscription provided by RNA polymerase [I; it is known that these
polymetrases interact with the RNA processing machinery in different ways (Vanhamme e
al., 2000). The BES is insulated from the subtelomeric VSG arrays by large arrays of
repetitive sequences. Directly upstream of the BES promoter are arrays of 50-bp repeats
which can stretch 40-50 kb upstream (Zomerdijk et af., 1990, Zomerdijk ef al., 1991),
marking the boundury of BES-specific transcriptional contrel (Sheader et al., 2003).
Upstream of each 50-bp repeat array is an “island” consisting of tens to hundreds of kb of
repetitive elements, such as the RIME and ingi transposons (Betriman ef af., 2002;

Bringaud ef al., 2002), further separating the BI:S from chromosome-internal sequences.

Five MESs for the expression of metacyclic VSGs (Graham ef ., 1999) have been
annotated to date. These arc also found in subtelomeric locations and transcribed by RNA
polymerase I (Barry and McCulloch, 2001; Berriman et af., 2002). However, their
structure is much simpler than that of the BESs, consisting simply of a promeoter, a small
stretch of 70-bp repeats and a single VSG. In fact, the MESs are the only 7. brucei genes
known to be transcribed monocistronically (Alarcon ef al., 1994; Nagoshi el af,, 1995). It
is possible that MESs are derived from BESs, as they are flanked upstream by divergent
ESAG sequence (Bringaud ef af., 2001).

A novel nucleotide, known as -D-Glucosyl-hydroxymethyluracil or I (Gommers-Ampt ef
al., 1993), has been discovered in T. brucei, and linked by some to the control of antigenic
variation. This modified version of uracil is incorporated in place of a subset of thymine

residues, and accounts for 0.2 moi% of nuclear DNA in 7. brucei (van Lecuwen ef al.,
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1997). The presence of J at inactive, but not active, BESs (van Leeuwen et al., 1997)
suggested a role in antigenic variation. However, J has also been found in other
kinetoplastids, cven those incapable of antigenic variation (van Leeuwen ef al,, 1998), In
addition, it is not exclusive to telomeric structures but also found in other tandemly
repeated sequences (van Leeuwen ef al., 2000). T is bound by JBP1 (J-binding protein 1),
which promotes propagation of this unusual base (Cross ef al., 1999), and by the chromatin
remodelling protein JBP2 (J-binding protein 2), a member of the SWI2/SNF2 family
(Dipaclo et al., 2005), and has been proposed to be an epigenetic matker of
heterochromatin and/or repetitive DNA, rather than controlling antigenic variation (Borst
and Ulbert, 2001; Pays ef af., 2004). The chromatin structure of the active BES is more
open than that of silent ones (Pays ef al., 1981), and the active BES appears to contain
increased amounts of singie-stranded DNA, presumably associated with the high levels of
transcription (Greaves and Borst, 1987). As for J, whether or not these characteristics arc a

cause rather than a consequence of BES expression is unclear, however.
1.1.5 VSG switching in T. brucei

Antigenic variation in T. brucei consists of the parasite periodically changing, or
“switching”, its VSG coat; reviews ate available on this subject (Barry, 1997; Barry and
McCulloch, 2001). Trypanosome infection of the mammalian host follows a pattern of
recurring peaks of parasitaemia, as shown in figure 1.6 (Barvy, 1986; Morrison ef al.,
2005), caused by the host’s anti-VSG antibody responses, and by density-dependent
differentiation of parasites to the non-dividing short stumpy life cycle stage (Tyler ef al.,
2001). VSG switching is spontanecous and is not triggered by this immune response, and
can indeed occur in vifro, in the absence ot antibodies (Doyle ef «f., 1980), but allows the
few cells that have switched their coat to survive immune destruction. A single peak ol
infection can be a mixture of descendents of several different FSG switching events (Miller
and Tutner, 1981; Robinson et a/., 1999), and even cells expressing the same VSG within
an infection peak can arisc from separate switching events (Timmers ef al., 1987). The

genetic factors influencing antigenic variation are discussed in section i 4.

The ratc of VSG switching has been demonstrated to occur at rates as high as 10 to 107
switch/cell/population doubling time (Turner and Barry, 1989; Turner, 1997). [lowever, in
lab-adapted cell lines derived by serial syringe passage through rodents, the switching rate
is much lower at only 10 to 107 switch/cell/population doubling time (Lamont ef al.,
1986). Such lab adaptation causes the parasite to grow to high parasitaemia in rodents, and

to the loss of the cells’ ability to differentiate from the long slender to the short stumpy
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form and hence to transmit through the tsetse fly. T brucei strains that undergo this
differentiation are referred to as “pleomorphic”, whilst straing that have lost the capacity
are called “monomorphic”. The basis for this deficiency is unknown, as is its potential

relationship with a reduction in VSG switching rate,
1.1.5.1 Transcriptlonal “in situ” switching

Two different VSGs can be expressed simultansously if they are found in the same BES
(Munoz-Jordan e/ al., 1996), whereas simultaneous, maximal expression from two
different BESs at once is impossible (Chaves ef al,, 1999). Together, this implies that
control of VSG expression must be acting at the level of BES, rather than FSG, selection,
How is this phenomenon, known as allclic cxclusion, rcgulated? An important
breaktbrough in understanding this was the discovery of a putative specialised nuclear
compartment ouiside the nucleolus, known as the Expression Site Body (Navarro and Gull,
2001). This complex is associated with the active BES, but none of the silent oncs, Iu
addition, it is detectable in bloodstream, but not procyclic, stage cells. Apart from RNA
polymerase I, the components of this structure are not known. Small amounts of transcript
from silent BESs can be detected for £S4Gs and BES sequence close to the promoter,
whereas transcription of more than one FSG ¢an never be detected (Ansotge et al., 1999;
Vaphamme ef al., 2000; Borst and Ulbert, 2001; Amiguet-Veicher ef /., 2004}, showing
that it is RNA processing and elongation, rather than differential initiation of transcription,
that undetlies the control of BES expression. The elements that underpin this reaction,
cither as DNA sequence or potential factors, are unknown. Telomere position effect could
also contribute to this process. Telomere position effect was first observed in
Sacchuromyces cerevisiae (Gottschling ef al., 1990), and is a repression of transcription in
telomere-proximal regions of the genome, dependent on the peripheral position of
telomeres within ihe nucleus (Feuerbach et @l., 2002). This reaction has also been
observed in H. sapiens (Baur ef af., 2001) and in 7. brucei (Horm and Cross, 1995;
Rudenko ef al., 1995), and it remains possible that it could contribute to the regulation of

VSG expression.

One form of VSG switching is known as transcriptional or in situ switching, where
transcription is simply moved from the promoter of one BES to another (see fig 1.7), No
clear examples of genetic rearrangements have been shown to be involved in this form of
switching rcaction. Although some sequence alterations are seen in in sifz switch reactions

in one study (Navarro and Cross, 1996), and a significant minority of cases have been
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described where the active BES is deleted (Cross ef al., 1998), other reactions have been
identified without observable sequence changes (FHorn and Cross, 1997a; Rudenko ef /.,
1998). It scems likely, therefore, that in sifu switches do not involve recombination of the
BES sequences. Nevertheless, the mechanistic basis of the reaction, the factors involved
and its relationship with BES silencing are not yet known. Recent work has shown that
dereptession of silent BESs, as well as other Poll transcription units, can be triggered by
blocking transcription or subjecting the cell’s genome to damage (Sheader ef al., 2004) so

it is possible that the reaction is linked o DNA repair in as yet unknown ways.
1.1.5.2 Recombinatlonal switching pathways

A number of VSG switching mechanisms have also been detected that clearly rely on
rearrangement of the parasite’s genetic content by homologous recombination (see fig 1.7).
These recombinational mechanisms mainly involve duplicative transposition by gene
conversion, i.e. a onc-way {ransfer of genetic information from a silent locus (or loci) into
the active BES, deleting the resident VSG locus but leaving the silent copy (or copies)
intact for activation in subsequent infections. A number of distinct reactions fall in this

class.

The first type of duplicative transposition, named exptession-linked copy (ELC) formation,
involves gene conversion of a silent VSG gene, from a tandem artay in a megabase
chromosome, a silent BES or the subtelomere of a minichromosome, into the active BES,
with associated loss of the previously-expressed VSG. The gene conversion tract generally
extends from the 70-bp repeats upstream (Liu e al,, 1983; Matthews ¢f al., 1990), and the
downstream limit in this pathway of VSG switching is normally at homologies at the 3° end
of the VSG coding sequence (Michels ef al., 1983), although it can also extend beyond the
ORF (Michels ef al., 1983, Timmers ef al., 1987). In monomorphic lines the situation is
slightly different: initiation of recombination can be observed up to 6 kb upstream of the
¥SG (Lee and Van der Ploeg, 1987), and indeed the 70-bp repeats can be deleted from the
active BES of a monomorphic cell line without any change in switching frequencies
(McCulloch ef al., 1997). It has been proposed that a specific endonuclease might create
double-strand breaks in the 70-bp repeats to initiate recombination (Pays et al., 1994,
Robinson e al., 1999), but none has yet been identified, and breaks could be created by
other means. The fact that switching events do not share specific endpoints argues against
a site-specific recombination mechanism for VSG switching, but rather in favour of

homologous recombination (Rudenko et al., 1998; Barry and McCulloch, 2001).
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expression site promoters; black arrows represent transcription of an expression site; black and
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VSGs; black lines represent the extent of sequence copied into the active expression site. Taken

from C. Proudfoot, PhD thesis, University of Glasgow.
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In a second type of duplicalive transposition, named telomere conversion, the upstream
limit of the transferred sequence is also usually the 70-bp repeats (Shah ef ¢/., 1987), but in
this case transfer continues up to the telomere (de Lange ef al., 1983). It is possible that
this is the same reaction as duplicative transposition, simply using the telomere tract as
downstream homology. However, it is also possible that this pathway is distinct, and

oceurs by a break-induced replication mechanism, as deseribed in section 1.2.2.

Another mechanism of recombination-driven VSG switching is also found, and referred to
as telomere reciprocal recombination (Rudenko ef al., 1996; Barry, 1997). Unlike gene
conversion reactions, this involves a simple crossover event between telomeric FSGs, with
both FSGs remaining intact at telomeric locations. The site of crossover can either be the
70-bp repeats (Pays et al., 1985) or further upsircam (Shea ef al., 1986) in the BES.
Although this has been documented on many occasions (Rudenko ef a/., 1998), it seems

likely that it is a minor reaction, being limited only to the telometic VSG repertoire.

The third form of VSG switching appears also to involve gene conversion, and hence be
related to duplicative transposition. This is mosaic gene formation (Thon et al., 1990,
Barbet and Kamper, 1993), where novel, composite VSGs are created by segmental gene
conversion using sections of two or more silent ¥§Gs. This is the only pathway that allows
the VSG pseudogenes to contribute productively to antigenic variation, and differs from the
duplicative transposition events described above as it does not rely on flanking homology,
but instead on short regions of homology within the VSG ORTs, and it is not clear whether
the same mechanism is employed for both switching pathways. Mosaic gene formation is
thought to be employed to prolong infection once the intact ¥SGs have been recognised by
the immune system (Barbet and Kamper, 1993). Although it has Leen suggested that
mosaic gene formation takes place within the active BES (Pays, 1989), it has also been
pointed out that any incomplete products formed at this locus would be lethal to the cell

(Barry and McCulloch, 2001).
1.1.6.3 Importance of different pathways

The above mechanisms of VSG switching contribute to antigenic variation to different
extents in pleomorphic and monomorphic T. brucei. In monomorphic cells, in situ
switching predominates (Liu ef al., 1983; Aitcheson et al., 2005), and the 70-bp repeats
have a less important role in switching (as discussed above), perhaps indicating that
monomorphic cells have lost the ability to carry out ELC formation (Barry, 1997). In

pleomorphic 77 brucei, most VSG switching takes place by duplicative transposition
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{Robinson ef al., 1999). The presence of a very high number of VG pseudogenes in the 7.
brucei genome suggests that mosaic gene formation must have a greater importance in
antigenic variation than previously thought, although whether or not it occurs equivalently

in pleomorphic and monomorphic strains is unclear.

The order of expression of different ¥SGs from the archive has often been described as
“semi-predictable™, i.e. certain VSGs tend to be used at different stages of infection in a
hierarchical order of switching (Miller and Turner, 1981; Robinson ef al., 1999; Aitcheson
ef al., 2005; Moxrison ef @l., 2005). The semi-ordered pattern of expression allows the
prolongation of infection within the host, as it allows “new” parts of the archive to be
unveiled o the host slowly. Order is determined by a pirobability of activation of each
VSG,; VSGs with a lower probability of activation arc uscd later in infection, once VSGs
with higher probability have already prompted an immune response and so become
unusable (Morrison et al., 2005). The locus inhabited by the donor ¥SG, but not sequence
homology to the previously expressed VSG, was also found to have an effect on
determination of the order of expression (Morrison et @f., 2005); genes from subtclomeric,
minichromosomal sites tend to be preferentially activated earlier in infection (Robinson et
al., 1999).

