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Abstract

Trypanosoma brucetvades host acquired immunity by antigenic vamatinvolving
periodic switches in the variant surface glycopro{& SG) coat. DNA recombination
is critical in this process and a key componertarhologous recombination, RAD51,
also plays a role in VSG switching. bruceiencodes four proteins distantly related to
RAD51; termed RAD51 paralogues, named RAD51-3, RAA5 RAD51-5 and
RAD51-6. Two of these RAD51 paralogues, RAD51-3 @&&D51-5, have been
shown to function in homologous recombination, DNépair and RAD51 re-
localization into foci following DNA damage. Surgpingly, however, only RAD51-3
appears to act in VSG switching. To examine thections of all the RAD51
paralogues . brucej reverse genetics has been used to generate sofahe two
remaining unstudied paralogues, RAD51-4 and RAD5PRenotypic analysis of
both mutant cell lines indicates that these factds® play critical roles in RAD51-
directed recombination and repair, and both infageSG switching in the parasite.
As homozygous mutant cell lines of RAD51 and the[D®A paralogues were
available, it was possible to comprehensively camhe phenotypes ahad51 -/-
with rad51-3 -/; rad51-4 -/5; rad51-5 -/; andrad51-6 -/- From these results it was
observed that the phenotypes of thd51 paralogue mutants are broadly equivalent,
with two exceptions. Firstly, as mentioned abovADR1-5 does not function iNSG
switching, and RAD51-4 and RAD51-6 may not havediroles invVSG switching.
Secondly, rad51-4 -/- mutants are less sensitive to the DNA damagingntage
phleomycin and a higher percentagaad51-4-/- cells form DNA damage-induced
RADS51 foci compared with the other homozygous mutagll lines. These results
may imply that RAD51-4 and RAD51-5 have a less r@@nble in RAD51-directed
DNA repair or that their functions can be perfornigdother factors. In addition, the
physical interactions of all the RAD51 paraloguesravexamined. It was found by
yeast two-hybrid and co-immunoprecipitation thaythiorm at least two complexes,
and probably function in sub-complexes in a simif@nner to the Rad51 paralogues
of higher eukaryotes. These analyses shed lightthen evolution and role of
eukaryotic RAD51 paralogues in DNA recombination agpair in general, as well as
the contribution that recombination makes to amiig&ariation inT. brucei
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1.1 General introductionto  Trypanosoma brucei

1.1.1 Phylogeny of the African trypanosome

The genudrypanosomavas first observed in 1841 by Gabriel Valentinjlathexamining
blood from an infected brown trout, he detectedrtiwgile unicellular organism (Schmidt
& Roberts, 1989). A century and a half of invediigja of these microorganisms has
defined Trypanosomaas members of the large and diverse protozoan &mgd
Trypanosomaare among the most ancient eukaryotic organisnesvikn diverging from
Homo sapienaround 1.98 billion years ago (Hedges, 2002; MecKe®03; Schmidt &
Roberts, 1989). Taxonomically, they are ordere&iastoplastida, as their mitochondrial

DNA is organised into a disc-like structure, thadtoplast, located near the basal body
(Maslovet al, 2001; McKean, 2003).

Figure 1-1: Light microscope images of rypanosoma brucei among red blood cells.

A T. bruceicell in a blood smear, stained using the Giemsthode The image on the left shows the cell
surrounded by red blood cells and the image onighe¢ shows the cell in more detail, clearly shogvthe
undulating membrane. Reproduced with the permissid Neish.

Within this order, the familylrypanosomatidadias nine genera (McGhee & Cosgrove,
1980), which parasitise vertebrates, invertebrated plants, of which the so-called
“TriTryps” are members, Trypanosoma bruceiT. cruzi and Leishmania majar
Trypanosomahas two species which are human infective, Ttheruziof South America,
and T. bruceiof Africa, while Leishmaniaspecies are endemic to South American and
Asian countries (WHO, 2009). The majority Diypanosomapecies are heteroxenous, in
that one stage of their life cycle is in the bldede Figure 1-1) or tissue of a vertebrate and
the other stage is in the intestine of a bloodsygknvertebrate (Schmidt & Roberts,
1989). The genu3rypanosomads also grouped into two broad categories: thev&ah
and the Stercoraria, based on the characteridtits development in the invertebrate host
(Schmidt & Roberts, 1989). The three main Salasaiirypanosomaspecies found in
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Africa are Trypanosoma brucei, Trypanosoma congolense and afingpma vivax
(Schmidt & Roberts, 1989; WHO, 2009)f these three species, humans act as host to
only one of themT. brucei,whilst the others;T. congolenseand T. vivax,are animal
infective (Schmidt & Roberts, 1989).

1.1.2 Epidemiology and Life cycle

The species ofT. bruceiis pathogenically and geographically classifiedoinhree
morphologically identical sub-speci€g, brucei, T. b. gambiensand T. b. rhodesiense
(Schmidt & Roberts, 1989J. b. bruceis non-human infective, at least in part because it
can be lysed by apolipoprotein L1, a trypanoly@gctér in human serum (Pag al,
2006), wherea%. b. gambiensandT. b. rhodesienskave developed resistance to human
trypanolysis (Turneet al, 2004).T. b. gambiensé found in the riverine areas of west
and central Africa whilél'. b. rhodesiense found in the savannah of the eastern part of
the continent (Hidet al, 1990; Hide, 1999).

T. bruceiis a haemoflagellate and proliferates extracelpylan mammals (Schmidt &
Roberts, 1989; see Figure 1-1). It was realisgdPhavid Bruce, that the parasite was
insect-borne and infected members of BBssinaspecies, the so-called “Tsetse” fly
(Cross, 2001; Steverding, 2008). Figure 1-2 sholes tomplex life cycle of the
Trypanosoma bruceipecies (Barry & McCulloch, 2001). When an infeetir'setse fly has
a blood meal from a vertebrate host, it deposittureametacyclic cells in the connective
tissue (Vickerman, 1985). In the mammalian hostsehearasitic cells undergo
morphological changes while moving from the lymphatystem to the bloodstream and
intracellular spaces (Matthews & Gull, 1994; Viakem, 1985). From the non-dividing
metacyclic form, the cells change into a long séndloodstream form, which can
proliferate by cell division (Matthewst al, 2004). The population in the bloodstream is
pleomorphic, in that the long slender form diffdrates into an intermediate form and then
two types of short stumpy bloodstream: one typectvican develop as a procyclic form in
the vector and the other that is programmed toadi@ are not tsetse infective (Seed &
Wenck, 2003). The parasitaemia fluctuates parthe do the antigenic variation
mechanisms of the parasite (reviewed in: Barry &Qulioch, 2001; see Section 1.2
below). Cells expressing a particular antigenietigrm a part of th&. bruceipopulation,
called the homotype (Vickerman, 1985). An immunspose mounted against this
population results in death of this sub-set, wlitdgigenic variant types survive. This
causes waves of parasitaemia, where the majoritheotells are killed and the minority
that switch live on (Morrisoet al, 2005).
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Once differentiated into the bloodstream short gtyiform, the cells can adapt to life in
the alimentary canal of the Tsetse fly. When inggdty the fly, the parasites move by
undulation along the flagellum and, once in the-gudl form established procyclic cells.
These cells then differentiate into proventricutagsocyclic forms, which move from the
mid-gut to the salivary glands (Roditi & Liniger,0@2). Once in salivary glands,
epimastigotes and prometacyclics form and attacHldgellipodium to the gland wall
(Fenn & Matthews, 2007). When the cells detach ftbengland wall and differentiate into
metacyclics, the life cycle is complete and theap@&e can be transmitted to another

mammalian host via a second blood meal; see Fily2re

TSETSE FLY MAMMAL

METACYCLIC Lone
SLENDER

EPIMAS HGOLE, \
-

MESOCYCLIC

SHORT
STUMPY

|  PROCYCLIC R\

Figure 1-2: Life Cycle of Trypanosoma species.

T. bruceilife cycle stages are shown as scanning electicrographs (EM), shown to scale; an erythrocyte
is shown next to the long slender bloodstream stalgee host, Tsetse fly or mammal, and the nambhef
life cycle stage are labelled. Circular arrows esent replicative stages, whereas straight arrepresent
differentiation and progression through the lifeley Reproduced with permission of L. Tetley andBarry;
adapted from Barry & McCulloch (2001).

1.1.3 Trypanosomiasis: symptoms & treatment.

Sleeping sickness, or Human African Trypanosomi@s$isT), caused byl. b. gambiense
and T. b. rhodesiensds a fatal wasting disease if left untreated (Bére¢ al, 2003)
Together these species are estimated to be rebpofm more than 300,000 human cases
per year (Sternberg, 2004; Stieh al, 2002), with about 55 million at risk of infection
(WHO, 2009).T. congolense, T. viveandT. b. bruceiare the cause of nagana in cattle,
which has a great economic impact by destroyingatadk livestock (WHO, 2009). b.
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gambiensanfection charts a chronically slow, but progrgestourse lasting anything up
to several yeard.. b. rhodesiensi@fection, in contrast, causes an acute form offisease
where progression to the later stages occurs witiree months. Both infections have a
similar clinical pathology and are fatal if left tn@ated. Once bitten by an infected Tsetse
fly, the metacyclic parasites establish in the skifferentiate in to the bloodstream stage
and spread via the lymphatic system into the bl¢8ternberg, 2004). The early
haemolymphatic stage results in anaemia, weakmaksvaight-loss. In the late meningo-
encephalitic stage, the parasite passes throughbltw-brain barrier and infects the
central nervous system (Enangial, 2002), leading to sensory, motor and psychiatric

disturbance, along with sleep abnormality (Lundkeisal, 2004).

Treatment efficacy is limited as there are few @ffee safe drugs available. There are four
main drugs available for the management of thectide. Suramin sodium and
pentamidine isethionate are used for the earlyesthgfore CNS involvement, and tréat

b. rhodesienseand T. b. gambiensenfections respectively (Kennedy, 2004). In the
advanced stages, the arsenical drug, melarsopuskrs for treatment of infections by both
subspecies, while eflornithine (difluoromethylomite; DFMO) is used for treatment of
the disease caused by b. gambiensehen the patients are unresponsive to melarsoprol
(Kennedy, 2004). These drugs need to be admingsieteavenously or intramuscularly,
and some cause a large group of side effects,dimguskin lesions, renal failure, cardiac
abnormalities and fatal encephalopathy (Gull, 20D#hnin & Cattand, 2004; Kennedy,
2004).

With these disadvantages and the fact that newsdirgireatment of trypanosomiasis are
not being produced, the implementation of conttodtegies may be the best way of
combating the disease in epidemic areas (Jannin atta@d, 2004). The hope of
development of an effective vaccine has somewhen ldgsmissed by the discovery of a
complex antigenic variation system in trypanosonidsvertheless, understanding the
mechanisms behind antigenic variation may leadaw drug targets as well as better
knowledge of the recombination pathwaysTofbruceiand possibly of other eukaryotic

cells.

1.1.4 Use of T. brucei as a model organism?

Scientists have used a small number of model osganio attempt to simplify the study of
complex molecular mechanisms (Hunter, 2008). Awgndf science has built-up on the

belief that describing the sub-systems of a cetirganism will facilitate the understanding
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of the whole system (this is reductionism). Anothslief is that understanding the
consequences of any two events will lead to a ptablie result (this is causality). In the
past decades, model organisms such as yeasts,tgo#encoli Drosophila and the
nematodeC. eleganave been used, representing only a small fractighe biodiversity
on the planet (Hedges, 2002). Extrapolation of ifigd from these experiments to all
forms of life is potentially misleading or at leastly not always be straightforward, yet a
vast amount of useful data has been generated dcrible the fundamental molecular
mechanism supporting life such as replication,dcaption, translation and DNA repair.
Now, use of genome projects and development of cotde tools to examine other
organisms, has allowed the metaphorical “reseambr’dto open and more research
opportunities to take place.

Research ofl. bruceiwas initially carried out to add to our clinicahdwledge of the
parasite. Now, with the complete genome sequenceb car ability to culture and
genetically manipulate the parasiie, bruceican be regarded as a candidate for use as a
model organismAs well as this;T. bruceican be used, in combination with a few others
such asPlasmodium falciparugToxoplasma gondiand Leishmania as model parasites.
Also, it has been shown by Hedgesal, 2004, that the sub-phylum of Euglenozoans
(containing the TriTryps) diverged from other eukdes 1,840 +/-200 million years ago
and are from an early branch of eukaryotes (Hedgeasl, 2004; Hedges, 2002). This
knowledge may lead to insights regarding phylogesnyd most importantly, for this

project, insights into gene retention and function.

1.1.5 Genome structure and gene expression by poly-
cistronic transcription

The “TriTryps” are members of the order Kinetopldatas they possess a kinetoplast for
the mitochondrial DNA. The nuclear chromosomespesent as linear DNA molecules,
unlike the content of the kinetoplast, which isanmged as an interconnected network of
circular DNA comprising mini-circles and maxi-ciesl (reviewed in: Lukest al, 2002).
The nuclear genome df. bruceicontains 11 mega-base chromosomes that havela tota
size of ~ 26 Mb (0.9 to > 6 Mb individually) (Bemanet al, 2005; Hertz-Fowleet al,
2007). There are also intermediate-chromosomes naindkchromosomes found in the
nucleus ofT. brucei(Berrimanet al, 2005). In most strains, there are 1-7 intermediat
chromosomes of 200-700 kb and numerous (~100) chremosomes of 30-150 kb
(Alsford & Ersfeld, 2003; Melvilleet al, 2000; Wicksteacet al, 2004). In 2005, the
project to sequence the mega-chromosome DNA. diruceiwas completed (Berrimagt
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al., 2005) using the genome of tiie b. bruceistrain TREU (Trypanosomiasis Research
Edinburgh University) strain 927/4 that expressesngle variable antigen type (VAT),
derivative GUTat 10.1. Systemic sequencing of titermediate- and mini-chromosomes

has not yet been reported.

It has been shown that tAe bruceimega-base chromosomes contain the house-keeping
genes structured in directional gene clusters (selew), including many tandemly
repeated gene families such as tubulin, calmodarioh procyclic acidic repetitive proteins
(PARP) (Berrimanet al, 2005; Boothroyd & Konuniecki, 1995). Interestinglthe
majority of the sub-telomeric genes found on thgy@aehromosomes are members of the
Variant Surface Glycoprotein (VSG) gene family whigontains >1000 members, whilst
the intermediate chromosomes house the expresdemfer bloodstreanvSGsand the
mini-chromosomes contain a diverse array of sM®Gs(Berrimanet al, 2005; Marcello

& Barry, 2007a; Marcello & Barry, 2007b; Wicksteatlal, 2004). Approximately 9,068
protein coding genes have been annotated on theeiseed mega-chromosomes of strain
TREU 927/4, and of these predicted genes only 86.Bave been assigned a function

through sequence homology (Berrimetral, 2005).

Most of the genes oF. bruceiare transcribed by RNA polymerase Il (RNA pol Wjith
the exception of the VSG, rRNA and PARP genes whach transcribed by RNA
polymerase | (RNA pol I) (Boothroyd & Konuniecki995; Navarro & Gull, 2001). Unlike
higher eukaryotes, in which protein coding genedeogo mono-cistronic transcriptiom,
brucei,and the other TriTryps (as well as some other losuddaryotes, such as nematodes
and trematodes) undergo poly-cistronic transcnipas inferred from the convergence of
the genes as directional gene clusters (Blumen285; Boothroyd & Konuniecki, 1995;
Evans & Blumenthal, 2000; Johnsenal, 1987; Lianget al, 2003). Long poly-cistronic
transcribed units (pre-mRNA) contain informatiom foany proteins which are separated
by short spacer regions. Post-transcriptional nicatibn is required to process these long
primary units into individual mature mRNAs and ocuby transsplicing and
polyadenylation (Clayton, 2002)ranssplicing is a process where two separate trartscrip
(pre-mRNA) are joined together and occurs with addiof a 5’ cap called a spliced
leader RNA at the 5’ end of the pre-mRNAs (SatheA@abian, 1985; Ullet al, 1993).
The addition of a polyadenylated (poly(A)) tailtae 3' end of the pre-mRNA also occurs
(Matthewset al, 1994). These modified and mature mMRNAs are themstated to amino

acids.
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1.2 Antigenic Variation

The success of most pathogens can, in part, béuatid to the organism’s ability to
overcome the protective immunity of the host. Sists have uncovered a diverse
collection of mechanisms used by bacteria, virgsgsparasites to evade the onslaught of
the host immune response. Some of these mechanishgle varying the antigens
presented to the host immune system and/or motidicaf host immune responsiveness
(Mims et al, 1995: Chapter 2). Some bacteria find a safe h&reem the immune response
by invading the host cells, such as members ofgieeralisteria and Shigella that
replicate within the cell cytosol, whereas sobmgionellaand Mycobacteriumspecies
replicate within vacuoles of the cell (reviewed Wilson et al, 2002). Parasites, such as
Plasmodium Leishmaniaand T. cruzj also employ a similar tactic of evasion (Sibley,
2004). Microorganisms that do not invade the heélf such as the extracellul&r brucej

are constantly surrounded by host immune factodsimitially may seem more vulnerable
than their intracellular relatives. This is not tbe&se, however, as many microorganisms
use phase or antigenic variation to change theemi exposed on their surface, thereby
altering their appearance to the host immune sys{Barbour & Restrepo, 2000;
Zambrano-Villaet al, 2002). Phase variation refers to the reversibliéch between two
phenotypes, while antigenic variation refers to itneversible, sequential expression of

multiple different forms of the same antigen (van @oude & Baumler, 2004).

Antigenic variation is observed widely in virusdscteria, fungi and parasites, with
divergent underlying mechanisms (Deitsthal, 1997; Palmer & Brayton, 2007). Bacteria
of the genusBorrelia use the mechanism of antigenic variation to chahge exposed
lipoprotein surface antigens termed variable |gyg®ein {lp) and variable small protein
(vsp (Barbouret al, 2006). A pattern of waves of spirochete infectmecurs in the
infected host, where a relapsing fever is charsetérby high temperature and high
bacteraemia, followed by a period of clearance (Np2006). This cyclical pattern occurs
when the majority of the bacterial population esgieg a particular serotypelig or vsp

is cleared by specific host antibodies to thatipaldr serotype (Norris, 2006). A new
wave of bacteraemia results when a minority of sp@ochetes have switched to an
immunologically distinct lipoprotein surface antigelfhe main mechanism of lipoprotein
switching in B. hermsii and B. burgdorferi has been shown to be gene conversion,
involving homologous recombination (HR) (Dei al, 2006; Zhanget al, 1997). It has
been found that iB. hermsiisome 60 silent pseudogenes are present episormatlygene

conversion can occur between these fragmenitp@ndvspgenes (Daet al, 2006).
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T. bruceiuses what appears to be a broadly related mechafigmtigenic variation to
Borrelia (Palmer & Brayton, 2007)n T. brucei,the exposed antigen is a Variant Surface
Glycoprotein (VSG) which covers the entire parasiigface and is switched to a different
immunologically distinct antigen primarily by recbmation, though transcriptional
control mechanisms are also used, which is distinat Borrelia (see Section 1.2.2; Barry
& McCulloch, 2001). ForT. bruceito evade the host's acquired immunity, the pagasit
must replace its VSG coat rapidly and completelthvei new VSG that contains epitopes
unrecognised by existing antibodies (Miller & Turn981; Morrisoret al, 2005). When
the antibodies eliminate a major part of the pofpurta those parasites that have changed
their VSG coat survive and proliferate. This pattes repeated, resulting in fluctuating
waves of chronic parasitaemia, with each wave @ont; T. brucei cells expressing
distinct VSG coats (for reviews see Barry & McCuaho 2001; Donelson, 2003; Pays,
2006). This process of VSG gene activation or gleent is sometimes called VSG
switching, and it is this mechanism that allowsraealt number of parasites expressing the
new VSG to survive the hostile extracellular enmm@nt of the mammalian host (Schmidt
& Roberts, 1989). The mechanisms and potentiallatign of VSG switching holds the
key to the parasite’s survival in the mammal, algio the full picture of the factors

involved seems to be elusive.

1.2.1 The role of Variant Surface Glycoproteins (VS G) in
antigenic variation

The dense surface coat covering the plasma membodngathogenic African
trypanosomesvas first imaged by high resolution micrographscRérman, 1969). In the
mammalian host, the surface coatTofbruceiis composed of 5 x 2@imers of Variant
Surface Glycoprotein (VSG) (Auffret & Turner, 1982ross, 1975) and is attached to the
plasma membrane by a glycosyl-phosphatidyl-inos{tePl) anchor (Fergusoet al,
1988).
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Figure 1-3: Variant Surface Glycoprotein (VSG)

The diagram on the left shows the 3D structure ¥5& dimer attached to a model of thebruceiplasma
membrane by a glycosyl-phosphatidyl-inositol (G&tchor. The diagram on the right models the densely
packed VSG coat of the cell and predicted bindifiglgis and IgM host antibodies. Reprinted with
permission from Elsevier: Engstlet al. (2007), Cell131, pp 506.

It is this VSG coat which prevents the host immuesponse from targeting underlying
invariant antigens (Borst & Fairlamb, 1998; Overathal, 1994). The VSG coat is
immunogenic and is the point of attack for the Hg& and IgM responses (Engstédral,
2007; Turneret al, 1988). Each VSG polypeptide within the mature Visgnodimer is
between 400 to 500 amino acid residues in lengtth,i&composed of a single N-terminal
domain of 350-400 residues and one or two smaltr@inal domains, each consisting of
40-80 residues (Carringtoet al, 1991; Chattopadhyagt al, 2005; Pays, 2006; Pags

al., 2007). The antibody responses are raised agamstxposed hypervariable N-terminal
domain of the VSG (Borst & Fairlamb, 1998; FieldB&othroyd, 1996). Although there is
limited sequence conservation of the N-terminal domits structure is conserved and
consists of two longa helices, which interact with the neighbouring VS the
homodimer (Blumet al, 1993); see Figure 1-3. It appears that the bu@etrminal
domain is more conserved, where the VSG is anchoréte plasma membrane and is less

accessible to immune attack (Fergustal, 1988).

TheT. bruceigenome has a size of ~26 Mb (see Section 1.1.5¢@mains a large archive
of over 1000 silentVSG genes, which are present in the sub-telomericysrd the
chromosomes (Barrgt al, 2005). Some of these genes are also presenteiV8G
expression sites (ES) which are found in the megmlend intermediate chromosome
telomeres (Berrimaret al, 2005; Hertz-Fowlert al, 2007; Marcello & Barry, 2007a,;
Marcello & Barry, 2007b). Out of these silewSG genes, 806 have been functional
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annotated and only 7 % were found to encode fulhcfional VSGs, 9 % were atypical
VSGs which are predicted not to be functional VS&s% were pseudogenes and 18 %
wereVSGgene fragments (Berrimaet al, 2005). The functionality of the VSGs found at
the telomeres of the some 100 mini-chromosomesbabeen determined (Berrimaat
al., 2005; Payset al, 2007). In the VSG bloodstream stage expressites,sVSG
pseudogenes are found, but the VSG adjacent taelbenere appears always to be
functional (Barryet al, 2005; Hertz-Fowleet al, 2008). Although there is a large archive
of silentVSGgenes in th@. bruceigenome, at any given time, only one singieGgene

is expressed from ¥SG expression site (ES) (Barry & McCulloch, 2001).eTES is
adjacent to the chromosomal telomere anduB& gene is transcribed poly-cistronically
with a series of other expression-site associateteg ESAG), which are normally
separated from the VSG by a region of repeats et¢b bp (Berrimaret al, 2002; Borst
et al, 1996) and are discussed below, in Section 1Rg@ire 1-4.

76 5 % 4 8 3 2 70 bp repeats VSG

Figure 1-4: Schematic representation of the structte of a bloodstream expression site (BES).

The diagram shows an example offabruceilister 427 bloodstream expression site and indicabe

variant surface glycoprotein (VSG; blue box) angression-site associated gene (ESAG 1, 2, 3,6.,5,8,

11; black boxes) separated by the region of 7€eppats (orange boxes). Also shown are the proniieer
arrow), telomeric repeat region (vertical blackelnand pseud&SAG (V). Adapted from Hertz-Fowlegt

al. (2008).

1.2.2 Mechanisms of VSG switching

The switching events that activate a previously -expressedVSG gene occur
independently of the host immune response (Deylal, 1980) suggesting this is a pre-
emptive survival strategy driven by the parasitethe majority of cased/SG switching
occurs by gene replacement of tMSG in the ES with anotheWSG by DNA
recombination (Hoeijmakert al, 1980; Robinsort al, 1999). However, it has also been
shown that there can be so-calladsitu transcriptional switching events (Borst & Ulbert,
2001; Myler et al, 1984), where one previously inactive ES is swattlon to allow
complete transcription of th#SG and ESAG while the active ES is transcriptionally

silenced (Figure 1-5).
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Active ES

Active ES

Figure 1-5:in situ transcriptional VSG switching event

An in situ VSGswitching event occurs when an active expressien(ES) is transcriptionally switched off,
called X and a previously inactive ES is switched called Y. This results in the green VSG not bein
actively transcribed while the blue VSG is tranised and consequently expressed along with the ssipre
site associated genes: black boxes and 70 bp regggah: orange boxes. The promoters are indicayetthe
red or blue arrows.

This can occur because there are multiple ESs it T. bruceigenome (Borst &
Ulbert, 2001). Some of these are active for VSGresgion in metacyclic cells (Rudenko
et al, 1994), while the bloodstream VSG expression siBES) are specifically
transcribed in the mammal (Chawetsal, 1999). A number of BES, from a felv brucei
isolates have now been sequenced, showing thatdizei measured from the RNA pol |
promoter to the telomere can span between 40-1{Bi&kiz-Fowleret al, 2008; Younget

al., 2008). Within the BES there are at least eighpression site associated genes
(ESAG), only some of which have been assigned func{iBeskeret al, 2004; Berriman

et al, 2002). For example, two ESAGESAG6and ESAGT encode the subunits for a
transferrin receptor required for iron uptake (Sickee al, 1991; Steverdingt al, 1995).
AnotherESAG not found in all BES, encodes the serum resistassociatedSRA factor

in T. b. rhodesiens@/an Xonget al, 1998) The mechanisms dictating how one particular
BES is fully transcribed while the others remairgédy silent are unknown. A distinct sub-
nuclear structure, named the expression site bB®B]), has been found to contain the

actively transcribed/SGexpression site along with RNA pol |, while théest BESs are



Rachel Dobson, 2009 Chapter 1, 13

found outside this ESB (McCulloch, 2004; NavarroG&ll, 2001). The discovery of the
ESB may lead to an explanation for the controlimgchanisms for the expression of the
activeVSG However, chromatin modification also appearsdweha role, since mutation
of the histone methyltransferase, DOT1B, cause®pkession of silenced BES and alters

the dynamics of transcriptional switching (Figudoet al, 2008; Stockdalet al, 2008).