1.1.6 Meiosis in trypanosomes

Trypanosomes, and other kinetoplastids, undergo genetic exchange in the wild (discussed
in section 4.1.1). Classical genctic analysis has been the main approach employed so far to
study meiosis in 7. brucei. Research based on laboratory crosses showed that T, brucei
genetic markers show allelic segregation and independent assortment in the ratios expected
in a Mendelian system (Macleod ef al., 2005). This is consistent with the 7. brucei
pathway of genetic exchange being standard meiotic recombination, probably involving
the production and fusion of haploid gametes in the salivary gland of the isetse {ly. The
fact that meiotic crossing over occurs in this Mendelian manner means that it has been
possible to construct a genetic map (MacLeod ef @l., 2005). This opens up the opportunity
of employing a forward genctics approach to identify factors involved in phenotypes such
as drug resistance, Bioinformatic analysis of the kinetoplastid genomes has revealed that
they contain homologues of a number of meiosis-specific genes (discussed in section
4.1.3). In conjunction with the genetic evidence, the presence of these gencs strongly
points to the cxistence of meiosis in 70 brucei. This is the basis of the experiments in
Chapter 4.
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1.2 DNA double strand break repair

The most dangerous form of DNA damage that a cell can suffer is a double-strand break
(DSB), which can occur due to ionising and UV radiation or treatment with radiomimetic
drugs, attack by reactive oxygen species, the collapse of replication fotks (Jackson, 2001),
as well as being induced for specific purposes. The danger of DSBs is reflected by the
fact that a variety of strategies have evolved to deal with them (see [gure 1.8). I left
vnrepaired, DSBs have disastrous consequences including chromosomal fragmentation and
translecation, which can lead to cancer in multiceilular organisms due to inactivation or
loss of a tumour suppression gene or ectopic activation of an oncogene (Khanna and
Jackson, 2001). Unrepaired DSBs can also lead to the induction of apoptosis in higher
eukaryotes (Khanna and Jackson, 2001). Two different pathways for the repair of DSBs
have been detailed. Homologous recombination (HR) repaits DSBs using undamaged,
homologous DNA as a template for error-free repair, In contrast, non-homologous end
joining (NHEJ) rejoins the broken ends of a DSB with no homology trequirements, which
can lead to sequence changes. Although both systems are conserved throughout the
eukaryotes, their relative use varies considerably. In general, it appears that “higher”
cukaryotes favour NHEJ, whereas HR is the pathway predominantly vsed in lower
eukaryotes (Liang et el., 1998). Beyond this predisposition, a range of factors can
determine which pathway is used at a given DSB, These include the cell cycle stage at
which the damage occurs, with NHLJ predominating at Gi-early S phase but FR being
favoured at late 5S-G, phase in chicken cells (Takata ef al., 1998); the position of the break
along the chromosome, with NHEJ being used more frequently to repair telomere-proximal
DSBs in S. cerevisiae (Ricchetti ef al., 2003); and the nature of the DNA ends, with HR
appearing to prefer to act on substrates with [ong ssDNA ends (Ristic ef af,, 2003}, In
addition, homologous recambination has relatively recently been shown to be important in
the vital ability to bypass replication fork stalling Michel ef af., 2004). These findings all
argue against the suggestion that HR and NEHEJ compele against each other at cach DSB,
as has been suggested (Van Dyck et al,, 1999). As well as dealing with dangerous
spontaneous DSBs, HR and NHEJ are involved in processes such as V(D) recombination
(Xu ef al., 2005) and meiosis (see chapter 4), where DSBs are created as part of specific
cellular processes by the RAG1 and RAG?2, and SPO11 proteins, respectively. Here,

general DNA repair systems are used in specific circumstances to gencrate diversity.
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1.2.1 Homologous recombination

HR allows accurate repair of a DSB by using homologous sequence as a template. The
basic stages of the process, and the factors involved, are conserved from bacteria to
humans, and the eukaryotic mechanism is described below. Eukaryotic HR is carried out
by a group of proteins defined in yeast as the Rad52 epistasis group, which includes

Rad52, Rad50, Rad51, Rad54, Rad55, Rad57, Rad59, Mrel 1 and Xrs2 (Symington, 2002).

The first task performed by the IR machinery upon detection of a DSB is resection of each
side of the break to form invasive 3’ ssDNA averhangs (White and Haber, 1990), which
can be thousands of bp long (Sun e¢f ¢/, 1991). In eukaryotes, the MRX complex, made up
of Mrell, Rad50 and Xrs2 (or its functional analogue Nbsl in humans, (Carney ef al.,
1998)), may be responsible for this reaction (Tryujillo ef al., 1998). Mrell, the central
binding pariner of the complex (Usui ef a/., 1998) which contains a nuclease activity (Paull
and Gellert, 1998; Tsubouchi and Ogawa, 1998) is stabilised by Rad50 (Paull and Gellert,
1998), and the nuclease reaction is potentiated by Xrs2/Nbsl binding (Paull and Gellert,
1999). However, the nucieolytic activity required to create 3° overhangs at DSBs is 5°-3°,
whereas Mrell acts in the opposite polarity, lcading to the suggestion that Mrell is
important lo “clean up” adducts to the ends of the DSD, allowing other, redundant
nucleascs to create the overhangs (Krogh and Symington, 2004). Mrell and Rad50 form
heterotetramers, with Mrell binding next to the Rad50 ATPase domain and probably
controlled by ATP-dependent conformational changes of this region (Hopfoer ef af., 2001).
‘The MRX complex also has roles in NHEJ, DNA damage signalling, meiosis and the

maintenance of telomeres (Symington, 2002; Assenmacher and Hopfner, 2004).

Following resection of the DSB ends, the single-stranded tails are bound by Rad5l,
forming a characterisitic nucleoprotein filament (Shinohara et af., 1992). RadSsl
(Shinohara et al.,, 1992} is homologous to the bacterial RecA protein and to RadA in the
Archaca (Brendel ef al., 1997; Seitz ef al., 1998). The preferred substrate for Rad51 being
dsDNA with ssDNA tails (Mazin et al., 2000b). Indeed, the proteins have similar
structures (Conway e? af., 2004), despite limited sequence similarity (Brendel ef al., 1997),
illustrating that it is universally conserved, Each formns a helical nucleoprotein filament
with very similar structure, though Rad5]1 and RecA filaments have opposite polarities
(Radding, 1991; Sung and Robberson, 1995; Mcllwraith ef af.,, 2001). One Rad51
monomer binds to 3 DNA nucieotides, in an extended conformation within the filament
(Sung and Robberson, 1995). Although ATP hydrolysis by Rad51 is important for its
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function (Stark et al., 2002), it is ATP binding rather than hydrolysis that is nceded for
Rad31 filament formation (Chi ef al., 2006),

Repair proteins are grouped inio foci, which contain a number of repair factors and,
apparently, multiple repair events (Lisby et 4f., 2003). Rad51 foci are formed as the
protein is recritited to DSBs following DNA damage (Tarsounas ef al., 2003). This DNA.
damage response is mediated by the Brca2 protein, which binds to a mumber of other
proteins involved in DNA metabolism (Zhang et /., 1998; Liu and West, 2002). Brca2
contains a number of BRC repeats, which bind Rad51 (Davies et al., 2001; Galkin et al.,
2005) and sequester it, allowing selective mobilisation upon DNA damage (Yu ef al,,
2003) and recruitment to the dsDNA-ssDNA boundary at the DSB (Yang ef al., 2005).
Brea2 can be phosphorylated at its C-terminus by cyclin-dependent kinases, blocking its
interaction with Rad51; DNA damage decreases this phosphorylation, making a sort of
molecular switch (Esashi ef af., 20053). However, this appears not to be universal, as Brea2
is found in mammals, plants, nematodes and the fungus Ustilage maydis, but not in S.

cerevisiae (Kowalczykowski, 2002),

In S. cerevisiae, ssDNA created by DSB resection is coated by Replication Factor A
(RPA), a homologue of the bacterial single-strand binding protein SSB (Sugiyama et of.,
1997). RPA protects the DNA from nucleases and removes secondary structures from the
3’ overhangs (Sugiyama ef al., 1997), as well as being needed later in the repair process
(Wang and Haber, 2004). As has been shown in vifro, Rad51 can bind efficiently to
ssDNA only in the absence of RPA (Sung, 1997a), and therefore a munber of proteins are
needed to mediate the formation of the Rad51 nucleoprotein filament. Firstly, Rad52 binds
to DNA cnds (Mortensen ef al., 1996) and facilitates removal of RPA firom the ssDNA and
its replacement by RadS51 in both yeast and humans (Sung, 1997a; Benson ef al., 1998).
Nevertheless, Rad52 is not present in all organisms, being absent in D. melanagaster, C.
elegany and T. brucei. Rad51-related proteins also aid Rud51 function. In S. cerevisige,
the Rad51 homologues RadS5 and Rad57 form a heterodimer which also aids
nucleoprotein filament formation (Sung, 1997b), using a separate mechanisin to Rad52
(Gasior ef af., 1998); however, an absence of Rad55 or Rad57 can be compensated for in
vivo by overexpression of either Rad51 (Johnson and Symington, 1995) or Rad52 (Hays et
al., 1995). In mammalian cells, the situation is more complex as five Rad51 paralogues,
Rad51B, Rad51C, Rad51D, Xece2 and Xree3, as well as Rad52 (Symington, 2002). The
roles of the mammalian Rad51 paralogues are not yet clear, though there is evidence that at

least some seem to act in the same way as Rad55-Rad57 in yeast (Sigurdsson ef al., 2001).
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The mature Rad5] nucleoprotein filament is capable of interacting with intact homologous
DNA and initiating strand exchange, or synapsis, where the RadS1 filament invades the
homoduplex, aligning and base-pairing with homologous sequence. Homology searching,
at least in bacteria, occurs thanks to random collisions with homologous sequence, rather
than a sliding mechanism along the DNA (Adzuma, 1998). The polarity of Rad51-
mediated strand exchange is 5° to 3” with respect to the compiementary strand of the DNA
duplex (Sung and Robbetson, 1995}, in contrast to bacterial RecA (Kahn ef gi., 1981
PNAS). Strand invasion icads to the formation of a structure called a D-loop, a bubble of
unwound DNA where the complementary strand has been displaced from the duplex.
Rad54 (Emery et al., 1991), a member of the Swi2/Snf2 family of chromatin remodelling
proteins (Eisen er al., 1995), is also important for strand invasion. Rad51 and Rad54
interact in an equimolar ratio (Mazin ef al, 2000a), in an interaction which strongly
stimulates strand invasion (Petukhova ef al., 1998), Rad51 and Rad54 act cooperatively in
chromatin remodelling (Alexiadis and Kadonaga, 2002), using Rad54 ATP hydrolysis
function to supercoil and separate the strands of the homolegous DNA (Van Komen et «l.,
2000; Sigurdsson ef al., 2002). Rad54 also assists Rad51 binding to ssDNA in an ATP-

independent fashion (Wolner and Peterson, 2005).

According to the DSB repair model of HR developed by Szostak ef of. (Paques and Haber,
1999), following strand invasion and D-loop formation, DNA synthesis is carried out
within the D-loop to recover any lost sequence, starting from the 3> OH of the invading
strand and requiring both leading and lagging strand DNA synthesis (Holmes and Haber,
1999). The other 3’ end of the broken DNA also invades the D-loop, providing another
primer for DNA synthesis and creating a structure with two Holliday Junctions. This
process is cailed gene conversion, with the intact sister chromatid donating the genetic
information to repair the break. Two putative Holliday Junction resolvases have been
described in human cells. One is camposed of Mus81-Emel (Boddy ef al., 2001; Chen et
al., 2001), an endonuciease capable of acting on recombination intermediates including
Holliday Junctions (Smith ef af., 2003) and perbaps for replication fork rescue
(Constantinou et al,, 2002), The second, the RAD5SIC-XRCC3 heterodimer, may be
mamimal-specific and is capable of in vitro Holliday Junction resolution (Liu ef al., 2004).
In addition, mammalian RADS1B has been shown to bind Holliday Junctions, suggesting a
possible role in junction resolution or branch migration (Yokoyama et «f., 2003).
Resolution of each HJ can oceur in lwo orientations, leading to either crossover or non-
crossovet outcomes; each of these would be expected to occur in 50% of cases (Krogh and
Symington, 2004). Another model of HR, called synthesis-dependent strand annealing
(SDSA; Nassif et af., 1994; Paques and ITaber, 1999), has been proposed to account for the
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fact that the actual amount of crossovers observed is much less than the 50% predicted by
the DSBR model. In the SDSA model, no HJs are formed. Instead, conservative
replication occurs inside a DN-loop, which migrates along the intact chromosome until
sccond end capture allows the D-loop to be dismantled. This model can also be adapted to
allow for crossovers, with second end capture ananealing and forming a single HJ, resolved

with or without crossing over {(Ferguson and Holloman, 1996).

The reaction described above is the Lype of recombination that occurs in meiotic
recombination (see section 4.1.2): DSBs created by SPO11 (Keeney et af., 1997) promote
HR catalysed by RADS1 and its meiosis-specific homelogue DMCI (see section 4,1.2.2).

1.2.2 Radb51-independent homologous recombination

In the absence of Rad51 protein, HR is reduced but not removed altogether (Rattray and
Symington, 1994). Two proteins responsible for Rad351-independent recombination are
Rad52 (Mezard and Nicolas, 1994) and its paralogue Rad59 (Rai and Symington, 1996;
Bai ef al., 1999), which is found in some yeast specics bul not in mammalian genomes
(Wu ef al., 2006). Rad59, like Rad51, also has a role in Rad5]-dependent recombination,
which is to help Rad52 form complexes with RPA and Rad51 (Davis and Symington,
2001; Davis and Symington, 2003). It should be noted that Rad52 has markedly different
roles in fungal and mammalian cells; mutation of Rad52 causes a 3000-fold reduction in S.
cerevisiae recombination, whereas the effect is considerably less pronounced in
mammalian cells (Rijkers et al., 1998; Yamaguchi-Iwai ef al., 1998a). Two pathways of
homologous recombination have been described allowing DSBs to be repaired in the
absence of Rad51: single-strand annealing and break-induced replication; in fact, in some
circumstances one reaction may be followed by the other (Kang and Symington, 2000;
Malagon and Aguilera, 2001; Ira and Haber, 2002).