The most common mechanism fg6G switching involves DNA recombination events
(Robinson et al, 1999). There are three different recombinationhways of VSG
switching, which are defined by the source of tbaat DNA. All pathways rely on some

sequence homology being present between the daodaeaipient DNA.

The first VSG switching mechanism involving DNA recombination duplicative
transposition, or gene conversion. Gene conversigalves creating a new copy of a
silentVSGand moving it into the BES, where it replaces pheviously expressed VSG.
This is the most frequently observed pathway expemtally (Robinsoret al, 1999).
SilentVSG in a number of genomic locations can act as deners (Figure 1-6; detailed
below). The amount oVSG sequence copied during gene conversion is variabte
normally extends beyond the boundaries of W8G open reading frame. The upstream
limit of gene conversion is often found to be 70repeats (Liet al, 1983), that flank >90
% of VSGs (Marcello & Barry, 2007a) but can extantb the conserve®&SAG. The
extent of the gene conversion event can vary doeast from the 3’ end of theSG
(Michiels et al, 1983), to the repeats of the telomere (De Landgoé&st, 1982).

Gene conversion can occur by copying from\s&sub-telomeric array of the mega-base
chromosomes, where the 70 bp repeat region anch®’ o the VSG are used most
commonly as recombination homology (see Figure Y{&A et al, 1983; Michielset al,
1983). Other gene donors for gene conversion ikcthd telomerid/SGgenes on either
the mini-chromosomes or in the BES, either in thegaibase or intermediate
chromosomes (see Figure 1-6B and 1-6C respectiv&lypughVSG gene conversion
events have been shown to use the 70 bp repeainregstream of the VSG gene as a
substrate for the recombination event (the oraegen in Figure 1-6) (De Langet al,
1983; Shatet al, 1987), deletion of this region within a BES doed compromise the
antigenic variation mechanism (McCullo&t al, 1997) underlining the flexibility in
substrate choice for this process.
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A: Subtelomeric Conversion
SilentVSGarray

..... —af ool

L

r Active VSGgene

B: Telomeric Conversion C: Telomeric Conversion
Minichromosomes SilentVSGExpression Site

Figure 1-6: VSG switching occurs by recombination of differentVSG genes from different locations on
the T. brucei chromosome.

Gene conversion copies a sil&8G(blue box)into an active expression site (red box) replatirgresident
VSG. The amount of the sequence copied is depietie brackets. The dashed lines show variatidhen
amount of sequence that may be copied. Expresg®massociated genes: black boxes; 70 bp repeatsg®
boxes; BES promoter: red arrow; and telomeric repe@rtical black line.

The second mechanism ¥SG switching is mosaid/SG gene formation. This is where
segments oVSG pseudogenes are assembled most likely by segmgeial conversion
reactions, to create a new functioN&G that is subsequently expressed from the BES (as
shown in Figure 1-7) (Rotht al, 1986). It appears that this reaction is dependeMSG
ORF sequence homology and does not rely on flankorgology, though it may be that
the reactions are anchored by the 70 bp repeateapstor by downstream homology.
Mosaic formation occurs later in infection when ttigonically-infected host generates
comprehensive immunity against most inta&Gs(Kamper & Barbet, 1992; Marcello &
Barry, 2007a). However, since most of #W8Garchive consists of pseudogenes (66 % of
analysedvSGsare pseudogenes) ®SG gene fragments (18 %) it is suggested that the
mosaic formation is important for the parasite’s/atal (Berrimanet al, 2005; Kamper &
Barbet, 1992; Marcello & Barry, 2007a).
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L U U

Active VSGgene

Figure 1-7: MosaicVSG formation by segmental gene conversion.

Generating a neWwSG from a number of silenVSG pseudogenes. The extent of the sequence copied is
indicated by the brackets. Expression site assatigenes: black boxes; 70 bp repeats: orange boxes;
bloodstream expression site promoter: red arrow;talomeric repeats: vertical black line.

The third mechanism ofSGswitching occurs by reciprocal exchange. This @aasical
HR event where a crossover occurs (Paysl, 1985; Sheaet al, 1986), switching a
telomeric VSG gene (either from a silent BES oriaivbthromosome) into the active BES
and moving the previously active BES into the otiedwsmere. There is no loss or gain of
sequence, as the chromosome ends containing tive agpression site and a sileG
are simply exchanged (see Figure 1-8). This meashais less common MSGswitching
(Rudenkoet al, 1996), as it cannot act on the majority of thehae (the silent array in
the mega-base chromosomes) as it is presumablyetimo the telomerid/SGssince

exchange of a VSG array by this approach is likelge lethal (Borsét al, 1996).
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...... Active VSGgene
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Figure 1-8: Reciprocal exchange of th&#SG gene resulting in a VSG switching event.

Reciprocal exchange occurs where HR of the VSG gefor surrounding sequences can occur (crossed
lines). The previously silent VSG gene (blue bosgambines into the active expression site (callgd X
There is no loss of DNA during this cross-over @¢vand both VSG genes are retained. Expression site
associated genes indicated by: black boxes; 7@bgats: orange boxes; expression site promotearred;

and telomeric repeats: vertical black line.

These switching mechanisms enable the expressiorewfepitopes that have not been
previously experienced by the host and allow thegéwity of the parasite in the
bloodstream. Significantly, accumulating evidenagggests that at least VSG gene

conversion is driven by HR, as mutation of coretdex such as RAD51, BRCA2 and
RAD51-3, impair VSG switching (discussed below, tier1.5).
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1.3 DNA repair

The genetic information encoded by genomes composedcleic acid molecules, DNA
and RNA, allow information to be stored, transfdrietween generations and enable the
production of RNA, proteins, and ultimately evesllglar component (Lehningeat al,
1993). As a result, the fidelity and preservatidnttee genome is extremely important.
Endogenous and exogenous damaging agents, as svileantrinsic instability of the
DNA molecules themselves, result in a high levetlafage to the DNA (Friedbeqy al,
1995). Endogenous damaging agents are mostly th@dacts of metabolic pathways,
such as oxidative metabolism, which results in Inngaetive oxygen molecules (hydrogen
peroxide, peroxide and hydroxyl radicals), methglatand alkylation (Marnett &
Plastaras, 2001; Pluskota-Karwatka, 2008). Exogeml@amaging agents or environmental
factors such as ionising radiation (X-rays anagys), UV and chemical damaging agents
can cause atypical bonding between the bases osathe strand, inter-strand crosslinks
and breaks in the phosphodiester backbone. Thesitinstability of the components of
the DNA strand is also responsible for some DNA agen Instability in the glycosyl-bond
linking the pentose sugar ring to the base canec#ius loss of that base and results in
apurine or apyrimidine formation (Friedbesgal, 1995). DNA interactions with proteins
can also cause damage and instability; for exangsters in the replication of the new
DNA strand can result in mismatches, insertiongdeletions of bases. Stalling of the
replication fork can also cause DNA damage (Chan@i&prich, 2009). Finally, some
processes in the cell deliberately create DNA danagch as immunoglobulin and T cell
receptor gene arrangements in mammals, and meiosismny eukaryotes (discussed in
Section 1.5.4 below).

Any DNA damage needs to be correctly repaired tontam the fidelity of the genome.
Repair of damaged DNA prevents chromosomal fragatiemt or rearrangement,
carcinogenesis in multicellular organisms and piaéip cell death (Hakem, 2008).
Consequently, all organisms have the ability toamegheir DNA, which may be either
error-free or error-prone. Given the diversity lve forms of DNA damage many different
DNA repair pathways are used, which are conserveddgreater or lesser extent among all
the phylogenetic groups (Eisen & Hanawalt, 1999nadly, these repair pathways can be
divided into two groups; the first group uses exeismechanisms to repair the misplaced
base(s) or distorted strand(s), and the secondhgmepairs phosphodiester strand breaks,
either single-stranded or double-stranded breaks.
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Three main excision pathways of DNA repaired haeenbdescribed; mismatch repair
(MMR), base excision repair (BER), and nucleotideigion repair (NER) (review in:
Christmannret al, 2003; Kunzet al, 2009; Robertsoet al, 2009). All of these have two
common properties: the use of a nuclease to extisemove the damaged base(s) and a
DNA polymerase and ligase to fill the resulting gapth the correct bases and re-seal the
DNA. Although these two properties are common betwthe different mechanisms, the
specific proteins used to carry out the repair athe pathway differ greatly. These

pathways will not be discussed further here.

The second group of repair pathways, which act @ambbk-strand DNA breaks has two
primary distinct mechanisms (see Figure 1-9); nomblogous end-joining (NHEJ) and

homologous recombination (HR) with the latter impted in VSG switching, (see below
Section 1.5 and above Section 1.2.2). As their naoggests, HR requires a region of
homologous sequence to repair the DNA break whiEB does not (Symington, 2002).

As HR requires base pairing with an unbroken teteplaormally the sequence integrity of
the broken DNA molecule is maintained, whilst NHiBJolves re-ligation of the break

ends and therefore, may result in loss of basegagltine repair (see Section 1.4). HR can
occur through different pathways depending on wéretin not the DNA break ends invade
a homologous DNA duplex, a process termed stravasion. If the broken DNA ends do

not invade the duplex DNA, but utilise base pairsmgpund the DSB, this pathway is

termed single-strand annealing (Figure 1-9B). f&rsd invasion occurs the HR pathway
used depends on whether one or both strand enaddrihie duplex DNA (Figure 1-9C, D,

E) and these pathways will be discussed in morehdep Section 1.4 and Section 1.5
below.
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Figure 1-9: Pathways of DNA double strand break regpir.
A schematic representation of the two main mechasief double strand break (DSB) repair. The fisst i
non-homologous end joining (NHEJA)X and the second is homologous recombination (HRRE), DNA
containing a DSB is represented by black linesdntluplex DNA by blue lines, newly synthesised DbhyA
dashed lines, and NHEJ machinery by red cir®esingle strand annealing (SSA) where the boxeisatel
homology,C: Break induced replication (BIRD-E: Gene conversion. Adapted from J.S. Bell, PhDighes
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1.4 End-Joining Double Strand Break repair

The repair of double strand breaks (DSB) can otgure-joining the two ends of the
broken DNA. To achieve this, there is the classmah-homology end joining (NHEJ)
repair pathway, which may or may not require DNAnodogy (0-5 bp) to facilitate repair
(Roth & Wilson, 1986). In addition, there is anatipaitative end-joining repair pathway,
which acts by joining the ends through the use NADnicro-homology (5-25 bp) around
the DSB (McVey & Lee, 2008).

1.4.1 Non-Homologous End Joining (NHEJ)

As discussed above (Section 1.3), the NHEJ pathwagives ligating the DSB ends
together and frequently results in changes in thABequence and may result in loss or
addition of sequence around the break ends (Pfaffal, 1994; Roth & Wilson, 1986).
Nevertheless, NHEJ has a major contribution in ireplathe DSBs in mammalian cells,
and is vital for cell survival (reviewed in: Dudascet al, 2004; Hefferin & Tomkinson,
2005; Weterings & van Gent, 2004).

The NHEJ pathway uses five primary protein comptseFhree are subunits of the DNA-
dependent protein kinase, comprising the Ku70 andOK proteins, which form a
heterodimer DNA end-binding complex (Ku), and thatatytic subunit (DNA-PKcs)
(Gottlieb & Jackson, 1993; Yanevat al, 1997). The other components act as a
multiprotein complex comprising a NHEJ-specificagg, DNA ligase IV and a ligase IV
interacting factor, the XRCC4 protein (Critchlogt al, 1997). Together these factors
catalyze the DNA ligation step in the pathway.dstbeen shown that the Ku heterodimer
binds with high affinity to both ends of the DSBidaonce bound forms a bridge over the
gap, leading to the recruitment of the other NH&ctdrs (Bliss & Lane, 1997; Falzaat

al., 1993; Ramsden & Gellert, 1998) (see Figure 1-10AE first to be recruited is DNA-
PKcs (see Figure 1-10B). There is some evidendeDN#-PKcs phosphorylation alters
or releases the DNA-PKcs DNA interaction (Bloekal, 2004; Kurimasaet al, 1999).
However, it is not yet fully understood the rolatibNA-PKcs phosphorylation plays in
NHEJ, nor whether DNA-PKcs autophosphorylates fitselwhether it is phosphorylated
by other means. DNA-PKcs is a member of the phdgphimositol 3-kinase-like kinase
group (PIKK), of which ATM and ATR are also membdWeterings & Chen, 2007).
Both ATM and ATR respond to DNA damage and may eaenhin the NHEJ pathway
(Falck et al, 2005). Binding of DNA-PKcs allows the recruitmesftother NHEJ factors
such as the Artemis nuclease (Goodatzl, 2006). DNA Ligase IV-XRCC4 (see Figure
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1-10C) is then recruited and the gaps in the DN& @ocessed (or filled-in) and ligated
together, resulting in the break being repaired @&gure 1-10D).

— =

DNA - PKcs
B L\ /1

XRCC4 __—Ligase IV

Figure 1-10: A simplified representation of the NorHomologous End-Joining (NHEJ) pathway.

Repair of a DSB by the NHEJ pathway. A DSB is recognised by the Ku70/80 heterodimer)(iB&1 DNA-
dependent protein kinase catalytic subunit (DNA-8)Kis recruitedC: Processing of the ends follows with
the LigaselV-XRCC4 complex repairing the ends tgation. D: The DSB is repaired. Other potential
auxiliary factors in NHEJ such as the Artemis naske and Nejl/Lifl in yeast and Cernunnos/XLF in
mammals are not shown. Adapted from Weterings &QRE07).

It has been shown that NHEJ is the main pathway(ID)J recombination (see review:
Gellert, 2002; Liebert al, 2004). This recombination creates the diversityoag the
immunoglobulin (Ig) and the T cell receptor (TCRgngs found in the mammalian
immune system (Abbast al, 1994: Chapter 4). V(D)J recombination is the psscwhere
the variable (V) gene segments are joined to tgeneats encoding the constant (or non-
variable) regions of the Ig or TCR polypeptidese Mariable gene segments can join to
any number of the diversity (D) and joining (J) gesegments, and once joined, the three
gene segments make up a new exon for generatitthasfd TCR heavy chains (Abbas
al., 1994: Chapter 4). As an Ig or TCR locus may dontans or hundreds of V, D, and J
segments, the different combinational possibilies great. As a result, there is a large
number of possible Ig or TCR molecules and the ¢oatlonal possibilities could be as
high as 16, allowing a diverse antibody response to manyedfit agents (Gellert, 2002).
There are specific recognition sequences betweea ¢ene segments called
recombinational signal sequences (RSS). The RS&aderately conserved and contain

up to 7 or 9 conserved nucleotides separated r 23 non-conserved nucleotide spacers
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(Tonegawa, 1983). The rearrangement occurs byierctd DNA sequence between the
V, D, and J segments using the RSS as a guidewfed by ligation of the DNA ends
(Dudleyet al, 2005). It has been found that there are V(D)&ifiperoteins for excision

at specific recombinational sequences and loopirtgeogene segments, named RAG1 and
RAG2 (recombination activation gene) (Oettingéral, 1990; Schatzt al, 1989). These
proteins generate DSBs, which recruits Ku, DNA-PKasd Ligase IV-Xrcc4, causing
NHEJ to have a prominent role in the joining of segment ends (Dat al, 2003).

1.4.2 Micro-homology Mediated End-Joining (MMEJ)

An accumulating number of reports have shown aingisttorm of DSB end-joining
mediated by short stretches of homology (5-25 bgyiéwed in: McVey & Lee, 2008).
Previously, it was thought that this alternativel-mining pathway was a “back-up” to the
classical NHEJ pathway described above (Liedteal, 2004; Wanget al, 2003). It has
now been shown that MMEJ can play a prominentiro(D)J recombination (Corneet
al., 2007) and in Ig class switch recombination (dral, 2007). The MMEJ pathway is
independent of NHEJ core factors such as Ku70/&l(Bn & Jackson, 1996; Liangt
al., 1996; Maet al, 2003) and independent of HR core factors sudRaaib1l and RAD52
(Lee & Lee, 2007). All the proteins involved in thdMEJ pathway as not known but
certain factors have been identifiedSncerevisiasuch as the MRE11 complex (M&aal,
2003), Nejl, and Srs2 (Lee & Lee, 2007) which amevin to also have roles in either
NHEJ pathway or single strand annealing pathwagt{@e1.5.3).

It has also been reported that the Ku70 and Ku8tat involved in VSG switching im.
brucei, as there was no detectable influence of the Ku msitan the frequency of VSG
switching (Conwayet al, 2002a). Moreover, it was found that end-joinirsgng T. brucei
cell extractsin vitro occurred using the pathway of MMEJ while there wasdetectable
NHEJ (Burton et al, 2007). Interestingly, attempts im. brucei as well as other
Kinetoplastidahave been unable to identify some components of\tH&J machinery:
DNA Ligase IV and XRCC4 (Burtoet al, 2007). Potentially, therefore, NHEJ is absent
in these organisms and as end-joining DSB repaicgads by MMEJ. This suggestion
may be supported by the observation that the MMBEthway was found to be the
dominant end-joining pathway for induced DSBS irbrucei (Gloveret al, 2008). MMEJ
has also been implicated in mammalian chromosomesitvcation, which may lead to
cancer (Bentleyet al, 2004), and telomere dynamics Arabidopsis(Heacock et al.,
2004).
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1.5 Homologous Recombination (HR)

Homologous recombination (HR) allows repair of DSyscopying a template that has the
same DNA sequence, thereby allowing accurate datpic of the sequence at the DSB
and preservation of the genomes integrity by engucthromosome stability (reviewed in:
Li & Heyer, 2008; Otero & Hsieh, 1995; San Filipgd al, 2008; Sunget al, 2000;
Symington, 2002; Wymaat al, 2004). HR repairs DSB that have resulted frorfiestaor
collapsed replication forks and exposure to DNA dgmg agents (McGlynn & Lloyd,
2002; Thompson & Schild, 2001). HR also has a molexchange of genetic information
between maternal and paternal alleles during tinergéion of haploid gametes (meiosis),
generating genetic diversity (Richardsetral, 2004). HR has been shown to have a role in
switching of mating types in yeast and in antigeveéciation of pathogens, such &s

brucei.

1.5.1 Mechanism of Homologous Recombination: Gene
conversion

The pathway of HR can be broken down into thregestathe presynaptic, the synaptic and
the post-synaptic (Symington, 2002). In the preptinastage, the DSB is recognised and
the DSB ends are processed to reveal 3’ singledstth overhangs (ssDNA) which then
allows the recombinase Rad51/RadA/RecA (in eukas/atchaea/eubacteria respectively)
to bind to the DNA, with the aid of co-factors (Br@ 1-11 A-D) (Bensoret al, 1994;
Ogawaet al, 1993; Sandleet al, 1996). The synaptic or strand exchange stager®ccu
once a recombinase-ssDNA nucleoprotein filamentfoemed on the 3' DSB tails; the
broken strand invades a homologous duplex DNA nubéewhere a D-loop is formed at
the point of base-pairing (Figure 1-11 E-F) (Synbdmg 2002). The post-synaptic stage is
where resolution of the strand exchange intermesliaiccurs, and can involve branch
migration and resolution of crossed DNA strandg(feé 1-11 G-H) (Symington, 2002).
These three stages appear to be broadly conserid® pathways of all kingdoms of life,
where the orthologous recombinases (Rad51/RadA/Reppear to act in a strikingly
similar manner (Bensoat al, 1994; Ogaweet al, 1993; Sandleet al, 1996). However,
HR can occur by multiple pathways: gene conversvith or without a crossover event,
break-induced replication and single strand annga{reviewed in: Paques & Haber,
1999).

In eukaryotes the genes involved belong to an &psstgroup initially defined ir5.
cerevisiaewhich include Rad50, Rad51, Rad52, Rad54, Rada85R Rad59, Mrell, and
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Xrs2 (Symington, 2002). Many of these factors ameserved proteins in most eukaryotes,
and some in all the kingdoms of life. Recombinatewents must begin with a break in
either one or both strands of the DNA helix, segufe 1-11A. Once DSBs have occurred,
the break ends are processed to reveal 3' ssDNAFgrire 1-11A. Genetic studies have
revealed that irS. cerevisiaethe protein complex comprised of Mrell, Rad50 ArsP
(the MRX complex; also called the MRN complex inmmaals) has helicase and nuclease
activities similar to the RecBCD complex, which sithis action in prokaryotic cells
(Mimitou & Symington, 2008; Symington, 2002). TheRM complex also appears to
function in the yeast NHEJ pathway, and similaitsorole in HR, may be involved in
processing of the break ends by nuclease actiltitypagh the enzymatic process of the
MRX complex may differ for the two pathways (Dudescet al, 2004; Mimitou &
Symington, 2008).

Replication protein A (RPA) binds with a high affinto the free ssDNA, stimulates
binding of Rad51 at the DSB and removes secondab Btructures which could prevent
effective base-pairing during strand exchange (€dul1B and Figure 1-11C) (Baumann
& West, 1998). The Rad51 protein wraps around thasBNA and forms a helical
nucleoprotein filament in which one Rad51 moledufeds to every three nucleotide bases,
in the presence of ATP; this is discussed in ma®ilin Section 1.6 (Figure 1-11D)
(Bensonet al, 1994; Conwaet al, 2004). The nucleoprotein filament is needed fars
invasion of an intact DNA duplex or binding to amet single strand of DNA and
facilitates base pairing in this process, see Eidui1E (Chert al, 2008). Rad51 binding
and nucleoprotein filament formation occurs witle thelp of a number of co-factors
including a variable number of Rad51 paraloguesc(dised in more detail, see Section
1.7), BRCA2, and Rad52, see Figure 1-11C-D. Thaileek roles of these factors are still
being elucidated (San Filippet al, 2008).

It has been shown th&. cerevisiadRad52 helps to displace the RPA from the ssDNA,
facilitating Rad51 binding (Nevet al, 1998; Shinohara & Ogawa, 199&. cerevisiae
Rad52 appears to have a role in all pathways of Bis & Symington, 2004; lvanost

al., 1996) and its mutation has a strong impact omat@th sensitivity and Rad51 foci
formation (Gasioret al, 1998; Hayset al, 1995). Most likely, this is because Rad52 can
also promote some DNA strand exchange and canfdnerallow Rad51-independent
recombination (Mortensegt al, 1996; Pohl & Nickoloff, 2008; Sugiyan&t al, 1998). In
contrast, mutation of mammalian Rad52 has littkeatfon radiation sensitivity, Rad51
foci formation and has little effect on recombipatirate (Rijkerset al, 1998; van Veelen
et al, 2005; Yamaguchi-lwaet al, 1998). Nevertheless, mammalian Rad52 does appear



Rachel Dobson, 2009 Chapter 1, 25

form Rad52 foci when induced by DNA damage (Liu &aitekls, 2000). Interestingly,
Rad52 is not conserved in all organisms and habeen detected in the trypanosomatids
(Berrimanet al, 2005; El-Sayeet al, 2005). In these organisms, the breast cancerdype
susceptibility protein (BRCA2) may function in arsiar manner to Rad52. Mutation in
the BRCAZ2 gene of. brucej nematode and vertebrate cells results in seitgittv DNA-
damaging agents and defects in HR (Hartley & Mo@ul| 2008; Martinet al, 2005;
Moynahanet al, 2001). BRCA2 interacts directly with Rad51 (Pgtlai et al, 2002;
Yanget al, 2002). It has also been shown to bind to ssSDNA@DNA, displacing RPA
and aiding Rad51 binding (Martiet al, 2005; Yanget al, 2002). These studies may
provide evidence that BRCA2 functions in a simil@anner to Rad52 in Rad52-deficient
cells. However, it is unclear why mammalian cebisédnboth Rad52 and BRCA2, and why
there appears to be many other mediators needetthiostep in HR. For example, two
Rad51 paralogues have also been shown to dispRéewhich aids the loading of Rad51
(Sigurdssoret al, 2001) (see Section 1.7 below).
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Figure 1-11: Model for the homologous recombinatio®dNA repair pathway.

The diagram depicts one example of HR pathway, thiehformation of two Holliday junctions leading to
gene conversion with a crossover evekxit. The DNA break ends are processed to reveal 3’ #s[B\
Replication Protein A (RPA) binds to the ssDN@:. Mediators help Rad51 bindindp: Rad51 forms a
nucleoprotein filamentE: With the aid of Rad54, Rad51 catalyses homologethatrand exchange of the
single stranded end (Black lines) into the intagbldx DNA (Blue lines). The DSB can then be repdhioy
different pathways. Holliday junction (cross linédsjmation and a crossover event are depicted RerEhe
donor strand is displaced and copi€d.Resolving enzymes cleave along different axes faoasover event
to occur (Red and Yellow arrows) (Bhattachargyal, 2004; Symington, 2002).
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It has been shown that Rad54, a member of the Swni2/protein family, associates with
the Rad51 nucleoprotein and homologous double d@caDNA, and probably acts in
facilitating the strand exchange by promoting harygous DNA pairing (Petukhova et al.,
1998) (see Figure 1-11 E-F). It has also been sigddehat as members of the Swi2/Snf2
family, Rad54, may function in chromatin remodeilizvhen strand exchange occurs
(Alexiadis & Kadonaga, 2002; Zhang et al., 2007ad®4 is present in T. brucei, but has
not been examined functionally. Once the nucle@mohas invaded the duplex DNA
strands and has found homologous regions, a sedc&@Hoop is formed (Symington,
2002), see Figure 1-11 F. Completion of HR pathvimynow dependent on DNA
polymerase extension from the 3’ end of the invgditrand; DNA synthesis occurs using
the 3’ end as a primer for new DNA synthesis amddbnor strand as a template (Maloisel
et al., 2004; Wang et al., 2004). One HR pathwaglires the model proposed by Szostak
with the formation of two Holliday junctions, fostranded branched structures after the
strand of the donor duplex is displaced and cofiradjues & Haber, 1999; Szostak et al.,
1983). The resolution of these Holliday junctiolas @ither lead to a cross over event or a
non crossover event, depending on the way thedsrare cut by a resolvase (Ip et al.,
2008). If the non-crossover strand and cross otrand of both Holliday junction are
cleaved in the same way, along the same axis, ssaver event will not take place, for
example the yellow arrows on Figure 1-11 G. If tlen-crossover strand and crossover
strand of one junction are cleaved and the nonsapesr and crossover strands of the other
junction are cut along different axis, a crossogeent will occur, for example the red

arrows on Figure 1-11 G (Paques & Haber, 1999).