Break-induced repiication (BIR; McEachern and Haber, 2006) is a one-ended invasion
process, which can occur by RadS51-dependent or Rad51-independent mcchanisis,
although both are usually masked in wild-type cells by the high amounts of gene
conversion that take place (Davis and Symington, 2004). After strand invasion of a
homologous chromoesome by sequences centromere-proximal to the DSB, a replication
fork is established and the chromosome is copied for up to 100 kb, normally up to the
chromosome end (Malkova et al., 1996). This feature of the mechanism makes BIR a
useful tool in telomere maintenance (VcEachern and Haber, 2006). Rad51-independent
BIR requires Rad52 (Bosco and Haber, 1998), Rad50 and Rad59 (Signon et al., 2001), and
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is in fact hindered by the presence of Rad51 (fra and Haber, 2002), It requires shorter
fengths of homologous substratc than Rad51-mediated recombination (Ira and Haber,
2002), and formation of the replication fork is promoled by a distant enhancer clement
(Malkova et af., 2001). RadS51-dependent BIR requires the same co-factors as Rad51-
mediated gene conversion (Davis and Symington, 2004), and, in fact, is much more
efficient than its Rad51-independent equivalent (Malkova et a/., 2005). Regardless of the
factors involved, three different mechanisms for BIR have been suggested following strand
invasion, involving either conservative or semi-conservative replication of the large tract of
DNA (Kraus ef al., 2001; McEachern and Haber, 2006).

Single-strand annealing (SSA) is a Rad51-independent repair pathway acting specifically
on direct repeat sequences and leading to the loss of some genetic material is known as
single strand annealing (Paques and Haber, 1999), Resection of the DSB ends to 3’
overhangs causes exposure of complementary sequences, which can then anneal to each
other with no need for a strand invasion step. This reaction does not require Rad51,
Rad54, Rad55 or Rad57, although Rad52 (Ivanov er al., 1996) and Rad59 (Sugawara ef al.,
2000) are needed, Rad59 in particular for SSA between shorter direct repeats. Removal of
the nonbomologous tails, requiring the Radl-Radl10 and Msh2-Msh3 heterodimers

(Sugawara et al., 2003), and ligation of the nicks completes the reaction.

1.2.3 NHEJ

NHE] catalyses the ligation of DSB ends, requiring no homology or as little as 2-4 bp of
homologous sequence, and often leading to changes in nucleotide sequence at the DSB
site. The two main components of the human NHEJ machinery (Weterings and van Gent,
2004) are DNA-dependent protein kinase (although this protein is not conserved in other
organisms) and the DNA ligase IV — XRCC4 complex, Conservation of these factors is
retained in bacteria (Della ef al., 2004), demonstrating that this is an ancient process. The
MRX complex is involved in the early stages of NHEJ, removing proteins already bound
to the DNA ends (Connelly and Leach, 2002) and bridging the DNA ends together
(Stracker ef al., 2004), The DNA-dependent protein kinase holoenzyme is composed of
the DNA-PKcs catalytic subunit and the Ku70/80 heterodimer (Walker ef /., 2001). Ku
binds to DNA ends before translocating along the DNA in an ATP-independent manner,
stabilising the binding of DNA-PKcs to broken DNA (Smith and Jackson, 1999) and
forming a bridge between broken DNA cnds (Ramsden and Gellert, 1998). The Ku
complex also has roles in telomere maintenance (Tsukamoto ef @/., 2005). The role of the

kinase activity of DNA-PK, which bclongs to the PIKK family that contains the DNA
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damage signalling proteins ATM and ATR, is not clear: though a number of its targets
have been identified, including p53, Ku, XRCC4 and itself (Smith and Fackson, 1999), the
relevance of phosphorylation in the NHEJ mechanism remains unknown. It is notable that
DNA-PKcs is absent from yeast, suggesting that such phosphorylation may not be
essential. The second component of the NHEJ apparatus is the ATP-dependent DNA
ligase IV (Wilson et al., 1997), acting in complex with XRCC4 (Critchlow and Jackson,
1998), which stabilises and activates the ligation activity (Grawunder ¢t al., 1997). Some
types ot breaks require processing before end-joining can lake place, for example by the
addition of phosphate gtoups (Chappell et ., 2002) or by DNA re-synthesis by repair
polymerases (Fan and Wu, 2004).

1.3 Mismatch repair

The mismatch repair (MMR) systcin has theee main roles. Firstly, it monitors replication,
where errors can lead not only to simple mismatches caused by misincorporation of a base,
but also (especially in microsatellite tracts and mononucleotide runs) to small insertion-
deletion loops created by replication slippage. Secondly, it removes chemical damage to
DNA, including that caused by alkylating agents such as N-methyl-N -nitro-N-
nitrososguanidine and cisplatin (Jiricny, 2006). Such damage can be perceived as a
mismatch, but it most cases MMR does not effect repair of these lesions and can, in fact,
hinder cell survival (see section 4.2.7.4). Tinally, MMR proteins are involved in
recombination, One component of this is in the prevention of homologous recombination
between similar but non-identical sequences (see section 3.1). In addition, MMR
componients aiso act in the regulation of crossover formation duting meiotic recombination
(see section 4.1.2) and can also promote some forms of mitotic recombination. The human
cancer hereditary nonpolyposis colorectal carcinoma (HNPCC), an autosomal dominant
cancer predisposition syndrome accounting for approximately 5% of colorectal cancer, is
caused by mutations in some MMR genes, especially Msh2 and Mihl (Fishel ¢f ul., 1994,
Buermeyer ef al., 1999). A number of reviews are available on the molecular mechanisms
underlying this repair pathway (Modrich, 1991; Modrich and Lahue, 1996; Buermeyer ¢/
al., 1999; Kolodner and Marsischky, 1999; Harfe and Jinks-Robertson, 2000; Kunkel and
Erie, 2005; Jiricny, 2006).
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1.3.1 The E. coli MMR paradigm

The MMR system has been best characterised in bacteria (Modrich, 1991), and the
bacterial system can be thought of as a basis for understanding the reaction in eukaryotes
(see figure 1.9). Bacterial MMR is initiated when the first of the “mutator” proteins, MutS,
binds a mismatch in heteroduplex DNA (Su and Modrich, 1986), as a homodimer (Allen ef
al.. 1997), with much higher affinity for basepair mismatches and small insertion-deletion
loops (TDLs) of up to 4 nucieotides (Parker and Marinus, 1992) compared with perfectly
matched DNA (Gradia ef al., 2000). The MutS dimer is then bound by a MutL. homodimer
(Grilley er al., 1989; Galio et al., 1999), which catalyses the ATPase activity of MutS,
promoting translocation of the complex along the DNA away from the mismatch, as well
as downstream events of the MMR process as described below. MutH endonuclease
provides strand specificity to the bacterial post-replicative MMR system (Lu e? «/., 1983),
by creating nicks in DNA at hemimethylated GATC sites on either side of the mismateh
(Au et al., 1992). These nicks allow the section of the newly replicated strand containing
the mismatch to be excised in a reaction requiring the UvrD helicasc (also known as
Mutl) (Dao and Modrich, 1998), which is loaded onto the MutH-induced nick in a MutL-
dependent mannet. The sfrand containing the mismatch is temoved by redundant
exonucleases (Viswanathan et al., 2001), resynthesis of the strand is catalysed by DNA
polymerase III, and the ends of the repaired section are joined together by DNA ligase
(Kunkel and Eric, 2005). Eukaryotic MMR is orthologous to the system deseribed in .
coli, although more complex; however, MutS and Mutl, homologues are central to the

detection and repair of mismatches.
1.3.2 MutS family proteins

Eukaryotic genomes contain between five and seven MutS Homologues (MSH proteins),
all with different functions (see figure 1.9). The MSH proteins will be described here in
some detail as they are central both to MMR and to the experimental work in this thesis.
Msh2, Msh3 and Mshé are involved in MMR of nuclear DNA. Msh2 binds to either Msh3
of Msh6 to form heteroditmers with distinet but overlapping mismatch specificitics
(Acharya et al,, 1996, Marsischky ef al., 1996; Johnson ef al., 1996b; Bowers ¢t af., 1999,
Edelmann ef al., 2000). The Msh2-Mshé6 dimer, known as MutSe, in mammals and plants,
binds base-base mismatches and short [DLs, whereas Msh2-Msh3, or MutSp, binds IDLs
of various sizes (McCulloch ef al., 2003). Msh3 and Msh6 cannot interact with each other,

and are not capable of scif-intcraction (Acharya et al., 1996). In plants, an additional
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Msh6-like MutS homologue, Msh7, has been identified (Culligan and Hays, 2000; Dong ef
al., 2002; Horwath et al., 2002). Msh7 also forms heterodimers with Msh2 (MutSy),
although this complex is only capable of binding base-base mismatches with high affinity.
This difference in substrate affinity is possibly due to Msh7’s inability to bind non-
specifically to the DNA backbone (Wu ef al., 2003).

The two partners in an E. coli MutS homodimer adopt different conformations, ieading to
the formation of a functional heterodimer and echoing the heterodimeric relationships of
the eukaryotic MSH proteins (Lamers ef «f., 2000), The MutS or MSH dimer forms two
channels, one of which contains the mismatched DNA, kinked by 60° (Junop ef af., 2003).
In addition, at the interface of the dimer are two compaosite ATPase sites (Obmolova et al.,
2000), which bind ATP and ADP with different affinities (Antony and Hingorani, 2004),
ATP hydrolysis is essential in the function of MutS homologues (Kunkel and Erie, 2005).
The MutS/MSH dimer has been deseribed as a sliding clamp, bound to DNA until binding
is relcased by ATD hydrolysis (Gradia er al., 1997), allowing translocation along the DNA.
An o-loop of DNA is thus formed, usually containing the mismatch (Allen ef al., 1997).
Diffusion away from the mismatch is bidirectional and allows the binding of numerous
MutS/MSH dimers (Acharya et al., 2003). At physiological concentrations, MutS also
forms tetramers, where two dimers join together adopting asymmetrical conformations (Su
and Modrich, 1986; Biswas er al.,, 1999; Bjornson ef al.,, 2003). Tetramerisation,
stimulated by ATP and DNA binding (Bjornson ef 4l., 2003} is dependent on the exireme
N-terminal of the protein, which is also essential for MMR function. However, the

relevance of this higher order structure needs to be investigated in more detail.

The Msh4 and Msh35 proteins (see figure 1.10), described in more detail in section 4.1.2,
are not involved in MMR but instead in the regulation of meiotic recombination (Ross-
Macdonald and Roeder, 1994; Hollingsworth et al., 1995). Mshd and MshS are not
required in all meiotic systems, and are not found in all eukaryotic genomes, Another
MutS homologue with divergent properties is Msh1, found in some organisius, including
yeast and planis. Exceptionally, this eukaryotic MutS homologue acts as a homodimer
(Nakugawa et al., 1999) with roles in the repair of mitochondrial DNA, both in post-
replicative repair and the prevention of ectopic recombination (Recnan and Kolodner,
1992; Chi and Kolodner, 1994a; Chi and Kolodner, 1994b; Koprowski et al., 2002;
Mookerjee ef ai., 2005).
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Figure 1.9. E. coli post-replicative MMR. A diagram surnmarising lhe stages of bacterial MMR,
as described in the text. Factors needed for cach step are named next to the arrow. Newly-
synthesised DNA is shown in green, whereas the template strand is shown in blue. Unmethylated
GATC sites are represented by open circles, and methylated siles by closed circles, The
mismatched base is represented by a red triangle and DNA added by Pollll by a red arrow. Taken
from Jiricny, 2006.
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Figure 1.10. MutS homologues in S. cerevisiae and T. brucei. A schematic representation of
MutS from E. coli and MSH2, MSH3, MSH4, MSH5 and MSH6/8 from S. cerevisiae and T. brucei.

Proteins are depicted by grey boxes, and the conserved mismatch interaction, middle conserved

and ATPase/helix-turn-helix domains by green, blue and orange boxes respectively. A red asterisk
represents the conserved Phe-X-Glu residues of the mismatch interaction domain. A scale of the

protein lengths (in amino acids) is shown at the bottom.
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Early analysis of bacterial MutS showed thal the protein’s DNA binding ability requires
the N-terminal portion of the prolein, whereas dimerisation and interactions with MutL are
dependent on C-tetiminal scquences (Wu and Matinus, 1994). The structure of MutS and
its cukaryotic homologues has since been analysed in more detail, and four main conserved
domains have been identified (see figure 1.10). The conscrved domain nearest to the N-
terminal is the mismateh interaction domain, containing a six-stranded mixed [(-sheet
surrounded by three a-helices (Lamers et al., 2000). Within this domain, the Phe-39 and
Glu-41 residues of the E. coli and T. aquaticus proteins (Malkov ef al., 1997; Schofield et
al., 2001} are needed for mismatch binding, by aromatic ring stack and hydrogen binding,
respectively (Obmolova ef gl., 2000). These residucs arc conserved in Mshé but not Msh2
or Msh3 (Bowers ef al., 1999, Drotschimann ef af., 2001), despite Msh3 retaining general
conservation in the mismatch inleraction domain (Culligan ef @i, 2000; Lamers ef al.,
2000), implying that the mechanism of binding to base-base mispairs and to IDLs must be
different (Kunkel and Erie, 2005). In keeping with their roles in recombination but not
MMR, this domain is lacking altogether in Msh4 and MshS (see section 4.2.3.3). The
middle conserved domain was identified by alignment of complete protein sequences
(Culligan ef al., 2000), but its role in MMR is not clear. It is found on the surface of the
molecule (Jas Alas ef al., 1998), suggesting intetractions with other members of the MMR
machinery, but does not seem to be needed for dimerisation. One mutation in this domain
has been shown (0 have 4 dominant nepative mutator phenotype (Wu and Marinus, 1994),
but the structural basis for this is not known. Structural integrity of the middle section of
MutS is needed for non-specific binding of the dimer to DNA (Obmolova ef al., 2000).
The C-leriminal is the best-conserved part of the protein (Eisen, 1998; Culligan ef «l.,
2000), and most msh2 mutations causing cancer are situated in this region (las Alas ef df.,
1998). Tt contains an ATPase domain (whose function is described above), containing
Walker A and Walker B motifs, that is classitied with the ABC ATPase superfamily
(Obmolova ef al., 2000). As mentioned above, a functional ATPase domain is composcd
of parts of both proteins of the dimer (Obmelova et al., 2000), with the nucleotide binding
sites situated at the dimer interface (Lamers ef al., 2000). Nearest to the C-tetminal of all
MuwtS homologues is a helix-turn-helix dotnain, mediating dimerisation and essential for
MMR (Alani ef al., 1997; Biswas ef af., 2001).
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strands are represented by horizontal biue lines and the mismatched base by a red triangle. Taken
from Jiricny, 2006.




1.3.3 Downstream factors in MMR

Afler recognition of mismatched DNA by MutS homologues, binding of the MutS-DNA
complex by MutL homologues occurs. Eukaryotic MutL, homologues {(MLH proteins) also
act as heterodimers, some of which were identified in screens for defects in post-meiotic
segregation (hence their description as PMS genes). MIh1 interacts either with a protein
known as Pmsl in yeast and PMS2 in human cells, or with Mih2 or MIh3 (Wang et al.,
1999), all of which compete with each other for Mlht binding (Kondo et al., 2001).
Dimerisation occurs via a conserved domain at the C-termini of each protein (Pang ef al.,
1997; Guerrette ef al., 1999; Wang et ad., 1999; Kondo ¢f «l., 2001). In addition, this
family of proteins have an ATPase domain of the GHKL superfamily (Duita and Inouye,
2000) at their N-termini. Most mutations causing mutator phenotypes and huuman cancer
arc found in the ATPase domain (Ban and Yang, 1998), which is cssential for MMR
(Spampinato and Modrich, 2000). ATP hydrolysis of MutL causcs changes in this domain
that can modulate interactions with other MMR proteins (Ban and Yang, 1998), suggesting
an action as a molecular switch (Ban et al., 1999). A non-specilic DNA binding role
important in MMR is probably associated with the dimerisation groove (Junop ef al., 2000,
Kunkel and Tirie, 2005). Mutl, heterodimers interact with MutS hcterodimers with
differing specificities (Kolodner and Marsischky, 1999): Mihl-Pmsl can bind to both
Mutse and MutSP (Greene and Jinks-Robertson, 1997; Blackwell ef al., 2001; Bowers et
al., 2001), enhancing both mismatch-binding propertics (Habraken et af., 1998) and
stability of the mismatch-bound complex (Bowers et al., 2001), whereas Mh1-MIh3 only
interacts wilh MutSa (Flores-Rozas and Kolodner, 1998). The rofe of Mlh2 has not been
studied in detail; however, it is capable of repairing mutational intermediates in vivo (Harfe
ef al., 2000), and weak tolerance of MI/2 mutants to certain drugs implies a role in MMR
(Durant ef al., 1999},

The cukaryotic MMR machinery lacks a MutH homologue, and so there is some doubt
surrounding the strand discrimination mechanism for post-replicative MMR. A methyl-
CpG-binding endonuclease, MEDI, has been propaéed to act in this role (Bellacosa ef al.,
1999), but the variabie levels of methylation in the genomes of the higher eukaryotes make
this unlikely (Jiricny, 1998). The essential replication factor PCNA (proliferating cell
nuclear antigen) is a more likely candidate, providing a link between the replication
machinery and post-replicative MMR (Buermeyer ef al.,, 1999). This protein has been
shown to interact with both MutS and MutL homologucs (Umar ef al., 1996; Gu ef al.,
1998; Clatk et al., 2000; Flores-Rozas et al., 2000; Kleczkowska et al., 2001), and PCNA
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mutants are defective in MMR (Johnson ef af., 1996a; Kokoska ef al., 1999). PCNA is
required for MMR both at the carly stages of MMR and at the resynthesis step (Gu ef dl.,
1998; Flores-Rozas ef al., 2000; Bowers ¢t al., 2001), and it has been suggested that it acts
as a scaffold, allowing proteins from different stages of MMR to be brought together (Lee
and Alani, 2006). Preferential repair of the lagging replication strand (Pavlov et al., 2002;

Pavlov ef gl,, 2003) is consistent with the higher concentration of PCNA on this strand,

The exonuclease Exol is also involved in MMR, interaciing with Msh2 in a ycast two-
hybrid screen (Tishkoff ef «l., 1997), and in human cells (Schmutte et @/, 1998), and
forming higher order structures with most known MMR factors (Amin ef al., 2001), Exol
catalyses excision of the misiatched strand whether the nick is 57 or 3” of the mismatch
(Genschel ef al., 2002). The 3°-5° cxonuclease activities of DNA. polymerases Pold and
Pole are also involved in MMR, however (Longley e @l., 1997, Tran ef al., 1999). The 3’-
5’ exonuclease activity of Mrell, which intcracts with Mihl, might also be involved in
vivo (Vo et al., 2005).

The factors essential to MMR have been identified in iz vitro reconstitutions of MMR
activity from human and yeast cell extracts (Dzantiev ef /., 2004; Constantin ¢ «f., 2005;
Zhang et al., 2005, Jivicny, 2006). In addition to the proteins mentioned above, RPA (Lin
el ul., 1998; Umezu ef al., 1998) and the non-histone chromatin component HMBGH (high
mobility group box 1) and RTFC (replication factor C) were identified. RFC binds to the 5°
end of nicked DNA, preventing degradation in the 5°-3> direction, a function needed when
the nick is created 5’ of the imismatch. Bidirectional MMR could be reconstituted in vifro
using only the human factors MSH2, MSH6, MLII{, MLH3, RPA, EXOI1, PCNA, RFC,
HMGBI1 (for optimal efficiency), DNA polymerase 8 and DNA ligasc 1.

1.3.4 Mismatch repair, genetic variability, and selective pressure

The role of the MMR system is to reduce the amount of mutation in populations at the time
of damage ot miscopying (Modrich and Lahue, 1996, Jiricny, 2006). However, DNA
repair is not perfect and some variation can be found between individuals of all species;
indeed, some diversity is desirable as it provides the raw material permitting evolution.
Whether a mutation is eventually maintained in a population as a polymorphism, or is lost
because the organisms that contain it die or fail to produce viable offspring, depends on the
selective pressute on the region of the genome containing the mutation. A mutation in an

intergenic region is unlikely to be detrimental to the organisim harbouring it, whereas in an
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important motif of an open reading framc or gene control elements, a mutation could well

cause a reduction in fitness and selective disadvantage.

Tao take the well-studied human genome as an example, nearly 12 million single nucleotide
polymorphisms (SNPs) have been reported to the NCBI SNP database, dbSNP
(www.ncbi.nlm.nih.gov/projects/SNP), of which almost half are found within genes. In a
study looking at SNPs across the American population, the majority (96%) of single
nucleotide polymorphisms (SNPs) within genes are found in noncoding regions of the gene
(reviewed in Crawford, Akey and Nickerson, 2005). A separate investigation (Zhao ef al.,
2003) looking at the different categories of SNPs in the human genome found that within
genic regions, less SNPs were situated in exons compared to intronic and untranslated
regions (5.28, 8.21 and 7.51 SNPs per 10 kb, respectively). In addition, a higher rate of
SNPs was found in intergenic compared to genic regions (8.44 compared to 8.09 SNPs per
10 kb). In a third study, it was shown that SNPs resulting in an amino acid change or
within the conserved 5’ uniranslated region of genes are less common than those in
intergenic regions (Fughes et af., 2003). These are some of the examples showing that

selection is acting against the retention of polymorphism in important genotmic regions.

Microsatellites are short, tandemly repeated sequences, found throughout genomes, that are
highly prone to replication slippage. Clusters of these thereforc conmstitute highly
polymorphic regions of the genome. Distuption of the MMR system leads to a defect in
repair following this slippage and therefore to microsatellite instability, and microsatellite
instability is a hallmark of HNPCC (reviewed in Oda, Zhao and Machara, 2005).
Microsatellites are useful as lools for studying genetic and phylogenetic relationships

between related organisms.

1.4 DNA repair and antigenic variation in T. brucei

The DNA repair machinery in 7. brucei is especially interesting because of the genetic
rearrangements taking place during antigenic variation, A number of important proteins
and repair pathways have been identified and studied in some detail in this parasite, as

summarised in the following section.

The first 7. brucei protein shown to be involved in DNA repair was RADS1 (McCulloch
and Barry, 1999). Disruption of the R4D57 ORF in bloodstream stage and procyclic form
7. brucei causes a significant increase in population doubling time and increased

sensitivity to DNA damaging agents, as well as a decrease in, but not complete removal of,
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recambination efficiency (measured by transformation of linear constructs). Rad5!
mutants also suffer a decreased frequency of VSG switching, although surprisingly both
transcriptional and recombinational switching mechanisms are alfeeted, implying that both
RADS1-dependent and RADS5 l-independent mechanisms are involved in all types of
switching, at least in the monomorphic cell line used for these experiments. R4AD31 is also
found in the genomes of L. major McKean et af., 2001) and P. falciparuwm (Bhattacharyya
and Kumar, 2003; Bhaltacharyya e al., 2004), and in both these protozoans it retains

ATPase activity and is upregulated in response to DNA damage.

Six R4AD51 homologues have been identificd in the 7. drucei genome. One of these
proteins, an orthologuc of DMCI, has no known role in recombination, DNA repair or
antigenic variation in bloodstream stage cells, perhaps consistent with a more specific role
in meiotic recombination (Proudfoot and McCulloch, 2006). Of the others, only one
protcin, RADS51-3, has been implicated in antigenic variation (like RADS51, mutation of
this patalogue leads to a reduction in all switching pathways), although both RAD51-3 and
RADS51-5 are involved in HR (Proudfool and McCulloch, 2005). This could be equivalent
to the situation in mammalian cells, where RADS1D has special roles at the telomere as

well as in DSB repair (Tacsounas ef al., 2004).

Study of transformation in R4AD51-/~ T. brucei has allowed some analysis of RADS1-
independent recombination to be conducted (Conway et af., 2002b). In the absence of this
central recombination protein, the rate of integration of linear constructs is reduced
approximately ten-fold, and of the cvents that are able to take place, only some are faithful
HR reactions. Others integrate aberrantly into a number of genomic locations, using short
stretches of homology and leading to some DNA loss at the integration sites. The factors
involved in this reaction, and its detailed mechanism in refation to what has been described
in other cukaryotes, is not yct clear, Nevertheless, this analysis suggests that RADS1-
independent HR is able to use much shotter substrates than RAD51-dependent reactions,

as seen in other organisms (see section 3.1.1).

1. brucei rclains both components of the KU complex (Conway et «f., 2002a), and
mutation of either gene shows that it is important for telomere length maintenance (Janzen
et al., 2004), The same mutations have no effect on VSG switching, cell growth or on
sensitivity to DNA damaging agents. Indeed, the lack of NHEJ-specific ligases in the 7
brucei genolne suggests that this parasite is lacking a canonical eukaryotic NHEJ system
(Burton, McBride, Wilkes, Barry and McCulloch, in preparation). If correct, this suggcests

that the integrations described in rad5 ! mutant cells are not NHEI-catalysed, and may be
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explained by a microhomology-mediated end joining (MMEJ) pathway. Such rcactions
have been seen in other organisms, but the evolutionary conservation is unclear due to a
lack of understanding of the factors involved; however, a recent study of the 7. brucei

ligases (J. Wilkes, University of Glasgow, pers. comnt) may shed some ight on this.

Geenetic inactivation of T\ brucei MRIIL T (Robinson ef al., 2002; Tan ef al., 2002) leads to
dramatically decreased cell viability reflected by increased population doubling time,
similar to that seen in radj! mutants. 7. brucei mrell mutants also accumulate gross
chromosomal rearrangements, associated with shortening and rearrangement of the
megabase chromosomes, but without altering telomere length, In addition, mutant cells are
defective in HR, and show increased sensitivity to phleomycin though not MMS-induced
DNA damage.  Surprisingly, and similar to the phenotype described for the RADS5I

paralogue RAI51-5, mrel ! mutants show no deficiency in VS switching.

T. brucei has been shown to possess a functional MMR system, with the genome encoding
homologues of MSIH2, MSH3, MSH4, MSHS, MSHG6 (see figure 1.9), MLHI and PMSI,
although not MLLH3 or MSHI (Bell ef ai., 2004). Genetic disruption of MLHI or MLH3
does not lead to changes in growth rate, but does result in increased methylation tolerance
(see section 4.2.7.4) and microsatellite instability, both phenotypes associated with MMR
deficiency in other organisms (Bell ¢f al., 2004). In addition, it has been demonstrated that
MSH2 acts to regulate 7. brucei recombination between divergent sequences, as described
in more detail in section 3.1.2 (Bell and McCulloch, 2003). However, the MMR system
appears to have no effect on antigenic variation, at feast in monomorphic cells; genetic
distuption of MSH2 and MLHI has no effect on the frequency or spectrum of VSG
switching events (Bell and McCulloch, 2003).