It would be predicted that resolution of Hollidaygtions formed during HR would lead to
an equal generation of crossover and non-crosseastts, if the resolution was a random
process. This is not the case, &scerevisiaanitotic recombination rarely results in a
crossover event (Kupiec & Petes, 1988). As a reslsecond pathway called the
synthesis-dependent strand annealing (SDSA) modsl| proposed (Nassdt al, 1994).
SDSA occurs where one strand invades the DNA dypterming a D loop, and initiates
DNA synthesis while the other strand remains ungedaPaques & Haber, 1999). The
newly synthesised strand from the D loop is thespldiced from the template and anneals
to the other 3'ssDNA tail, allowing DNA synthesisdaligation of the gaps (Habet al,
2004). It is proposed that SDSA occurs normallynam cross-over events but it can be
modified to provide a crossover event as well (Bsog & Holloman, 1996). Given the
lack of gene crossover, it has been proposed D&ASpathway may be a predominant
mechanism for VSG switching (Barry, 1997; Bogstl, 1996).
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1.5.2 Break induced replication

Some significant variations on the relatively caned HR pathway described above have
been purposed (Section 1.5.1). DSB repair can @dsar through a process called break
induced replication (BIR) (Kraust al, 2001: see Figure 1-9C). This pathway can be
Rad51-dependent or independent but appears to d#e2REependent (Ira & Haber, 2002;
Signonet al, 2001). In BIR, the DSB ends are also processeev®eal 3' sSDNA, but then
only one end of the DNA break invades the duplexADéhd a true replication fork is
formed which can copy a large portion, if not alf, the chromosome (McEachern &
Haber, 2006). The second end of the DSB does matanthe duplex DNA, which can
result in the loss of genetic information in thagion (McEachern & Haber, 2006;
Symington, 2002). It is uncertain the contributihrat BIR has on the repair of DSB,
although it has been purposed that BIR has a sgnif contribution in DSB repair in
recombinase mutants (Malkow al, 2001) and potentially in telomere maintenance
(McEachern & Haber, 2006). It has also been pumbdisat the BIR pathway plays a role
in VSG switching for telomeric genes (Barry & Mc@gh, 2001; Dreeseet al, 2007).

1.5.3 Single strand annealing

Another non-conservative variant of HR is the medda of single strand annealing
(SSA) (Linet al, 1990: see Figure 1-9B; Paques & Haber, 1999k pathway can repair

a DSB that is flanked by repetitive or homologoaguences. The DSB is processed by a
5-3’ exonuclease to reveal 3' ssDNA ends, whick abomplementary to one another
(White & Haber, 1990). As both ends are homologahis, allows base pair annealing.
Non-homologous DNA sequence is excised with logh®fgenetic information (Fishman-
Lobell et al, 1992). Once the base pairs anneal, DNA synthedisws and ligation
repairs the gaps in the DNA strand. SSA appeatsetadependent on Rad52 (Fishman-
Lobell et al, 1992; Sugawara & Haber, 1992) and can occ&:. icerevisiagad51, rad54,
rad55 andrad57 mutants (lvanoet al, 1996).

1.5.4 Other roles of homologous recombination

1.5.4.1 Recombination and antigenic variation in T. brucei

In T. bruceicells, little is known about the specific pathwalyat regulate and act in HR in
VSG switching (see Section 1.2.2n bloodstream stage trypanosom¥§G switching
occurs by two mechanisms. >90% of switches appeactur by DNA recombination,

which delivers a previously silen¥SG into a bloodstream expression site (BES).
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Alternatively, the coat change can occur via trapsional, orin situ, switching between
different BESs (see Figure 1-5: Barry, 1997; Paysal, 2004). HR events in VSG
switching primarily involves a non-reciprocal geoenversion, where the archive gene
sequence is copied into the active BES (McCull@d94). Following nuclease-mediated
removal of the activ&/SGgene, DNA repair processes replace the lost gerempbying a
silentVSG.

It is believed that the HR mechanisms, described/@land in Figure 1-9, play a role in
VSG switching, although there is a patchwork ofadé#nt factors involved. It has been
shown that mutants &IRE11in T. bruceiexhibit chromosomal instability and impairment
of HR. HoweveiMRE11does not contribute to recombination during amtige&ariation in
trypanosomes (Robinsoet al, 2002), perhaps implying that another nuclease bmy
involved in the VSG switching mechanisms, or ora filays a more substantial role than
MRE11. Mutation of RAD51, the central enzyme of HRpairs, but does not completely
disrupt VSG switching, demonstrating that there RA&D51-dependent and RAD51-
independent mechanisms involved (Conwetyal, 2002b; McCulloch & Barry, 1999).
Given that the mediation of homology recognitiond anitiation of strand exchange
requires the action of additional proteins (Baumatral, 1996), identification of the
RAD51 paralogues may explain or perhaps control esah the RAD51-independent
pathways of VSG switching. Studies of two of thesBADS5klike genes RAD51
paralogues) itvSGswitching have shown that mutation of RAD51-3 eauisnpairment of
switching rates, while another, RAD51-5 does nansdo be involved (Proudfoot &
McCulloch, 2005a), suggesting that RAD51 paralogoes/ have distinct roles in the
process. Studies in the bloodstream stage demtetstizat mutation of a putative meiosis-
specific recombinase, DMC1, does not affect HRairepor VSGswitching (Proudfoot &
McCulloch, 2005b). Finally, it has also been shotat T. bruceiBRCA2, which is
thought to act as a co-factor in HR, aiding RAD8&4ding onto ssDNA, has a rolesG
switching, adrca2 -/- mutant celldhave a decrease WiSGswitching frequency of a very
similar magnitude to thead51 -/-mutant cells (Hartley & McCulloch, 2008; McCulloéh
Barry, 1999).

1.5.4.2 Meiosis

Meiosis is a process that results in gametogenasds allows genetic variability of
progeny. It is a specialised cell division that quoes four haploid cells from one
replicating parental diploid cell (Mange & Mang&9B). The haploid cells have half the

number of chromosomes compared to the parental €elomosomal duplication in the
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parental cell results in the formation of two ideak chromatids, and is followed by
chromosomal segregation and cell division (Mang®Mé&nge, 1999). These two daughter
cells divide again with the separation of each péichromatids into the progeny haploid
cells. Fertilisation occurs by fusion of two haplotells which restores the diploidy
(Mange & Mange, 1999).

One important factor in meiosis is the arrangena¢iihe recently replicated chromosomes
into homologous pairs. This alignment of homologoagmosomes occurs in the stage of
meiosis | called prophase I, and is characterisesiyhaptonemal complex (SC) assembly,
genetic recombination and formation of chiasmatah&dsoret al, 2004; Roeder, 1997).
In prophase |, there are five main stages: lepigteggotene, pachytene, diplotene and
diakinesis (Roeder, 1997). In leptotene there ésdbvelopment of a synapse where the
pair of chromosomal homologues become intimategoeated with one another by a
proteinaceous structure, the synaptonemal compiéange & Mange, 1999; Roeder,
1997). The SC is a ribbon-like structure that foromsthe chromosomes and strengthens
their synapsis (Mange & Mange, 1999). For a cross-event to occur a DSB must form
and strand exchange between the homologues oatulee ipachytene stage (Mange &
Mange, 1999; Roeder, 1997). The cross-over evesltsein the exchange of genes
between chromosomal homologues. Whether or nottigemechange has occurred in the
meiotic process is not physically evident until tiplotene stage as the chiasmata form
(Mange & Mange, 1999). Chiasmata are visible uradéght microscope for many cells
and are where the two homologous, non-sister chiidemare connected. This is the
location of the crossover event (Mange & Mange,99%he crossover events that occur
during the process of meiosis enable the randorfilisiguof genetic information creating
new combinations of genes. This allows an incréasee genetic diversity of the progeny
compared to the parental cells, and strengthensa#iseciation between homologous

chromosomes during meiosis.

The double strand break repair pathway similaheodne described in Section 1.4 allows
meiotic recombination to occur (Richardsenal, 2004). However, it is driven by some
meiosis specific factors which have been describadifferent species. It has been shown
that the topoisomerase-like Spoll transesterasiat@s the meiotic recombination by
inducing DSBs irS. cerevisiagKeeneyet al, 1997; Lichten, 2001)The DSB occurs in

the leptotene stage at locations on the chromhtd dre determined by local chromatin
and chromosomal structure (Roeder, 1997). At thB,Di%e DNA is processed to reveal 3’
ssDNA ends probably by the complex of exonucleolgtoteins, Rad50 and Mrell (Neale
et al, 2005). On the ssDNA, a nucleoprotein filamentrferand strand exchange occurs
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which involve Rad51 and, additionally, a meiosise@fic homolog of Rad51 called Dmcl
(Bishop et al, 1992; Ogawaet al, 1993). It has also been shown that Rad52 and
Rhd54/Tid1 are required for meiotic recombinatidad et al, 2008; Shinoharat al,
2000). The segregation and assortment of allelesglgenetic exchange between tivo
bruceidifferent strains occurs when co-transmitted thiotige Tsetse fly and is thought to
involve meiosis (MacLeocet al, 2005; Turneret al, 1990). Most of the components
required for meiotic recombination have been reim theT. bruceigenome (Klingbell

et al, 2007), and one of which, DMC1, has been studfedydfoot & McCulloch, 2005b).
DMC1 mutation in bloodstream stage cells causesoheervable DNA repair or
recombination defect, and perhaps this result rssistent with a function during a life
cycle stage in the Tsetse fly in which meiosis oscthe epimastigote stage (Gibsetral,
2008; Gibson, 1995; MacLecet al, 2007; Proudfoot & McCulloch, 2005b: see Section
1.1.2).

1.5.4.3 The switching of S. cerevisiae mating type

In the budding yeas$. cerevisiaethere are two sexes or mating typasand a. This
defines whether or not individual cells can sexuadiproduce with the same or opposite
mating type. The mating type is determined by ttteva gene present in the mating type
locus (MAT). On the same chromosome as the MAT dpdhere are two alleles that
contain the information of the mating type, calledlL and HMR (Klar, 1987). The HML
is the locus that usually contains unexpressedngayipea information, and the HMR is
the locus that usually contains unexpressed maginga information (see review: Haber,
2006; Symington, 2002). After meiosis and sporalatieach spore divides producing a
mother and a daughter cell without a change inngatype. During the second mitotic
division, it is only the mother cell which can sghitmating type before the next round of
cell division (Haber, 1992). Switching of the matitype occurs by gene conversion of the

active gene with the other silent gene locatethéndonor locus.

The product of theHO gene, an endonuclease, was found to control #gguéncy of
mating type switching of the yeast cell. There twve HO alleles; the dominant allele
causes the homothallic phenotype which has a higinptype switching frequency (can
be one switch per cell division) (Weiffenbach & tab1981). The recessivieo is
responsible for the heterothallic phenotype whiak & much lower mating type switching
frequency (Weiffenbach & Haber, 1981). The switghotcurs by gene conversion in a

similar pathway of DSB repair, described in Sectioh (Stratherret al, 1982). It was
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shown that that MAT switching was lethal lad52 mutants, suggesting the process
involved HR (Malone & Esposito, 1980).

The existence of the enzymes Spoll and HO, whinkrgee a DSB that induces meiotic
recombination and MAT switching respectively, sugige mechanism by which HR can be
targeted to drive a particular reaction (Haber, 209%However, no evidence has been
provided of such enzymes being involved in induclhmgaks for VSG switching in

trypanosomes, and nothing is known about the trotiaevents in this reaction. It may be
the case that DSB arise randomly in specific hatspn BES of a few percent of all

parasites. It is equally possible a distinct predes initiation occurs, such as that used for

MAT switching in yeast.

1.6 The role of the HR recombinases

As discussed previously (Section 1.5.1), the gemeslved in HR (HR) and DSB repair
were identified primarily as radiation (rad) sein&tmutants irE. coli, S. cerevisia@and in
rodent cells (Collins, 1993; Cox, 2000; Symingt@®02) In S. cerevisiaethe genes
involved in DSB repair belong to the Rad52 epistagoup which include Rad51 and the
Rad51 paralogues, and have some role in DNA stexathange. Here, Rad51 and its

homologues in other organisms are referred toasetombinases.