1.5 Aims of this thesis

The work in this thesis has sought to address three main questions swrounding the
functions provided by the 7. bdrucei MMR system, and by the MutS-related genes in this
parasitc, Each of these questions will be outlined in more detail in individual introductions

to each chapter, but are summarised here.

i) What are the sequence requirements for homologous recombination in 7. brucei,

and does MMR regulate recombination using all types of substrate?
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ii) Do the 7. brucei homologues of MSH4 and MSHS5 act in a way consistent with

meiosis-specific regulators of recombination?

iif) Are there differences in the sequence of MMR genes from different
trypanosome subspecies, and do any such differences correspond to alterations in MMR

efficiency, as have been observed in bacteria and in 7. cruzi?
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CHAPTER 2

MATERIALS AND METHODS
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2 Materials and Methods

2.1 Trypanosome culture

2.1.1 Trypanosome strains and their growth
2.1.1.1 Bloodstream stage cells

The Trypanosoma brucei MITatl.2a strain used for the bloodstream-stage work in this
thesis is derived from the monomorphic Lister 427 stock and expresses VS8G221. The 427
stock was derived from many syringe passages through rodents over a number of years,
although its exact derivation is uncertain (Melville et al., 2000). In vifro growth of T.
brucei bloodstream forms was carried out using HMI-9 growth medium (Hitumi and
Hirumi, 1989) at 37 °C in a humidified 5% CO, incubator. The population doubling time
of this strain is ~8 h (Proudfoot and McCulloch, 2006). To keep a working culture of 7.
brucei bloodstream-stage cell lines, cells were passaged twice weekly by addition of ~100
1 of a log-phase culture (at a density of ~4 x 10° cells.nl™) to 1.5 ml HMI-9 medium in a
24-well plate. Bloodstream-stage 7. brucei were grown in petri dishes in volumes of 25 ml

to obtain large numbers of cells for experiments.
2.1.1.2 Procyclic form cells

The procyclic form Trypanvsoma brucei strains used in this study are Swiss Tropical
Institute, Basel (STIB) 247, STIB 386, East African Trypanosomiasis Research
Organisation (EATRO) 795 and Trypanosomiasis Research, Edinburgh University (TREU)
927, whose derivations ate described in section 5.2.1.1. in vitro growth of procyclic forms
was catried out using SDM-79 growth medivm (Brun and Schonenberger, 1979) at 27 °C.
To keep a working culture of 7. brucei procyclic form cell lines, cells were passaged twice
weekly by addition of ~500 ul of a log-phase culture (at a density of ~8 x 10® cells.ml”) to
3 ml SDM-79 medium in a 25 cm? tissue culture flask. Procyclic form T. brucei were
grown in 25 cm? tissue culture flasks in volumes of up to 25 mi to obtain large numbers of

cells for experiments.
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2.1.2 Stabilate preparation and retrieval

Stabilates for long-term storage of 7. brucei were prepared by mixing 900 ul of T. brucei
culture at a density of ~2 x 10° cells.ml™ (bloodstream stage cells) or ~7 x 10° cells.mi™
{procyclic cells) with 100 pl sterile 100% glycerol in cryotubes (Nunc), by inverting the
tube. Stabilates were initially frozen at -80 “C ovetnight before being moved to liquid

nitrogen.

To begin growing parasites, stabilates were taken out of liquid nitrogen, defrosted at 37 °C
(bloodstream form cells) or 27 °C (procyclic cells), and placed in 10 ml HMI-9 growth
medium (bloodstrecam stage cells) or 3 ml SDM-79 growth medium (procyclic form cells)

overnight; the cells were then passaged normally as described above,
2.1.3 Transformations of 427 strain bloodstream form T. brucei

2.1.3.1 Transformations of gene knockout/ectopic expression constructs

T. brucei bloodstrcam slage cultures were grown fo a density of ~1.5 x 10° cells,ml™ and
centrifuged at room temperaturc for 10 min at 583 x g. The cells were resuspended in
Zimmerman post-fusion medium (5 M NaCl, 1 M KCl, 1 M Nay[1PQy4, 1 M KH,HPQ,, 1
M MgOAg, 0.2 M CaCl,) supplemented with I M D-glucose (ZMG), at a concentration of
1 x 10% cellsml™. 5 x 107 cells per transformation were clectroporated in 0.5 ml ZMG at
1.5 kV and 25 pF capacitance using a BioRad Gene Pulser Il normally using ~5 pg of
purified plasmid DNA that had been restriction digested, phencl-chloroform extracted and
cthanol precipitated. After electroporation, cells were placed in 10 ml of HMI-9 for three
population doubling times (normally 24 h) before being subjected to antibiotic selection.
To do this, all recovered cells were centrifuged at room tcroperature for 10 min at 583 x g
and resuspended in 50 ml of HMT-9 containing the appropriate antibiotic at concentrations
described in the text, typically to a concentration of 1 x 10° cellsanl”. ~1 ml of this
solution was pipetted into cach well of two 24-well plates. Transformants were counted
after 7-10 days by looking at the plates under a light microscope (Leitz) and counting the

number of wells that contained growing cells.
2.1.3.2 Transformation efficiency assay

Transformations to assay recombination efficiency (section 3.2.1) were carried out as

described above but with a number of modifications. 2.5 x 107 cells were used per
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transformation and resuspended in ZMG to a concentration of 5 x 107 cells.ml™. To sclect
for transformants, cells were counted and put on antibiotic selection at specific densities as
described in the text (section 3.2.1). Approximately 3 pg of DNA that had been PCR-
amplified using Herculase high-fidelity DNA polymerase (see section 2.7; S{ratagenc) was
used for each transformation, For each transformation construct, 24 PCR reactions were
performed, the products pooled, and purified using the Qiagen PCR purification kit
according to manufacturer’s insteuctions. Five volumes of Buffer PB was added to one
volume of pooled PCR samples, and mixed. 750 ul of sample was applied to a QlAquick
spin column in a 2 ml collection tube, centrifuged in a microcentrifuge at 16 x g for 1 min,
and the flow-through was discarded. This step was repeated four times; so one QlAquick
column was used per six PCR reactions. 750 pf of Buffer PE was added to the column and
centrifuged in a microcentrifuge at 16 x g for 1 min, and the flow-through was discarded
and the column centrifuged in a microcentrifuge at 16 x g for and additional minute. 50 i
of dH20 was applied to the columu and centrifuged in a microcentrifuge at 16 x g for 1
min. This efution step was repeated with a sccond volume of distilled water (dH,0) for
maximal elution of DNA from the column. All centrifugation steps were carried out at

rootn temperature.

2.2 Isolation of material from trypanosomes

2.2.1 Isolation of genomic DNA

2.21.1 Lysis

15 ml of a bloodstream-stage T brucei culture grown to a densily of ~4 x 10° cells.ml™
were harvested by centrifugation at 1620 x g for 10 min at room temperature, and
resuspended in 500 pl of buffer (1 mM ethylenediaminetetraacetic acid (EDTA), 100 mM
NaCl, 50 mM Tris-FHCl pH 8). To lyse the cells, 50 pl of 10% sodium dodecyl suiphate
(SDS) and 2.5 pl of a 20 ;Lg.p.l'1 proteinase K solution were added, and the sclution
incubated at 37 ‘C overnight. DNA was rccovered from the lysis reaction by

phenol/chloroform extraction and ethanol precipitation.

2.2.1.2 Phenol/chloroform extraction and ethanol precipitation of genomic
DNA

An equal volume of a 1:1 mixture of phenol/chioroforim (Sigma) was added to the lysis

reaction and mixed by inverting the eppendorf tube several times. The phenol and aqueous
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phases were then separated by centrifugation at 16 x g in a microcentrifuge for 10 min at
room temperature, and the upper, aqueous phase containing the DNA was transferred to a
new eppendotf tube. 2 volumes of 100% ethanol and 1/10 volume 3 M sodium acetate (pkl
5.2) were added, the solution mixed by inverting the tube several times, and incubated at -
20 °C for 30 min to overnight. DNA was pelleted by centrifugation at maximum speed in a
microcentrifuge for 30 min at 4 C. The 100% ethanol was removed and the nucleic acid
pellet washed by addition of 1 ml 70% ethanol, {ollowed by centrifugation at 16 x g in a
microcenirifuge for 2 min at room temperature. The 70% ethanol was removed by
aspiration and the pellet air-dried. Genomic DNA was resuspended in a typical volume of
30 pl of sterile dH,O ox TE (100 mM Tris, 10 mM EDTA, pH 7.4), to a final concentration
of approximately 1 pg/pl.

2.2.2 Isolation of total RNA

50 ml of a bloodstream stage 7. brucei culture grown to a density of ~4 x 10° cells.ml”, or
20 ml of a procyclic form T. brucei culture grown to a density of ~8 x 10° cells.ml”, were
harvested by centrifugation at 1620 x g for 10 min at room temperature and removing the
supernatant. Total RNA was isolated using the RNEasy minl kit (Qiagen) following
manufacturer’s instructions. 600 pl of Buffer RLT (containing the appropriate amount of
2-mercaptoethanol) was added and pelleted cells were mixed by pipetting, and the sample
was homogenised by passing the lysate 5 times through a 25 G needle fitted to an RINase-
free 1~-ml syringe. 600 pi of 70% ethanol was added to the sample and mixed by pipetting.
700 pl of this solution was applied to an RNeasy column placed in a 2-ml collection tube,
and centrifuged for 15 sec at 16 x g in a microentrifuge, and the flow-through was
discarded. The column was washed by applying 700 wl of Buffer RW1 and centrifuging
for 15 sec at 16 x g in a microcentrifuge, then by transferring the column to a new
collection tube, applying 500 ul of Buffer RPE , centrifuging for 15 sec at 16 x g in a
microcentrifuge. The flow-through was discarded and a final wash step cavtied out by
applying another 500 pl of Buffer RPE to the column and contrifuging for 2 minat 16 x g
in a microcentrifuge. RNA was eluted from the column by placing it in a clean eppendorf
tube, adding 30 pl of RNasc-fiece dH;O and centrifuging for 1 min at 16 x g in a
microcentrifuge. RNA was concenirated when necessary by ethancl precipitation as

described in section 2.2.1.2.



2.2.3 Preparation of genomic agarose plugs

Each agarose plug contained ~4 x 107 bloodstream stage trypanosomes. Cells were grown
in HMI-9 to a density of ~2 x 10° cells.ml™, centrifuged at 583 x g for 10 min at room
temperature, washed by resuspending the pelleted cells in 10 ml PSG (1x PBS, 1% w/v
glucose) and centrifuging them as before, then resuspended in PSG at a concentration of
1.6 x 10° celis.ml™”. The cells were then warmed at 37 °C for | min and an equal volume
of 1.4% Microsieve low-melt agarose (I'lowgen) made with dH,0 was added and mixed,
Disposable plug moulds (BioRad) were filled with ~-50 pl agarose and placed at 4 °“C for
~4 h to set. The agarose plugs were then removed from the moulds, incubated in NDS
buffer (0.5 M EDTA, | mM Tris base and 34.1 mM lauroy! sarcosine) pH 9.0 containing
1mg.ml™” proteinase K at 50 °C for ~24 h, transferred into NDS buffer pH 8.0 containing
Img.ml" proteinase K at 50 °C for ~24 h, and finally transferred into NDS buffer pli8 lor
storage at 4°C.

2.3 Electrophoresis

2.3.1 DNA electrophoresis

Plasmid and genomic DNA samples were routinely sepatated by electrophoresis on 0.8%
agarose gels (Scakem LE agarosc, BioWhittaker Molecular Applications) made with 1 x
TAL buffer (40 mM Tris, 19mM acetic acid, lmM EDTA) and containing 0.2 pg.ml”1
ethidium bromide (Sigma), using apparatus supplied by Gibco BRL. A commercial kb
DNA ladder was used as a size marker (Invitrogen). Typically, PCR products and plasmid
DNA were electrophoresed in 1 x TAE at ~110 V for ~1 — 3 h, whereas genomic DNA for
Southern blotting analysis was electrophoresed in 1 x TAE at ~30 V overnight,

2.3.2 RNA electrophoresis

RNA molecules were separated by electrophoresis on 1% agarosc gels (Seakem LE
agarose, BioWhittaker Molecular Applications) made with 0.4 x MNE buffer and
containing 2.46M formaldehydc. Gels werc typically run for ~i6 h at 30 V in Ix MNE
buffer, using a commercial 500 — 9000 b (New England Biolabs) or 281-6583 b (Promega)
ladder as a size marker. RNA samples (typically 10-20 ug) were added to 20 pl RNA
loading buffer (7.38 M formaldehyde, 20% v/v formamide, in I x MNE buffer) and 1 pl

ethidium bromide at 0.2 pg.ml”’, and incubated at 65 °C for 5 min before loading. To
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faciliatate this analysis, MINE buffer was prepared as a 5 x stock (0.12 M MOPS, 25 mM
sodium acetate, 5 mM EDTA, adjusted to pH 7.0), and diluted in RNAase-free H,0 to the

appropriate concentration.

DNA and RNA electrophoresis gels were visualised using a trans-UV illuminator and Gel
Doc software (RioRad).

2.3.3 Pulse field gel electrophoresis

Prior to clectrophoretic separation, the pulsed field gel clectrophoresis (PFGE) apparatus
(CHEF-DR l1l, BioRad) was cleaned by the circulation of 2 1 of 0,1% SDS overnight at 20
°C. The tank was then rinsed twice by circulating dH>O for ~1 h at 15 °C, and once by
circulating the appropriate electrophoresis buffer for ~1 h at 15 °C (1 x TB1/10E (90 mM
Tris base, 90 mM boric acid, 2 mM EDTA) was used for the separation of megabase
chromosomes, whereas 0.5 x TBE (45 mM Tris base, 45 mM boric acid, 10 mM EDTA)
was used for the separation of mini-chromosomes). Gels were electrophoresed in 2 |

buffer, which was circulated in the tank for at least 30 min at 15 "C before the gel was run.

All separations were conducted using 1.2% agarose (Seakem LE, BioWhittaker Molecular
Applications). To do this, agarose was dissolved 10 {he correct concentration in 150 ml of
the appropriate electrophoresis buffer, and 140 ml used to prepare a gel using the tray
provided with the PFGE system; the remainder was kept at 37 “C. After the agarose gel
had set, the comb was removed, agarose genomic plugs placed into the wells, and the wells
sealed with the agarose at 37 °C., Agarose genomic plugs had been prepared by dialysis
overnight in 3 mi of electrophoresis buffer on a shaking table, followed by three rounds of
further dialysis each of 1 v in fresh electrophoresis buffer. Gels were electrophoresed at 15
°C, either at 2.5 V.cm™' for 144 h with an initial switch time of 1400 sec and {inal switch
time of 700 sec for the separation of megabase chromosomes, or at 5.8 V.om™ for 24h with
initial and final switch times of 20 sec for the scparation of mini-chromosomes.
Chromosomes were visualised by placing agarose gels in 200 ml clectrophoresis buffer
containing 4 pl cthidium bromide at 10 pg.ul™ on a rocking table for ~30 min. They were
then destained in dHyO for ~30 min, or until they could be visualised clearly by UV

illumination.
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2.4 Blotting

2.4.1 Southern blotting

Agarose gels to be Southern blotted were photographed on a UV transilluminator,
alongside a ruler to allow calculation of the sizes of fragments hybridised by radioactively
labelled DNA (see section 2.5). The gels were then soaked in 125 mM HCI for 15 min,
denaturation solution (0.5 M NaOZI, 1.5 M NaCl) for 30 min and neutralisation solution (1
M Tris base, 1.5 M NaCl, 186 mM HCI) for 30min. DNA was transferred to a nylon
membrane (IMybond XL, Amersham Biosciences) by overnight capillary blotting
(Sambrook et af., 1989) using 20 x SSC (3 M NaCl, 300 mM NaOAc) as transfer buffes.
Following transfer, the DNA was crosslinked to the membrane using the auto-crosslink

setting on a UV Stratalinker (Stratagene).

Pulse field gels were blotted essentially as described above, though with slightly different
treatments. After ethidium bromide staining, gels were soaked in 125 mM HCI for two
periods of 7 min, transferred to denaturation solution for two periods of 15 min and to
neutralisation solution for 30 min; in addition, they were rinsed with dH,0 between each
treatment. Finally, the gels were rinsed in 20 x SSC before overnight capillary blotting and

crosslinking performed as above.
2.4.2 Northern blotting

Agarose gels to be northetn blotted were photographed on a UV transilluminator,
alongside a ruler to atlow calculation of the sizes of fragments hybridised by radioactively
labelied DNA (see section 2.5), Gels were soaked in sodium phosphate (10 mM
NagHPO4,/NaH,POy) for 15 min before the transfer of RNA to a nylon membrane (Hybond
XI,, Amersham Biosciences) by overnight capillary blotting (Sambrook et af., 1989) using
sodium phosphate as transfer buffer. RNA was crosslinked to the membrane using the

auto-crosslink setting on a UV Stratalinker (Stratagene).
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2.5 Radiolabelling and hybridisation of DNA probes

2.5.1 Probe manufacture by random hexamer labelling of DNA

DNA fragments used for probe manufacturc were specific PCR products amplified as
described in section 2.7, separated on an agarose gel and purified using the Qiagen gel
cxlraction kit, following the manufacturer’s protocol. DNA fragments to be putified were
excised from the agarose gel using a scalpel, and dissolved in 3 volumes of Buffer QG
(e.g., a gel fragment weighing 100 mg was dissolved in 300 ul of buffer) by incubation at
50 °C for 10 min. 1 gel volume of isopropanol was added to the selution and mixed, then
the sample was applied to a QIAquick column in a collection tube, centrifuged at 16 x g for
1 min in a microcenrifuge, and the flow-through was discarded. The column was washed
by addition of 750 ul of Buffer PE and cenfrifugation at 16 x g for 1 min in a
microcentrifuge. The flow-through was discarded and the column was centrifuged at top
speed for a further 1 min in a microcentrifuge. The column was placed in a clean
cppendorf tube and DNA was eluted by applying 30 pl of sterile dH;0 to the column,
letting it stand for | min and cenfrifuging the column at 16 x g for I min in a

microcentrifuge.

Radiolabelling of these {ragmenis was carried out using the Prime It II kit (Stratagene).
~25 ng DNA was mixcd with 10 ul random hexameric oligonucleatides at 27 OD units.ml
"and dH,0 in a final reaction volume of 36 yul, and the DNA denatured by incubation at 95
°C for 5 min. 10 pl of 5 x dATP or dCTP primer buffer, 2 pl of «*2P-labelled dATP or
dCTP (~0.74 MBq) and 1 pl Klenow DNA polymerasc (5 U.ml™) were added and the
reaction incubated at 37 "C for 4-10 min. Probes made in this way were purified from
unincorperated nucleotides by size exclusion chromatography using Microspin columns
(Amersham Biosciences) according to the manufacturer’s protocol, and were denatured at

95 °C for 5 min before hybridisation.

2.5.2 Hybridisation of radiolabelled DNA probes

Nylon filters blotted with DNA or RNA (section 2.4) were placed in hybridisation tubes
(Hybaid) with ~50 m] pre-warmed 0.5 M Church Gilbkert solution (342 mM Na,HPQ,, 158
mM Nal[,PO4, 7% SDS, 1 mM EDTA) and pre-hybridised tor ~1 h — overnight at 65 °C in
a rotating hybridisation oven. Denatured, radiolabclled probe was added to the Church

Gilbert solution in the tube and allowed to hybridise to the blot overnight at 65 °C in a
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rotating hybridisation oven. Filters were then washed in a rotating hybridisation oven with
50ml of 2 x SSC, 0.1% SDS for 30 min at 65 °C and 50 ml of 0.2 x SSC, 0.1% SDS {for 30
min at 65 "C, Followig washing, filters were sealed in plastic and exposed to a
phosphorimaging screen (Fuji) at room temperature for 4-72 h (depending on the strength
of the signal) and visualised using a Typhoon 8600 phosphorimager (Amersham

Biosciences).
2.5.3 Stripping of hybridised nylon membranes

To strip nylon membranes of hybridised probe DNA, membranes were placed in a heat-
proof container, then boiling 0.1% SDS was poured onto them and ailowed to cool to room
temperature. The SDS solution was then poured off and the procedure repeated. Stripping
was checked by exposure to & phosphorimage screen (Fuji) for ~24 h and visualisation

using a Typhoon 8600 (Amersham Biosciences).
2.6 Restriction enzyme digestion of DNA

Routinely, restriction digestions were carried out in a final reaction volume of 30,
containing ~10 pg of DNA, 3 ul of restriction enzyme (NIB at 10 or 20 U.pul"y and 3 pt of
10 x bulfer (NEB) as recomimended by the manufacturer. Digests were incubated at the
appropriate temperature for the enzyme(s) for ~2 h for plasmid DNA, or overnight for

genomic DNA.,
2.7 Polymerase chain reaction (PCR)

2.7.1 Standard PCR

PCRs were normally set up in volumes of 25 for diagnostic rcactions and 50ud for
reactions intended to amplily DNA {ragments for cioning or transformation, The amounts
of reagents used in 25 reactions were simply half those used in the 50pl reactions, which
contained cither Lpl of cither Tag (ABGene, at 5U.ml"} or Herculase {Stratagene, at
5U.ml™") DNA polymerase. 5pl of the manufacturer’s 10 x reaction buffet, 2 pi of 10 mM
dNTPs and 2 pl of forward and reverse oligonucleotide primers (5 mM). For Taq-based
PCRs, MgCl; was typically added to a final concentration of 1.5 mM, although this was
occasionally increased to improve efficiency. For Herculase-based PCRs, the rcaction

bufter provides 2.0 mM Mg'", although this was also occasjonally increased by addition of
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MgCls, up to a maximum concentration of 6 mM. In both reactions, dH20 was added 10 a
final volume of 50 ul. PCR was conducted either in Robacycler (Stratagene) or PCRSprint
(Hybaid) machines. Reaction conditions were 95 °C for 5 min, followed by 30 ¢ycles of
95 °C for 1 min, 50~60 °C for 1 min, and 72 °C for 1 min pet kb of expected product, and a
final cycle of 72 °C for 10 min. PCR products were routinely purified using the Qiagen
PCR Purification and Gel Extraction Kkits, following manufacturer’s instructions as
described in sections 2,1.3.2 and 2.5.1. Appendix I confains a list of oligonucleotides used

for PCRs, and specific primers are referred to in the text.

The PCRs for amplification of microsatellites were performed using a cocktail provided by
Annette MacLeod: PCR reactions were performed in 10 gl reaction volume in 45 mM
Tris~HC] pH 8.8, 11 mM (NH4)2SO4, 4.5 mM MgCly, 6.7 mM 2-mercaptoethanol, 4.4 pM
EDTA pIl 80, 113 pg ml™ BSA, 1 mM each of the four deoxyribonucleotide
triphosphates, 1 uM of cach oligonucleotide primer, 1 unit of Taq DNA polymerase
(ABGene, at SU.ml?). These reactions were cartied out in a Robocycler machine
(Stratagene) under the following conditions: 96°C for 50 s, 66°C for 50 s and 70°C for 90

s, for a total of 32 cycles.

2.7.2 Reverse transcription PCR (RT-PCR)

Total RNA was treated with DNAasel to remove genomic DNA prior to cDNA
preparation. To do this, 2 pg of RNA was incubated with 1 pl of DNAasel (Invitrogen,
1U.mlMy and 1 pl of 10 x DNAasel buffer in a final reaction volume of 10 pl. The reaction
was ferminated by the addition of T pl 0.25 mM EDTA pH 8.0 and incubation at 65 °C for

20 min.

¢DNA was prepared from DNase-treated RNA using the Superscript First-Strand Synthesis
System for RT-PCR kit (Invitrogen), according to manufacturcr’s instructions. 50 ng of
random hexamers and 1 pl of ANTPs were added to 8 ul of DNAase-treated RNA and the
mixture incubated at 65 °C for 5 min and on jce for 1 min. 4 pl of 25 mM MgCly, 2 pl of
0.1 M DTT, 2 pl of 10 x RYT buffer and 1 pl of RNaseOUT recombinant ribonuclease
inhibitor were added, and incubated for 2 min at 25 °C. 1 ul of Superscript IT reverse
lranscriptase (R 200 U.ml"l) was then added, and the reaction incubated at 25 °C for 10
min, followed by 42 °C for 50 min. For each RT reaction, a duplicate reaction was set up
using the same RNA but water instead of RT, thereby acting as a control for DNA
contamination in downstream experiments., Following ¢cDNA generation, RT was heat-

inactivated at 70 °C for 15 min. Finally, { ul RNaseH (3.8 U.ml'") was added and the
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reaction incubated at 37 °C for 20 min. ¢DNA prepared in this way was used directly in
PCR reactions, with 1 pl of undiluted ¢cDNA routinely acting as a substrate in 25 uf

reaction volumes,

2.8 Cloning of DNA fragments

2.8.1 Cloning using T4 DNA ligase

DNA fragments for cloning wete prepared either by PCR-amplification and purification
(scction 2.7), or by restriction digestion (section 2.6), When vectors were restriction
digested using a single enzyme, self-ligation was prevented by treatment with calf
intestinal phosphatase (CIP; Roche). To do this, 0.5 pl of CIP (10 U.ml™} was added to the
restriction digestion reaction and incubated at 37 °C for 10 min, After CIP (reatment,
vectors werc purificd by agarose gel extraction following electtophoresis using the Qiagen
gel extraction kit according to manufacturer’s instructions as described in section 2.5.1.
Inserts for cloning, either derived by PCR ot by plasmid digestion, were also purified by

gel extraction following agarose gel electrophoresis.

Ligation of DNA fragments into a plasmid vector were carried out in a 10 ul reaction
volume, vontaining 1 pl of T4 DNA ligase (400 U.ml”, New England Biolabs) and 1 pl of
ligase buffer (New England Biolabs), and were incubated at room temperature for ~6 h or
16 °C overnight. 1l of the 10 pl ligation reaction was used to transform 60-120 ul of E.
coli XI.-1 blue MRF’ cells (see section 2.9).