1.6.1 Phylogeny of the recombinases and their role in
strand exchange

RecA is highly conserved among the eubacteria kCéaMargulies, 1965). RecA is a
multifunctional protein, with involvement in thedaction of the SOS response to DNA
damage in prokaryotes, through regulation of theALeepressor protein (Little & Mount,
1982). RecA-mediated cleavage of LexA results ipregsion of many genes, most of
which are involved in DNA repair pathways. AnalysfsRecA also shows that it promotes
the central steps of HR and can be defined as a-BiMAulated ATPase (Craig & Roberts,
1981). RecA binds to ssDNA or partially single sttad DNA to form a nucleoprotein
filament which can promote strand exchange. Itit@en shown that RecA binds with a
higher affinity to sSSDNA than dsDNA. The strand leange-proficient RecA nucleoprotein
filament forms in a 5’-3’ direction relative to tlsengle strand (Register & Griffith, 1985),
and with ATP hydrolysis, the exchange occurs inuaidirectional manner (Jaiat al,
1994). This nucleoprotein filament is helical amhsists of approximately six monomers
of RecA per helical turn, with 2-3 bound basesRecA monomer (Di Capuet al, 1982).
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Studies revealed that the prokaryotic RecA anaritisologs, RadA and Rad51 in archaea
and eukaryotic respectively (Sandédral, 1996; Shinoharat al, 1993), are conserved in
all sequenced organisms, implying that they arerdgsd for HR in living cells (Kawabata
et al, 2005). Analysis comparing. coli RecA and its Rad51 ortholog in yedaSt
cerevisiag revealed that over 30 % amino acid sequence waticdé when the core
domains of each protein were compared (Baumann &tWk998; the red domains of
Figure 1-12). Sequence analysis also showed higtology of the archaean RadA, with
RadA having 40 % identity to yeast Rad51 and aroR@d»% to RecA (Sandleet al,
1996). The human Rad51 protein contains a coreometiiat has 67 % identity t8.
cerevisiaeand 30 % identity witltE. coli RecA (Baumanret al, 1996; Shinoharat al,
1993). These core regions contain two highly coreskrconsensus motifs called the
Walker A and Walker B motifs, or boxes (L&t al, 2006). These motifs are conserved in
ATPases and confer ATP binding and hydrolysis #s/ to the RecA/Rad51 proteins
(Walkeret al, 1982). The nucleoprotein filament formed ®ycerevisiadRkad51 was high
analogous structurally and stoichiometrically tattliormed by RecA, with the Rad51
filament binding 2-3 nucleotides per monomer (Bensbal, 1994; Conwayet al, 2004;
Ogawaet al, 1993). Rad51, from yeast and mammals, was algarsho have a similar

function to RecA, having a role in HR and DSB repai
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Figure 1-12: Sequence comparisons of prokaryotic R& with eukaryotic Rad51 from yeast and
humans.

Schematic representation of the domains of theetpreteins and their relative amino acid sizesgddi
RecA, S. cerevisiae Rad51 and H. sapiens Rad51cdieerved core domains are in red and the N-tatmin
sequences conserved $ cerevisiaandH. sapiensRAD51 are in blue. The averages of the identitgl an
similarity percentages of the amino acids residwibkin the core domains are shown. Reprinted with
permission from Elsevier: Baumaehal.(1998), Trends in Biochemical Scienc2s, pp 248.

Despite these structural similarities and high tdgrbetween the core domains of the

proteins, there are some other differences betvirmmA and Rad51. The proteins differ
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significantly outside the core domain (Figure 1:1Phe RecA and Rad51 proteins have
variable N and C terminal domains (the white dommaih Figure 1-12). The N-terminal
region of Rad51 and RadA (not shown) have a Hedixxghin-Helix (H-h-H) domain, which
appears to be absent from RecA and may have ar8IBA binding (Aiharaet al, 1999).
The prokaryotic RecA andrabidopsisthalianaRecAl have a C-terminal domain absent
in orthologous Rad51 or RadA proteins. This C-teahdomain of RecA has been shown
to bind to dsDNA, although the function is unknogiiharaet al, 1997). It may have a
role in strand exchange due to its dsDNA bindingpprties and maybe even be important
for the packing of adjacent polymers in the RecAAMNament (Aiharaet al, 1997; Story

et al, 1992).

These structural differences between Rad51 and Rec#d account for some observed
functional differences. Firstly, the rate of ATPdnglysis of Rad51 is much lower than that
of RecA. Secondly, while RecA and Rad51 have b&emws to form a filament on nicked
duplex DNA and ssDNA in the same manner, it hasils®wn that human Rad51 can
bind highly supercoiled DNAnN vitro, while RecA was limited by the torsional stress
caused by extensive unwinding (Benseh al, 1994). Thirdly, the DNA binding
preferences of RecA and Rad51 appear to be ditfeRecA prefers to bind to single
stranded or partially single stranded DNA, while thinding affinity of Rad51 proteins to
ssDNA and dsDNA are similar. Fourthly, in strandleange, the Rad51 filament forms on
the complementary strand in the 3’-5'direction whis the opposite direction to that of
RecA filament (Sung & Robberson, 1995). Finally,cRehas been shown to form as a
large nucleoprotein filament across the DNA, whiies is not the case for Rad51 (van der
Heijdenet al, 2007). The Rad51 nucleoprotein formation cong$tmany small flament
fragments that are only a few tens of mononeng (Gallettoet al, 2006). This high
flexibility and dynamic nature of this arrangemisnlikely to facilitate strand exchange of
Rad51 (Galletteet al, 2006).

Most eukaryotes possess a second recombinased €athel (Disrupted meiotic cDNA
protein 1), which potentially functions exclusivelgy meiosis and is not found in
prokaryotes (Bishopt al, 1992).S. cerevisia®mcl was shown to be highly homologous
to Rad51 since 45 % of the amino acid residuesdargical betweers. cerevisia®mcl
and Rad51S. cerevisia®mcl was also shown to have homology viithcoli RecA: with

26 % identity and 41 % similarity of the amino acésidues in the core regions. Dmcl is
required for normal levels of meiotic recombinatenmd progression (Bishagt al, 1992).

H. sapiensDmcl was shown to bind to ssDNA, and have a wedlPase activity

compared to RecA. This study also concluded HhasapiensDmcl has a role in strand
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exchange (Liet al, 1997). InterestinglyCaenorhabditis elegandoes not have Dmcl
however, and the Ce-Rad51 (Ce-rdh-1) protein has lséown to have both Rad51 and
Dmcl properties, with Ce-Rad51 being 59 % identiodus musculufkad51 and 51 %
identical toM. musculusDmcl. The Ce-Rad51 was also shown to be involveB®$B
repair in mitotic and meiotic nuclei, and to actmeiotic progression (Takanarat al,
1998).

1.6.2 Phenotypes of recombinase mutants

Studies have revealed that mutationEofcoli RecAresults in an increased sensitivity to
radiation, and a decrease in HR rates (Clark & Mkeg, 1965). As withE. coli, S.
cerevisiaerad51 mutants are viable and are observed to be deéentivecombination as
well as having an increased sensitivity to a DNAndging agents, including MMS
(Chanet et al., 1996). RadAmutant has been generated in the archaeal exiraloghile,
Haloferax volcanii(Woods & Dyall-Smith, 1997). This mutant has awsdo growth rate
than wildtype cells, had increased sensitivity % damage and DNA recombination was
not detectable (Woods & Dyall-Smith, 1997). The Batteriophage recombinase, UvsX,
was first defined by mutation in “gene 49” that sed the phage to become sensitive to
UV radiation, have a decreased level of genetiomgxnation, a decreased burst size, and
an inability to replicate mature DNA (Miyazalat al, 1983; Yonesakiet al, 1985).
Mutatedrad51in T. bruceicells are viable (McCulloch & Barry, 1999), thougiach cells
display phenotypes such as susceptibility to DNAnage with DNA damaging agents,
MMS and phleomycin, and impaired HR, see ChapeamBChapter 4 of this thesis.

The above information leads to the realisation BetA/Rad51/RadA proteins are crucial
in HR but are not essential. In contrast, genematioconditionarad51 mutants in chicken
DT40 cells showed chromosomal aberrations befolle uaderwent cell cycle arrest and
death (Sonoda&t al, 1998). Similarly, a fatal mutation of th@d51 gene in embryonic
cells indicated that mammalian Rad51 is essentialpfoliferation and survival during
embryogenesis (Lim & Hasty, 1996; Tsuzui al, 1996). Knockouts of the meiotic-

specific proteindmcl, in embryonic mice are viable but are infertile.

1.7 The roles of the eukaryotic RAD51 paralogues

As discussed above, the recombinases are cons#maaghout evolutionary but some
differences between Rad51 and RecA have been bedcfsee Section 1.6.1). These
biochemical and structural differences may be expth at least in part by the evolution of

co-factors that aid the function of the recombisa$&ich co-factors are found in different
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numbers in different organism, and appear onlyg@émi-conserved. Prominent amongst
this group of putative recombinase co-factors heeso-called Rad51 paralogues, Rad51-

like genes that are found in variable numbers &beygotes (see Chapter 7, Section 7.2.2).

1.7.1 Identified Rad51 paralogues

The identification and analysis of Rad51-like fasidhe so called Rad51 paralogues, has
suggested distinct functions of this set of praainring HR. To date, no bacterial RecA
paralogues have been identified, suggesting theyspecific to eukaryotes and archaea.
Within their Kingdoms, the roles and propertiestttd Rad51 paralogues have been best
described in vertebrates and in yedst. sapiensand mammals in general, have five
RAD51 paralogues named Rad51B (also called RadbHRéc2), Rad51C (Rad51L2),
Rad51D (Rad51L3), XRCC2 and XRCC3 (Schdd al, 2000). Like mammalian cells,
Arabidopsis thalianahas five Rad51 paralogues, which are named irsdhee way as the
mammalian proteins, reflecting their likely orthgio(Bleuyardet al, 2005). In contrast,
the budding yeas§. cerevisiaghas only two Rad51 paralogues, called Rad55 ané'Rad
While the fission yeastSchizosaccharomyces pomibas four more recently identified
paralogues called Rhp55, Rhp57, Rlpl and RdIl (&maset al, 2004; Martin et al,
2006; Tsutsuet al, 2001). Unusually, in some species only one Rau#Balogue has been
identified. For instance, the nematddaenorhabditis elegansas RFS-1 (Boultoet al,
2002; Wardet al, 2007), the phytopathologic fungustilgo maydishas Rec2 (Holloman
et al, 2008) and the archaea have RadB (6usl, 2006); in all cases these proteins have
been shown to have a role in DNA repair.Orosophila melanogastemwhere the Rad51
homologue is called SpnA, four SpnA paralogues fatend, SpnB, SpnD, CG2412,
CG6318, although only two of these have been fanetly characterised (Abdat al,
2003). Even within the Kinetoplastida, the numbefs Rad51 paralogues are not
conserved. Four RAD51 paralogues have been idemtiii T. bruceinamedRAD51-3,
RAD51-4, RAD51-5, RAD51-6 and as well as the meispecific protein DMCL1
(Proudfoot & McCulloch, 2005a), and each can batified in T. cruzi Leishmania major
however has only three RAD51 paralogues and appedesk the RAD51-5 (Proudfoot,
2005). The varied number of the Rad51 paralogussuginout the major phylogenetic
groups and the loss of RAD51-5 frobeishmaniawill be considered further in the

discussion (see Chapter 7, Section 7.2.2).

1.7.2 Phenotypes of rad51 paralogue mutants in yeast

In S. cerevisiaaull mutations of the two Rad51 paralogues]55 andrad57, have been

described and each mutant causes cold sensitigitypNA repair and recombination
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(Game & Mortimer, 1974; Hayst al, 1995; Lovett & Mortimer, 1987). A mutation in the
conserved lysine residue within the Walker A motif Rad55 affects recombination,
whereas a equivalent mutation in Rad57 has no tafflemhnson & Symington, 1995).
Rad55 and Rad57 are both required for mating-typiécising in the yeast, which is a
specialised mitotic recombination event (Johnsorsy@nington, 1995; Sugawaret al,
1995; see above Section 1.5.4.3)d55 andrad57 mutants also result in a decrease in
DNA damaged-induced Rad51 foci formation (Gagbal, 1998), consistent with a role

in the Rad51-mediated strand exchange stage in HR.

As discussed abov&,. pombédias Rhp55 and Rhp57 proteins that are ortholodgaob5
and Rad57 inS. cerevisiaefespectively,as well as twoadditional Rad51 paralogues
named RIpl and Rdl1 (Khasanet al, 2004; Martin et al, 2006; Tsutsuet al, 2001).
However,S. pombehp55 andrhp57 mutants display phenotypes that are differenhéd t
of rad55 or rad57 budding yeast mutants. For example, a mutaticghetonserved lysine
residue of the Walker A motif in Rhp55 and Rhp5féetked both cell lines when treated
with the DNA-damaging agent, MMS (Tsutstial, 2001). Also, the&s. pombehp55 and
rhp57 mutants were more sensitive to MMS at lower terapees compared to the.
cerevisiaerad55 andrad57 mutants (Johnson & Symington, 1995; Tsutsual, 2001).
Rhp55 and Rhp57 have roles in spore viability, alhébur fission yeast Rad51 paralogues
have roles in meiotic recombination (Grishchuk &#p2003).