2.8.2 Cloning into the TOPO vector

Cloning DNA fragments into the TOPO TA vector (Invitrogen) occurs using the 3° single
adenosine overhang that is present on all PCR products generated by Taq DNA
polymerase. Therefore, PCR products gencrated by Herculase DNA polymerase were
treated by the addition of 1 pl of Tuq DNA polymerase per 50 pl reaction and incubation at
72 °C for 20 min prior to cloning. For either l'aq or Herculase PCRs, 0.5-4 pl of PCR
product was incubated with 1) of salt solution (provided with the vector) and 1 pl TOPO
TA vector, made up to a final reaction volume of 6 ul with dH,O and incubated for 5 min
at room temperature. 2 pl of this reaction was then used to transform 25 pl TOP10 F’ F.

coli cells (Invitrogen) (see section 2.9).
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2.9 Transformation of E. coli and plasmid retrieval

Transfortmation of both XL-1 blue MRF’ (Stratagene) and TOPL0 F* (Invitrogen) E. coli
cells was carried out using heat shoek. Ligations (sce scetion 2.8) and cclls were mixed
and left on ice for 20 min, The cells were then heat-shocked at 42 "C for 45 sec and
ransferred Lo ice for ~2 min, All plasmids used in this study encode ampicillin resistance;
to select for transformants, cells were therefore spread on L-agar platcs containing

ampicillin at a final concentration of 100 ug.ml" (Sigma) and incubated overnight at 37 °C.

Single colonies from bacterial plates were picked and used to inoculate 3-200 ml of L-
broth containing ampicillin (Sigma) at a final concentration of 100 png.mi™ and grown up
overnight at 37 "C in a shaking incubator. Plasmids were purified frow 1.5 ml of the
overnight culture using the Qiagen miniprep kit, following manufacturer’s instructions.
Cells were pelleted by centrifugation at 16 x g in a microcentrifiuge for 1 min, and the
supernatant was discarded. Cells were then resuspended in 250 pl of resuspension buffer
P1 (containing RNase A added following manufacturexr’s instructions) by pipetting, 250 ul
of alkaline lysis buffer P2 was added and the solution mixed by inverting the eppendorf
tube 4-6 times. 350 pl of high-salt ncutralising buffer N3 was added and the solution
mixcd as before, then centrifuged at 16 x g in a microcentrifuge for 10 min, The
supernatant was applied to a QlAprep column in a collection tube, centrifuged at top speed
in a microcentrifuge for 1 min, and the flow-through was discarded. 750 pi of Buffer PE
was added to the column and centrifuged at 16 x g in a microcentrifuge for 1 min, the
flow-through discarded, and the column centrifuged for an additional 1 min to remove
residual buffer. Plasmid DNA was eluted from the column by addition of 50 pl of dH,O to
the column (placed in a clecan cppendorf tube) und centrifugation 16 x g in a

microcentrifuge for | min.

When larger amounts of DNA were required, plasmids were purified from 200 ml of the
overnight culture using the Sigma maxiprep kit, according to manufacturer’s instructions.
Cells were pelleted by centrifugation at 5000 x g for 10 min, then resuspended in 12 ml of
Resuspension Solution by pipetting. Cells were then lysed by addition of 12 ml of Lysis
Solution and mixture by inversion of the tube several times, and neutralised by addition of
12 ml of neutralisation solution, 9 mi of binding solution was added, the tube of cells was
inverted | or 2 times, applied to the barrel of a filter syringe, and left for 5 min. During
this incubation step, the binding column was prepared: 12 m) of Column Preparation

Solution was added to the column, which was then centrifuged at 3000 x g for 2 min. Tlalf
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of the cleared lysate was expelled through the filter syringe into the binding column, and
centrifuged at 3000 x g for 2 min; the eluate was discarded, and this step was repeated with
the other half of the lysate. The column was washed twice: first by addition of 12 ml of
Wash Solution 1, centrifugation at 3000 x g for 2 min and discarding of the eluate, and
secondly by addition of 12 ml of Wash Solution 2 and centrifugation at 3000 x g for 5 min.
The binding column was transferred to a clean 50 ml cellection tube and 3 mi of Elution
Solution was added to the column; plasmid DNA was cluted by centrifugation at 3000 x g

for 5 min,
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CHAPTER 3

MiSMATCH REPAIR AND THE CONTROL OF
HOMOLOGOUS RECOMBINATION IN T. BRUCE!
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3 Mismatch repair and the control of homologous

recombination in T. brucei

3.1 Introduction

One of the roles of the MMR system is the prevention of homologous recombination (HR)
between similar yet divergent (homeologous) sequences. MMR-dependent prevention of
recombination between divergent substrates is important in the maintenance of speciation
in bacteria (Zahrt e al., 1994; Matic et al., 1993), yeast (Hunter ez @/., 1996; Chen and
Jinks-Robertson, 1999) and mice (te Riele ef af., 1992; Deng and Capecchi, 1992). In
addition, MMR prevents recombination between divergent repeats in genomes, which can

lead to gross chromosomal rearrangements (Petit et af., 1991),

As well as preventing HR as described in moie detail below, MMR can promote
recombination in certain specialised circumstances. Tor example, in S. cerevisive, once a
mismatched heteroduplex is formed, MMR can act within it (Priebe ef al., 1994) to
catalyse gene conversion with more than 85% of mismatches corrected in favour of the
resident, unbroken strand (Leung ef al., 1997). In addition, the Msh2-Msh3 heterodimer is
involved in binding specifically to (Evans and Alani, 2000; Bvans ef al., 2000), and
catalysing the rvemoval of, nonhomologous single-strand taifs crecated during
recombinational  processes, in  conjunction with the Radl-Radi0 heterodimeric
endonuclease (Saparbaev ef al., 1996, Sugawara ef al., 1997; Colaiacovo et al., 1999).
Similarly, the Msh2-Msh3 dimer stimulates the two-end invasion pathway of targeted gene

replacement in . cerevisiae (Langston and Symington, 2005).

3.1.1 The importance of sequence length and homology in

homologous recombination

HR is exquisitely sensitive to the presence of sequence differences between recombining
substrates. When heterologous sequences undergo strand exchange, divergence between
them results in base mismatches during strand transfer, and even very low levels of
divergence can have a striking effect on recombination efficiency. A single base
difference catises a significant reduction (up to four-fold) in recombination efficiency in
yeast (Datta et al., 1997), mice (Lukacsovich and Waldman, 1999) and plants (Opperman

et al., 2004). At higher levels of divergence, the reduction is even stronger (Bailis and
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Rothstein, 1990; Harris et af., 1993, Priebe ef al., 1994), with, for example, 83% sequence
homology (17% divergence)} causing a 180-fold reduction in yeast recombination
compared to perfectly matched substrates (Sclva er of., 1995). There is an exponential
reduction in recombination efficiency with increasing substrate heterclogy for substrates of
a fixed length in Streprococcus pneumoniae over the range 0.6 to 27% (Majewski et al.,
2000), S. cerevisiae over the range 0-26% (Datta ef al., 1997) and higher eukaryotes, over
the range 0.5-9% in 4. fhaliona (Li ef al., 2006). An exception to this is the specialised
ransformation-associated recombination (TAR) cloning, where sequence length has little
effect (Kouprina et al 1998 PNAS), In at least onc case, at higher lcvels of sequence
divergence, recombination rates plateau: in one experiment in Bacillus subiilis, no
additional decrease in recombination was observed once divergence tose above 8%
(Zawadzki et al., 1995), although whether this can be extrapolated beyond this bacterium is

not known.,

The MMR system contributes to the partial prevention of homeologous recombination
described above. Genelic inactivation of cither MutS or MutL. in bacterial species E. coli,
S. prneumoniae and S. typhimurium has been observed to partially alleviate the restraint on
recombination between DNA sequences in the range 1% to 18% sequence divergence
(Rayssiguier et al.,, 1989; Abdulkarin and ITughes, 1996; Zahrt and Maloy, 1997,
Weslmoreland ef al., 1997, Worth, Jr. ef al., 1998; Majewski et af., 2000). Mutation of
MMR factors also improves the rate of recombination between homeologous substrates in
cukaryotic organisms, although all components of the machinery do not have an equal
effect. Genetic disruption of MSH2 causes an increase in homeologous recombination in
the range 0.3-9% in S. cerevisiae (Selva et al., 1995; Datta ef al., 1997, Negritto ef al.,
1997; Elliott and Jasin, 2001; Li ef /., 2006), in the range 0.5-9% in 4. thaliana (J i et al.,
2006) and for substrates with 1.5% divergence in murine cells (Elliott and Jasin, 2001). In
the moss Physcomitrella patens, the 22-fold reduction in recombination efficiency caused
by 3% divergence in the substrates is completely alleviated by genetic disruption of MSH2
(Trouiller ef al., 2006), Msh2’s partners Msh3 and Msh6 are partially redundant to each
other in their roles in recombination surveillance (Spell and Jinks-Robertson, 2003), and
msh3 mutanis show increased recombination between substrates containing base-base
mismatches, even though Msh3 does not recognise this substrale in post-replicative MMR
(Marsischky et al., 1996; Eatlev and Crouse, 1998). The effects of genetic disruption of
both Msh2 and Msh3 are more extreme than genetic disruption of Msh2 alone (Selva et al.,
1995). Distuption of MutS homologues has a greater effect on the regulation of
recombination than removal of the MutL. homologues (Chen and Jinks-Robettson, 1999;

Nicholson ef al., 2000; Welz-Voegele ef al., 2002). Separation-of-function alleles of both
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Pinsl (Welz-Voegele et al., 2002) and bacterial MutS {Calmann ef gl., 2005) have been
isolated, showing that ATPase activity and the extreme C-terminal sections of these
proteins, respectively, are needed for their anti-rccombination functions, although not
mismatch recognition function, The absence of MMR has also been obscryed in some
cases to have a stimulatory effect on recombination between perfectly matched substrates:
a lack of proofreading activity presumably allows the recombination reaction to proceed

more rapidly (Datta ef ol., 1996; Negritto ef al., 1997; Chen and Jinks-Robertson, 1998),

The recombinational machinery also has MMR-independent roles in the prevention of
homeologous recombination (Chen and Jinks-Robertson, 1999), although this only comes
into play at higher levels of divergence, E. cofi RecA is capable of catalysing branch
migration in vifro between scquences that are 3% divergent, although at a reduced rate
compared to homologous sequences; this branch migration is partiaily prevented by
addition of MutS (DasGupta and Radding, 1982; Worth, Jr. ef al., 1994). On the other
hand, substrates with more than ~10% sequence non-homology (Bazemore ef al., 1997) or
containing insertions or deletions (Bucka and Stasiak, 2001) cannot undergo RecA-
catalysed branch migration j» vivo; whether this is also true for eukaryotic Rad51 is not
known. in vivo analysis also indicates that the IR machincry is sensitive to base
mismalches in ways that can be independent of MMR. In E. coli, upregulation of RecA
can increase the amount of recombination at all levels of sequence divergence, whereas
climination of MutS increases recombination propertionally to divergence (Vulic es a/.,
1997). Similarly, in yeast, recombination between substrates with 23% divergence is
unaffected by MM, whereas the reduction in MMR caused by the presence of 9%
divergence in the recombination substrates is almost completely removed in MMR-
deficient cells, with recombination rates approaching those seen in perfectly matched
substrates (Datta ef af., 1996). In 4. thaliana, on the other hand, the increase in
recombination {requency in inactivation of MSH2 is consislently roughly 3-fold in the
range 0.5-9% (Li et al., 2006). In fact, the relative importance of the RecA/Rad51-
mediated and MMR-mcdiated controls of homeologous recombination differs between
species. In bacteria, it has been observed that MMR is more important in the control of
homeologous recombination in Escherichia and Salmonella species than in Bacilius and
Streptococcus species (ITumbert ef al., 1995; Majewski ef al., 2000; Prunier and Leclercq,
2005), whereas Mycobucteria smegmatis lack a MMR system altogether while still
maintaining stringent requitcments for homology in RecA-mediated HR (Springer ef af.,
2004). In eukaryotic organisms, MMR has been calculated to act more stringently in the

control of HR in yeast than in plants (Li ef al., 2006; see section 3.3).
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Yeast Rad51-dependent and Rad59-dependent, Rad51-independent HR (see section 1.2)
differ both in their requirements for substrate homelogy and in their interactions with the
MMR machinety (Spell and Jinks-Robertson, 2003). The Rad51-dependent pathway is
regulated by Msh2, since mutation causcs allevialion of homeologous recombination
suppression, whereas mutations of Mihl have only a limited effect. In contrast, the Rad59-
dependent pathway, which appearts to be more tolerant of sequence divergence and to act
an shorter substrates (Ira and Haber, 2002), is regulated equally by Msh2 and Mlhl, and
mutations of cithce MMR genc causcs a smaller increasc in homeeologous recombination
relative to Rad51-dependent recombination. Genetic disruption of Mlhl nevertheless
causcs a greater increasc in homeologous reecombination in wild-type cells than tn cither

rad31 or rad59 mutants, suggesting that the two pathways co-operate in the cell,

Another factor influencing the rate of HR is the length of the homologous sequence
catalysing recombination. Although the exact substrate lengths vary between studies, it
can generally be stated that HR rates reduce with substrate lenpth. Exponential reductions
in recombination clficiency have been described between 405 bp and 27 bp in E. coli
(Shen and Huang, 1986) and 960 bp and 80 bp in §. cereviside (Jinks-Robertson et al.,
1993). In a more recent study in E. coli (Lovett ¢f al., 2002), a linear relationship was only
observed between 200 bp and 50 bp, with a plateau in recombination efficiency observed
above this range. In 8. cerevisiae, an exponential reduction in recombination efficiency
was seen between 2 kb and 26 bp (Ahn ef ., 1988). Longer subsirates scem to be
required for efficient mamimalian HR, with recombination observed as much less efficient
with substrates shorter than 163 bp in one assay (Rubnitz and Subramani, 1984), whereas
in another study, a threshold of 1.7 kb in another (Tlasty e/ al., 1991). A plateau in
mamimalian recombination frequency was observed for substrates longer than 14 kb in
another study (Deng and Capecchi, 1992). However, small but significant amounts of
recombination have been seen with substrates measuring only 25 bp in bacterial and
human cells (Ayares et al., 1986; Lovett et al., 2002). These reactions are thought to be
RecA/RadS1-independent: yeast Rad59-dependent recombination is known to require
shorter substrates than Rad51-dependent reactions (Bai and Symington, 1996, Sugawara e/
al., 2000), and recombination using the shortest substrates in a bacterial experiment is
independent of RecA, with RecA-independent reactions having much less length

dependence than RecA-~dependent ones (Lovett ef al., 2002).

The Minimal Efficient Processing Segment (MED'S), which can be calculated by linear
regression, is defined as the minimum substrate length permitting efficient recombination,

below which the rate of recombination decreases sharply (Shen and Huang, 1986). A
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longer substrate can be considered as a series of overlapping MEPS units, explaining the
log-tincar rclationship between substrate length and recombination efficiency. In
homeologous substrates, the MEPS can also be thought of as a mismatch-free block of
scquence in which the local mismatch concentration is low enough to escape the MMR
systemn and initiatc rccombination: the length of this block has been calculated as 15 bp in
MMR-deficient, but 62 bp in wild-type bacteria (Vulic et ai., 1997), and 18 bp in MMR-
deficient, but 28 bp in wild-lype S. cerevisiae cells (Datta ef al., 1997). The location of
mismatches within a recombination substrate is impottant, with branch migration able to
continue through a small number of mismatches as long as recombination is initiated
within a perfectly matched region (Waldman and Liskay, [988; Majewski and Cohan,
1999). In addition to this role in the initiation of recombination, MMR monitors the
nascent heteroduplex. The heoteroduplex rejection model (Rayssignier ef af., 1989))
proposes that MMR enzymes, in conjunction with helicases, can abort recombination
reactions producing mismatched heteroduplexes; Datta ef ol (Datta ef al., 1997) calculated
that 610 bp of uninterrupted homology is needed for escape of the MMR systen,
Although the alternative heteroduplex destruction model (Rayssiguier et al., 1989),
involving nicking and destruction ol mismatched heteroduplex, is also proposed, the
heteroduplex rejection model is supported by the fact that many interactions between
recombination and MMR proteins and helicases of the RecQ family have been identified
(Pedrazzi e/ al., 2001; Wu and Hickson, 2001; Langland ef af., 2001; Spell and Jinks-
Robertson, 2004). For this unwinding to occur, the mismatched heteroduplex must be
recognised immediately at its formation: MMR has no effect on preformed heteroduplexes
(Worth, Jr. ef al., 1994; Westmoreland ef al., 1997; Worth, Ir. ef al., 1998).

3.1.2 A system to study the effects of sequence divergence on
recombination efficiency of long substrates in T. brucei

Methods for stable (ransformation of linear DNA by integration into the genomes of
kinetoplastids following elf:ctroporation of cultured ceils were developed a number of
years ago (Ten Asbrock ef al., 1990; Cruz and Beverley, 1990; Cruz et al., 1991; Cruz et
al., 1993; Cooper ef al,, 1993; Hariharan et al., 1993; Otsu et al., 1993), and this technique
is now widcly used for genetic manipulation of these species. Integration of transformed
DNA into the correct locus occurs in effectively 100% of cases in wild-type cells (Eid and
Sollner-Webb, 1987; Cooper ef al., 1993; Otsu e/ al., 1993; Conway ef al., 2002b). These
experiments have yielded some data on transformation efficiency in the kinetoplastids

using different substrates, It has been observed in T. brucei that linear DNA recombines
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with higher efficiency than circular plasmids and, secondly, that transformation efficiency
is improved when 5 kb rather than 900 bp substrates are used (Ten Asbroek et @l., 1990).
In contrast, no effect of substrate length on transformation efficiency was observed in 7.
brucei in two separate studies: Wickstead et al (Wickstead et af., 2003) found no
diffcrences in rates comparing constructs with integration {lanks between 80 and 400 bp,
and Shen et a/ (Shen et al., 2001) saw no difference in transformation using targeting
sequences of 50 — 90 bp in length. Despite these variations in findings, more broadly the
substrates needed for transformation in 7. brucei and T, cruzi (Haribarao et al., 1993) seem
to be shorter than those of at least 180 bp that appear to be needed by L. major
(Papadopoulou and Dumas, 1997); perhaps the lower threshold for -efficient
recombinationis different between these organisms, Transformation in procyclic form 7.
brucei was suggested not to be affected by the number of potential target loci present in the
genome (Wickstead er a/., 2003). This was interpreted as suggesting that it is the
recombination reaction ifseif, and not the search for sequence homology, that is rate-
limniting in 7. brucei, This contrasts with the situation in S, cerevisive, where the amount

of transformants oblained is propottional to the number of targets (Wilson et al., 1994).

Transformation of any organism is likely to be influenced by a number of factors,
including DNA concentration, transtormation conditions, and growth of the cells
undergoing electroporation. Despite these potential problems, an assay, summarised in
figwe 3.1, has been developed to measure the recombination cfficicncy of both
homeologous and homeologous DNA. scquences in T, brucei, in the presence and absence of
a functional MMR system (Bell and McCulloch, 2003). As they will form the basis of the
work in this chapter, the original study will be described in detail here. Although
transformation assays are not an ideal experimental systemi with which to measure
recombination, assay systems not involving electroporation such as have been developed in
S. cerevisiae (e.g. the inverted intron system used in Datta e al., 1996) are not available in
T brucei, Transformation has been used successtuily to measure recombination efficiency
in the absence of 7. brucei RADS1, MREIL1, RAD51-3 and RADS51-5, in addition to the

tesults described below, validating this experimental approach.

The first component of the assay is a series of cell lines containing unique sites for
tecombination. The hygromycin phosphotransferase ORF (HY(G) was integrated into the
tubulin array (Seebeck e al., 1983) on chromosome I of Lister 427 bloodstream stage
cells, creating a unique site for recombination referted to as the HTUB locus. An
integrated foreign sequence as a target site for recombination offers a number of

advantages. Firstly, it provides a defined, single site for recombination from which a
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Figure 3.1. A schematic representation of an assay to measure the effect of MMR on T.
brucei homologous recombination (adapted from Bell and McCulloch, 2003). HYG, encoding
hygromycin resistance, was integrated into the repetitive tubulin array of Lister 427 bloodstream
stage cells, replacing one of the copies of a tubulin. MSH2 mutants were made in this genetic
background. Recombination into this locus using a range of constructs was measured. All
constructs contained BLE, the bleomycin resistance gene, together with processing signals derived
from the calmodulin (Cal) and actin (Act) loci, and integration flanks corresponding to the two
halves of HYG, with differing levels of divergence from the wild-type sequence. Sites of base
mismatches are represented by vertical lines. ,‘
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Figure 3.2. A graph showing transformation efficiency (in transformants x10° cells) against
sequence divergence (as a percentage) of the 450-bp recombination substrates. Adapted
from Bell and McCulloch, 2003.
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number of parameters (sequence length, similarity) can be varied. Secondly, the potential
for integrations into related sequences elsewhere in the genome when endogenous 7.

brucei targeting flanks are used is reduced. Thirdly, this strategy could be adapted to allow

comparison of recombination in different parts of the genome, as the HYG target can
subsequently be integrated into different genomic locations. To examine the effect of
MMR in 7. brucei recombination, MSH2 knockout cell lines were made in the HTUB
genetic background by eliminating the MSH2 ORF from the genome using constructs
AMSH2::BSD and AMSH2::PUR; the cell lines are referred to as HTUB wt, HTUB
MSH2+/- and HTUB MSH2-/-. To assay recombination subsirate requirements, a scrics of
constructs bascd on a bleomyein resistance cassetie were generated. The ORT encoding
the bleomycin resistance protein (BLE), surrounded by intergenic regions from the actin
and calmodulin loci, was flanked by 445 bp and 449 bp HYG-derived sequences, allowing
recombination with the HTUB locus following ttansformation. The constructs differed
from each other in having increasing numbers of base mismatches (relative to the
integrated HYG) that had been generated by PCR mutagenesis. Constructs with 0%, 1%,
2%, 3%, 5%, 7%, 9% and 11% divergenee [rom the original HYG sequence were selected
and named pHYGwt, pHYGOI, pAYGO2, pHYGU3, pHYGOS5, pHYGO7, pHYG09 and
PHYGII, respectively. To assay transformation, each construct was excised from the
plasmid backbone by restriction digestion, phenol chloroforin extracted and ethanol
precipitated, and a constant ammount of DNA was transformed into H7TUB wt, HTUB
MSH2+-/- and HTUB MSH2-/- cell lines by electroporation,

The recombination efficiencies observed from this assay are summarised in figure 3.2.
The highest recombination efficiency observed (as calculated by dividing the number of
positive wells counted, by the number of cells put on selection), after electroporation of the
pHYGwi construct, was 14.7 +/- SE 0.573 transformants x 10 cells in HTUB MSH2-/-
cells and 8.8 +/- SE 0.146 transformants x 10 cells in HTUB wi cells; this slight increase
in recombination rate hetween perfectly matched substrates in MMR-dcficient cells has
been seen in other organisms (see section 3.1.1). A reduction in the level of sequence
similarity between the recombination substrales significantly reduced recombination
efficiency. For instance, in the ZITUB wt cell line, the transformation rate of the pHYG0I
construct (which has 1% sequence divergence from the genomic HYG sequence) was 3-
fold lower than that of pHYGwt. Moreover, increasing sequence divergence had an
exponentially detrimental effect on recombination, such that transformation of the pHYG11
construct (11% divergence) was nearly 100-fold lower than pHYGw¢. This constraint on

recombination between divergent sequences was alleviated, although not altogether

63



removed, in the HTUB MSH2-/- cell line, indicating that MMR regulates HR as in oiher
organisms. However, even in the absence of MSH2, recombination became less efficient
with increasing divergence, indicating that the 7. brucei HR machinery is itself sensitive to
base misinatches, Overall, the levels of transformation in the HTUB MSH2-/- ceils were

approximately 6-12-fold higher than in HTUB wt, in the range 2-11% divergence.

These experiments have demonstrated that the MMR system in 70 brucei is functional and
acts to limit recombination between homeologous substrates, The work in the following
chapier is based on an extended version of this assay, which was used to assess the
requitements for substrate length and sequence homology in HR, and to investigate

whether different substrates are monitored in different ways by the MMR machinery,

3.2 Results

3.2.1 An assay to study the requirements for substrate length and
homology levels in MMR+ and MMR- T. brucei

The plasmids pHYGwt, pHYG05 and pHYGI1 described above (sce scelion 3,1.2) were
used as substrates {or high-fidelity PCR to create a series of new transformation constructs
(see figure 3.3), using the primers shown in figure 3.4. These PCR reactions yielded a
series of constructs with integration flanks of approximately 25 bp, 50 bp, 100 bp, 150 bp
and 200 bp, which were named 0%-25bp, 0%-50bp, efc., as shown in table 3.1. Although
they will be referred to as 5% and 11% divergent, the targeting flanks amplified {rom the
pHYGO5 and pHYGI! plasmids did not contain precisely 5% and 11% mismatches
compared to the wild-type HYG locus, depending on the section of the flank that was
amplified; the exact number of mismatches is shown in table 3.1. Linear DNA was
prepared for these transformations by PCR amplification, rather than restriction digestion
of constructs from plasmids as previously (Bell and McCulloch, 2003); this change in
protocol was necessary Dbecause non-homologous overhangs at the DNA ends after
digestion, while insignificant for an integration flank of 450 bp, could have larger effects
on recombination efficiencies mediated by the shorter substrates. PCR products were
purified and ethanol precipitated (see figure 3.5), and a constant amount of DNA (3 ug)
was transformed into 2.5 x 10" HTUB wt, HTUB MSH2+/- or HTUB MSH2-/- cells by
clectroporation. Transformants were selected in 24-well plates, using phleomycin at 2.5
pg.ml”', and the number of transformants counted after 7-10 days. Differing amounts of

cells were put on selection, depending on the expected differences in transformation
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PHYGO5
pPHYG11
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PHYGWT
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pPHYG11

PHYGWT
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pHYG11
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PHYGOS5
pHYG11

PHYGWT
PHYGO5
PHYG11

PHYGWT
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61
61
61
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121
121

181
181
181

241
241
241

301
301
301

361
361
361

421
421
421

481
481
481

541
541
541

601
601
601

661
661
661

721
721
721

781
781

AAGGCGCGCCAGCCTGAACTCACCGCGACGTCTGTCGAGAAGTTTCTGATCGAAAAGTTC
AAGGCGCGCCAGCCTGAACTCACCGCGACGTCTGTCGAGAAGTCTCTGATCGAAAAGTTC
AAGGCGCGCCAGCCTGAACTCACCGCGACGTCTGCCGAGAAGTCCCTGATTGAAAAGTCC

GACAGCGTCTCCGACCTGATGCAGCTCTCGGAGGGCGAAGAATCTCGTGCTTTCAGCTTC
GACAGCGTCTCCGACCTGGTGCAGCTCTCGGAGGGCGAAGAATCTCGTGCTTTCAGCTTC
GGCAGCGTCTCCGACCCGATGCAACTCTCGAAGGGCGGCGAATCTCGTGCTCTCAGCTCC

CATGTAGGAGGGCGTGGATATGTCCTGCGGGTAAATAGCTGCGCCGATGGTTTCTACAAA
GATGTAGGAGGGCGTGGATATGTCCTGCGGGTAAATAGCTGCGCCGATGGTTTCTACGAA
GATGTAGGGGAGCGTGGGTACGTCCTGCGGGCA