1.7.3 Interactions and roles of yeast RAD51 paralog ues

S. cerevisiaerad55 and rad57 mutants display cold sensitivity, which is a pndpe
associated with proteins that complex as multipldusits or with other proteins,
indicating that the proteins act as a complex. T¥as shown to be the case, with Rad55
and Rad57 found to interact in yeast-two hybridlgsis (Hayset al, 1995; Johnson &
Symington, 1995) and that Rad55 and Rad57 formahlestheterodimer based on co-
Immunoprecipitation data (Sung, 1997). It has bskown that Rad51-mediated strand
exchange can be enhanced by the addition of Rad853Rad57,n vitro (Sung, 1997).
Rad55 also interacts with Rad51 in yeast-two hyandlysis, while there is no evidence
that Rad57 interacts with Rad51 (Hagt al, 1995; Johnson & Symington, 1995; see
Figure 1-13 ). In fission yeast, Rhp55 and Rhp%0 ahteract with one another but, in
contrast to budding yeast, Rhp57 interacts Rad3ip%R) (Tsutsuiet al, 2001). It is
noteworthy (see below) that mammalian Xrcc3 and3R@adalso interact with Rad51,
since these have higher homology with Rhp57 congp&bp55 (Grishchuk & Kohli,
2003).S. cerevisiadkad55 interaction with Rad51 has been shown tdtrsstabilisation
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of the Rad51 nucleoprotein filament on the singitarsled DNA (Miyazakiet al, 2004).
Rad55-Rad57 have also been shown to overcome hifgtion of Rad51 strand exchange
caused by RPA (Sung, 1997), and overcome the DAIrand HR defects aad55 and
rad57 mutants (Hayset al, 1995; Johnson & Symington, 1995). As a resulth&se
analyses, it appears that the Rad55 and Rad57ogaes interact as co-factors for the
formation and stabilisation of Rad51 nucleoprofdaments in DSB repair.

Figure 1-13: Predicted model of complex formationgnd interactions amongS. cerevisiae Rad51 and
the Rad51 paralogues.

S. cerevisiaeRad51 paralogues, Rad55 (55) and Rad57 (57), axglh to act as a heterodimer. Rad55
interacts with theS. cerevisiaecombinaseRad51 (51), helping polymerisation of Rad51 on sS8DN
resulting in strand exchange and DSB repair.

1.7.4 Phenotypes of rad51 paralogue mutants in
vertebrate cells

Two mammalian Rad51 paralogue proteins, XRCC2 aRC®&3, were identified by
functional complementation of thesl andirs1SF mutant hamster cell lines. These cell
lines had common phenotypes: they were sensitiMeN& damaging agents, extremely
sensitive to DNA cross-linking agents and displaygdss chromosomal aberrations.
These were so-called the x-ray repair cross comgdimg (XRCC) genes as
complementation of the XRCC2 and XRCCa3iigl andirs1SF respectively efficiently
restored cell function (Liet al, 1998). In contrast, Rad51B (Albata al, 1997), Rad51C
(Dosanjhet al, 1998) and Rad51D (Pittmaet al, 1998) were identified by sequence

database analysis based on similarity to Rad51.

Mutational analysis in mice has revealed tmat51B rad51C rad51D and xrcc2
mutations are embryonic lethal where the foetuseiev@mall and malformed (compared

with a healthy foetus) and died in early-mid gestat (Deanset al, 2000; Kuznetsoet
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al., 2007; Pittman & Schimenti, 2000; Skual, 1999). Despite this lethality of embryonic
cells, Rad51 paralogue somatic cell mutants, sschamster cell lines (V79 and CHO)
and chicken lymphocyte cell lines (DT40) are viafleil et al, 1998; Takatat al, 2000;
Takataet al, 2001). This allowed phenotypic analysis of theanticell lines and potential
roles to be assigned to the Rad51 paralogues. €Stinyi the Takeda group showed that
mutation ofrad51B rad51C rad51D, xrcc2 andxrcc3in chicken DT40 cell lines resulted
in very similar phenotypes, with a decreased grawath, an increased sensitivity to DNA
damaging agents (bothrrays (mild) and cross-linking agents (strong))d an reduced
ability to undergo HR relative to wildtype cellsaKataet al, 2000; Takataet al, 2001).
These phenotypes were similar to the ones sedreirsi. andirs1SFmutants lacking in a
functional XRCC2 and XRCC3 respectively (L&t al, 1998). It has also been observed
that mutation ofxrcc2 and xrcc3 affected HR rates compared to hamster wildtypés cel
(Johnsoret al, 1999; Pierceet al, 1999). Rad51 paralogue mutants in chicken DT4I8 ce
also showed a decrease in DNA damage-induced RembIiformation (Takataet al,
2000; Takateet al, 2001). This was especially relevant, showing la for the Rad51
paralogues in relocalisation of Rad51 into foci whBNA damage occurred or in
stabilisation of the Rad51 foci (Haef al, 1995).

It is interesting to note that the phenotypes Saetme Rad51 paralogue mutant chicken
DT4O0 cell lines can be fully or partially overcorng over-expression of human Rad51 and
with complementation of the corresponding human3Raoaralogue gene (Takagh al,
2000; Takateaet al, 2001). Also, two studies have shown that theyeail embryonic
lethality of Rad51B and Rad51D mutation in mice Idoe partially overcome by their
generation in @53 -/- background. p53 has a role in checkpoint cetllee control and
apoptosis, and loss of p53 is sufficient for anrease in proliferation of the highly
comprised Rad51B and Rad51D mutant foetuses ¢6hl) 1999; Smiraldeet al, 2005).

1.7.5 Interactions and roles of Rad51 paralogues in
vertebrate cells

Yeast-two hybrid and co-immunoprecipitation anasybave been carried out to examine
the interaction between the mammalian Rad51 panalgyoteins. These experiments
showed that Rad51 paralogues in human cell extrfacta two discrete protein sub-
complexes, one containing Rad51B-Rad51C-Rad51D-XR@ECDX2) and the other
Rad51C-XRCC3ZCX3) (Massoret al, 2001b; see Figure 1-14 ; Schédal, 2000). Later
analysis supported these findings, confirming RRat51C was indeed present in the two
Rad51 paralogue complexes, BCDX2 and CX3 tial, 2002b).
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Figure 1-14: Predicted model of complex formationsnd interactions among mammalian Rad51 and
the Rad51 paralogues.

Rad51, Rad51B, Rad51C, Rad51D, XRCC2 and XRCC3len in the diagram as 51, B, C, D, 2 and 3
respectively. XRCC2-Rad51D and Rad51B-Rad51C dimensbine to form the Rad51B-Rad51C- Rad51D-
XRCC2 complex. XRCC3 may promote the dissociatibrRad51C from this complex to produce the
XRCC3-Rad51C dimer that binds to Rad51 (kfwal, 2002a).

Further analysis of the Rad51 paralogue complexes ditempted to determine their
function. The first of these studies examined ttecomplex comprising of the two Rad51
paralogues, Rad51B-Rad51C (BC). As mentioned ini®@ed.5.1 above, RPA is needed
for Rad51-mediated strand exchange. RPA bindsdas#DNA and is thought to remove
any secondary structures that may hinder the HRwagt. As RPA is bound to the ssDNA,
it competes with Rad51 for binding sites to theNsDemplate. It was showim vitro that
this inhibitory effect of RPA could be overcome ttme BC complex, with an increase of
strand exchange products when BC complex was adgte reaction containing Rad51,
RPA and ssDNA (Sigurdssoet al, 2001). Another biochemical analysis focused on
another Rad51 paralogue complex, Rad51C-XR@&). This suggested that CX3 had
Holliday junction resolvase activity (Liat al, 2004). As described in Section 1.5.1, some
recombination events require the formation of aliday junction intermediates, where
rrecombining DNA strands cross. Resolution of tHasetions in bacteria is carried out by
RuvABC. It was found thatad51C and xrcc3 mutant human cell extracts had reduced
levels of resolvase activity, while addition of fi@d complexes with Rad51C such as the
BC complex to the extract restored all activitylet al, 2004). Additionally, it has been
shown that Rad51C stabilises XRCC3, as knockingndBad51C levels in HelLa cells by
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RNAI also greatly reduced XRCC3 levels (L& al, 2004). The data above have been
used to generate the interaction model in Figu®,1which suggest that the Rad51
paralogues form at least two distinct complexesjclwhpotentially provide distinct

functions within the mammalian cell.

1.7.6 Phenotypes of the rad51-3 and rad51-5 mutantsin T.
brucei cells

Four RAD51 paralogues have been identified irbrucei,RAD51-3, RAD51-4, RAD51-

5, RAD51-6 and the meiotic-specific protein DMProudfoot & McCulloch, 2005a). To
date, mutations in onl[RAD51-3andRAD51-5have been generated. Both mutations result
in HR impairment (but not complete abolishment) aienotypic sensitivity to DNA
damage (Proudfoot & McCulloch, 2005a). In addititmoth mutants show a reduced
capacity for Rad51 re-localisation into discretei fimllowing phleomycin DNA damage.
Together, these preliminary data are consistert thi¢ hypothesis that the two proteins act
as RAD51 mediators (Proudfoot & McCulloch, 2005aikar to the suggestion in yeast
and mammals (this is discussed in Chapter 4). trast to this, studies in the bloodstream
stage could find no evidence thatbruceiDMC1 acts in HR, DNA repair, or in antigenic
variation (Proudfoot & McCulloch, 2005b).

1.7.7 Some examples of the phenotypes of the Rad51

paralogue mutants in other eukaryotic cells

1.7.7.1 The Rad51 paralogue in Caenorhabditis elega ns

RFS-1 is the only identifie€. eleganRad51 paralogue and is closely related to human
and mouse Rad51D (Boult@t al, 2002; Martinet al, 2005). RFS-1 was suggested not to
have a role in meiosis as meiotic crossover eventsmeiotic Rad51 foci form irfs-1
mutants (Wardet al, 2007). The phenotype ofs-1 mutants was found to be different to
that seen irC. elegans brcaPnutants, where there was a decrease in Rad51ofocation
(Martin et al, 2005; Wardet al, 2007). Thafs-1 mutant was also moderately sensitive to
irradiation-induced DSBs and severely sensitivertiss linking agents, such as cisplatin,
compared with wildtype cells (Waret al, 2007). It was concluded that RFS-1 had a role
in genome integrity primarily due to a role in reption asrfs-1 mutants were severely
sensitive to agents that are thought to impactepfiaation fork progression. Interestingly,
successive generations of nutritionally starvésdl mutant cells results in progressive

sterility which can be defined as Mortal germlinetemts (Mrt). These Mrt mutants also
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develop telomere erosion suggesting another rolehef RFS-1 in genome stability
(Yanowitz, 2008).

1.7.7.2 The Rad51 paralogue in Ustilago maydis

The fungudJstilago maydisalso has only one Rad51 paralogue, Rec2. This ismasually
large protein relative to the other Rad51 paralegweth an amino acid sequence of 782
which is twice the size of the). maydisRad51 protein. Comparisons between the
maydisRad51 and Rec2 amino acid sequences show th&Vahesr A and B boxes have
52 % and 21 % identity and 76 % and 65 % similarggpectively (Fergusaest al, 1997).
Mutants ofrec2 have an increased sensitivity to DNA damaging eg8nV, MMS andy-
radiation) and recombination rates are also deetkd$he phenotypes ofc2 mutants was
similar to that observed in thd. maydisRad51 mutant cells (Fergusat al, 1997).
Strikingly, analysis of the purified 110 kDa REC2otin showed that this Rad51
paralogue is able to bind to ssDNA, has DNA-depah@dd Pase activity and is able pair
sequences that have homology (Kmgtcal, 1994), activities not found for any other

Rad51 paralogue.

1.8 Aims of the project

The overall aim of this thesis was to examine ferrtthe roles of thd. brucei RAD51
paralogues in the DSB repair pathway of HR andparticular, to assess whether or not
this group of related proteins provide a singlecfion or multiple functions. To this end,

three approaches were adopted.

1.8.1 Examining the role of RAD51-4 and RAD51-6

To date, generation and analysesanf51, rad51-3 rad51-5 anddmclmutants have been
conducted (McCulloch & Barry, 1999; Proudfoot & Ma{ch, 2005a; Proudfoot &
McCulloch, 2005b). It was therefore necessary tan@re the functions of the two
remaining RAD51 paralogues, RAD51-4 and RAD51e6build a complete picture of the
possible roles of these genesTinbrucei If T. bruceiRAD51-4 and RAD51-6 have
similar roles to RAD51-3 and RAD51-5 and potenyidib Rad51 paralogues of other
species, it would be predicted that the proteinis eantribute to general HR and DNA
damage repair. It is difficult to predict whether mot RAD51-4and RAD51-6 will be
involved in VSG switching, given the conflicting tdaon RAD51-3and RAD51-5,see
Chapter 4, Section 4.6. To this end, heterozygos lromozygous mutants of the
brucei RAD51-4and RAD51-6genes were generated by gene disruption. Thishiago
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replacing the open reading frame (ORF) of the gertle one of two antibiotic resistance

cassettes, puromycin and/or blasticidin. Phenotygrialyses of the confirmed mutants
were carried out: growth rates, sensitivity to DNAmage agents, transformation
efficiencies, ability to form DNA damage induced BAl foci and VSG switching were

analysed (Chapter 3). These phenotypes were thewmpared to those observed in the
rad51-3 -/-andrad51-5 -/-cells (Chapter 4).

1.8.2 Analysing the association between the RAD51-
paralogues

To determine if the RAD51 paralogues form disceetl-cellular complexes similar to that
of the Rad51 paralogues in mammals, or a single ptam analogous to yeast
Rad55/Rad57, interaction between the proteins wasssed. Two approaches were used
(Chapter 5). The first approach involved yeast-twbrid assays. For this, the genes were
cloned into bait and hunter plasmids, pHybLex/Zend apYesTrp, respectively
(Invitrogen). Western analysis was used to showeprcexpression and analysis of any
interaction(s) was performed using the Yefsjalactosidase Assay kit (Pierce), X-gal
filter lift assay, and histidine auxotrophy anatysiln the second approach,
immunoprecipitation of the RAD51 paralogues wagmatited to determine interactions
between the proteins withifh. bruceicells. To aid testing for protein-protein interacis,
anti-sera was generated against the RAD51 paradogaed used for co-
immunoprecipitation. Where such anti-sera was fawnloe inappropriate due non-specific
binding, T. bruceistrains were generated in which the RAD51 paralsguere expressed
with an epitope tag, PTP (Schimangktial, 2005a; Schimanslet al, 2005b). This tag
allows immunoprecipitation of the proteins whicimdze followed by western analysis.

1.8.3 A luciferase assay for T. brucei homologous
recombination

The third experimental approach of this thesis teadesign a novel assay to test for HR
rates and pathways ih brucei.To date, all general HR if. bruceihas been assayed by a
relatively artificial route, evaluating the abiliof the parasite to undergo HR by measuring
the rate of integration of a construct containing antibiotic resistance marker. This
assures that the number of antibiotic resistamistoamants will directly relate to the
efficiency of HR. In fact, this assays, measurasgformation rather than recombination,
and may be prone to experimental fluctuation. Thgdive of this approach was to

develop an alternative assay, which is more phggioal and adaptable (Chapter 6).
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2.1 Cell culturing

2.1.1 Trypanosome growth

T. bruceibloodstream stage 3174.2, a derivative of therstiaster 427, was used and
analysed in all the experiments described in thesis. Lister 427 strain is primarily
monomorphic, and has adapted to life in laboratanyditions and has the ability to infect
rodents (Melville et al, 2000). The derivative of Lister 427 strain, 32/4has two
resistance markers, (neomycin and hygromycin @sist cassettes) in the bloodstream
expression site that expresses MITatl.2a, VSG2Rérefore the 3174.2 strain enables the
VSG switching frequencies and mechanisms to beyaed) and is discussed in more detail
in Section 3.4.5 (McCullocht al, 1997; Rudenket al, 1996).

All T. bruceibloodstream stage strain 3174.2 cells were groviiNi-9 medium (Hirumi

& Hirumi, 1994). This media contains a powder suggplby Invitrogen containing
hypoxanthine, L-cysteine, pyruvic acid, thymidineathocuproedisulfonic acid an@h
mercaptoethanol. The medium was made by additidisgde culture water (Sigma) to the
sachet of powder (Invitrogen) and completed witled@v/v) fetal bovine serum and 1 %
penicillin/streptomycin (Invitrogen). The cells wepassaged on a twice/thrice weekly
basis and grown in a 3T, 5 % CQ incubator.

2.1.2 Transfecting of T. brucei

T. bruceibloodstream stage strain 3174.2 cells were grovkiNi-9 medium (see above).
An aliquot of 5 x 10 cells was centrifuged at 600gfor 10 minutes at room temperature.
The cells were then resuspended in 0.5 ml of pnesdr Zimmerman Medium with
glucose [132 mM NaCl, 8 mM KCI, 8 mM MNdPO, 1.5 mM KH,PQO,, 0.5 mM Mg
acetate, 0.09 mM Ca acetate, 0.25 mM D-glucosar(®jg Cells were electroporated in
0.2 cm cuvettes (Bio-Rad) with approximatelyd of plasmid DNA at 1.5 kV and 25+
capacity. The construct DNA had been linearisechgugiestriction enzyme digestion
followed by phenol/chloroform purification and etih precipitation. After
electroporation, cells were added to 10 ml of HMie® 24 hour recovery at 37C. The
recovered cells were centrifuged at 60@ or 10 minutes at room temperature and
resuspended in fresh HMI-9 medium. A volume of B cells were diluted in 36 ml of
HMI-9 medium containing the appropriate drug coniion and plated over a 24 well
plate at 1.5 ml per well, i.e. approximately 2.08®X cells per well. Growing cells were
counted after 7-10 days by imaging each well ofpfa¢e under a light microscope (Leitz).
The number of wells that contained transformants wecorded. The population of
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transformants in a well were considered cloifalhe number of wells with growing cells
did not exceed 10 out of 24.

Once the clones were confirmed, each cell line wt@bilated, and stored in liquid

nitrogen. This was carried out by adding 0.9 mtelfs at log phase density of 2 x®ger

ml with 0.1 ml of 100 % glycerol. This was then tgmixed thoroughly and added to a
cyro-vial (Nunc) and frozen at -8%C over 48 hours. This was then moved to liquid
nitrogen storage and given a Wellcome Centre forekldar Parasitology (WCMP)

stabilate number.

2.2 Isolation of DNA

2.2.1 Methods of DNA extraction

The QIAprep spin miniprep kit was used to extrdesmid DNA fromE. coli cells. For
larger preparations of DNA frofa. colicells, GenElute HP plasmid kit (Sigma) was used.
The manufacturer’s protocols were followed for ettraction methods using Qiagen and

Sigma Kits.

DNeasy blood and tissue kit (Qiagen) was used taexDNA fromT. bruceicells. For
larger preparations of DNA froffi. bruceicells, 1 x 10 cells were centrifuged at 600gx
for 10 minutes and resuspended in p006f lysis buffer [50 mM Tris-HCI (pH 8.0), 1 mM
EDTA, 100 mM NaCl], and SDS and Proteinase K (Sigmeere added to final
concentrations of 0.01 % and 0.1 mg'nespectively. This was incubated at %7
overnight; protein and lipid were removed using rgiiEhloroform extraction and the

genomic DNA recovered by ethanol precipitation (selew).

2.2.2 Phenol/Chloroform extraction and ethanol
precipitation of DNA

To purify genomic or plasmid DNA from solution, &enol/chloroform extraction and
ethanol precipitation was carried out. This wasedby adding an equal volume of buffer-
saturated phenol:chloroform:isoamyl alcohol (25124Sigma) to the DNA solution. The
solution was mixed well by vortexing for plasmid BNind gently inverted for genomic
DNA. The two phases were separated by centrifugatiaa microcentrifuge at 16,000gx

for one minute. The agueous layer was removeduared a new tube.
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One tenth of the total volume of 3 M sodium ace{&kl;COONa) (pH 5.2) (BDH) was
added along with three times the total volume d&f ¥ ethanol (Fisher). The solution was
then frozen at -20°C for 20 minutes, after which the DNA was centrédgin a
microcentrifuge at 20,000 g for 30 minutes at 4C. The DNA pellet was washed with
100 yl of 70 % ethanol and re-centrifuged for one minttke pellet was air dried and

resuspended in the required volume op@H

2.3 RNA extraction

2.3.1 RNA extraction from T. brucei cells

For extraction of RNA, RNeasy mini kit (Qiagen) wased. The RNA extract was then
treated with deoxyribonuclease | (DNase; Invitrggenremove any DNA contamination
from the sample. The manufacturer’s protocols wese for all methods.

2.3.2 Reverse Transcriptase-PCR (RT-PCR)

To convert RNA into first-strand cDNA, the Supenti™ First-Strand Synthesis System
for RT-PCR (Invitrogen) was used. The manufactsrénstructions were followed using
random hexamers. Briefly, pg of DNase treated RNA, {il of random hexamers (50
ngul™), and 1ul of 10 mM dNTP mix was added to a final volumel®ful with DEPC-
treated HO. Two reactions were carried out for each sanpie, the positive sample and
the other as a negative control containing no se/éranscriptase (RT). Each sample was
incubated at 65C for 5 minutes, followed by cooling on ice. To kasample, ul
RNaseOUT reaction [gl of 10X RT buffer, 4ul of 25 mM MgCh, 2 ul of 0.1 M DTT, 1

ul of RNaseOUT recombinant ribonuclease inhibitorhswadded. The reaction was
incubated at 28C for 2 minutes. To the positive sample (and netriegative control), 1
ul (50 U) of SuperScript™ |l RT was added and indetaat 25°C for 10 minutes. The
reaction was then incubated at@for 50 minutes followed by 7 for 15 minutes, then
chilled on ice. The RNA template was degraded hyitemh of RNase H to each tube and
incubated at 37C for 20 minutes. The cDNA was used as templaterfaplification using
standard PCR (see below).
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2.4 Cloning procedure

2.4.1 Polymerase Chain Reaction (PCR)

PCR reactions were carried out for cloning and estiregy. Routinely, the PCR mixture
contained 1 U of eithéfFaq (Biolabs) or Herculase (Stratagene), (0.5100 pmoles) of the
primer pair, see Table 2.1, the required bufferceotration, Iul (10 mM) dNTPs and 1-5
ng of template DNA to a final volume of b per reaction. DNA fronT. bruceistrain 427
was used as DNA template for cloning of the ORFsl @ene fragments. PCR
amplification was carried out in either a thermgler Robocycler® (Stratagene) or a TC-
3000 (Techne), under the PCR conditions: denaturati 94°C for 5 minutes, followed by
30 cycles of denaturation at 88 for one minute, annealing of primers at 50°6dfor one
minute and extension at P2 for one minute per kilobase amplified. A finaltexsion
time of 10 minutes at 7Z ensured the PCR amplification had reached itsptetion. For
purification of the amplified DNA, the PCR cleankip (Qiagen) was used.
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Description of the primers used for PCR amplifioatin the separate Chapters of this thesis, Chagtes,

and 6. This gives a brief description showing amstniction enzyme sites in colour and gives thecigige

Table 2-1: Description of the primers used in thex@eriments described in this thesis.
DNA sequence of the primer. This Table is continaedwo following pages, 50-51.

Rachel Dobson, 2009
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Table 2-1: Description of the primers used in thex@eriments described in this thesis, continued.
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Table 2-1: Description of the primers used in thex@eriments described in this thesis, continued.
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2.4.2 Restriction enzyme digestion of DNA

Restriction enzyme digestion of DNA was performeihg Biolabs enzymes using the
manufacturer’s instructions. Routinely, for redidn mapping approximately 1{g of
DNA was digested in a final reaction volume of @0and for transfecting intd@. brucei
approximately 1 mg of DNA was digested in a firedetion volume of 200l.

2.4.3 Gel electrophoresis and DNA fragment purifica  tion

Standard electrophoresis techniques using 1 % (aggrose LE analytical grade gel
(Cambrex) in 1x Tris[hydromethyl]methylamine Acetdiuffer (TAE) was employed for
routine analysis (Sambroak al, 1989). Electrophoresis was performed at 100 wwisg

a Bio-Rad PowerPac Mini. To the gel an aliquot @&0]000 dilution of Sybr®Safe stain
(Invitrogen) was added before it set. The gel wiasialized by a U.V. transilluminator
(Bio-Rad) and digitised using Quantity One 4.6 (Biad).

For extraction of the DNA, fragments were excisenrf the agarose gel and then extracted
using MinElute gel extraction kit (Qiagen) accoglito the manufacturer’s instructions.
The DNA was routinely eluted with 30-%0 TE buffer or dHO.

2.4.4 DNA Ligation

DNA ligations were performed using 1:1, 1:3, an@ fas a negative control) ratios of
vector:insert in volume, 2.5 U T4 ligase (Biolakbgjh 2 pl 10X ligase buffer in a final
volume of 20ul. The reaction took place at %€ overnight. Table 2-2 describes the

plasmids used in this thesis.
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Table 2-2: Description of the vectors used in thexperiments described in this thesis.
The names, brief description and source of theoveatsed in the experiments in this thesis.

Vector Name Application Reference

pCP101 source ofia IR-BSDACctin IR Proudfoot & McCulloch (2005b
pCP121 source ofia IR-PUR-ACctin IR Proudfoot & McCulloch (2005b
pRM481 source ofia IR-BLE-Actin IR-af IR McCulloch gift

TOPO 2.1 pCR®2.1 cloning vector Invitrogen

pBluescript Il KS+ | cloning vector Stratagene

pHybLex/Zeo yeast-two hybrid "bait" vector Invitrogen

pYesTrp2 yeast-two hybrid "prey" vector Invitrogen

pC-PTP PTP tagging the C terminus of a protein Schimansket al.(2005b)
pN-PTP PTP tagging the N terminus of a protein Schimansket al. (2005b)
pGL3-Basic source ol uciferaseORF Promega

2.4.5 Transformation into E. coli

All E. coli growth was on Luria broth [LB; 5 g yeast extracte{ffdrd), 10 g tryptone
(Formedium), 5 g NaCl (low salt) or 10 g NaCl (highlt) in 1 L pH 7.0] and agar
(Melford) was added if plates were required. Ligas were transformed into chemically
competentE. coli XL1-Blue MRF [A(mcrA)183 A(mcrCBhsdSMRmrr)173 endAl
SUpE44 thi-1 recAl gyrA96 relAl lg&" proAB lacl9ZAM15]; Stratagene] by heat
shocking the cells at 4Z for 45 seconds with the required amount of DNA.akquot of
900 pl of LB was added to the cells and cells were iratat for 50 minutes at 3.
Approximately 200ul cells were then plated onto selective LB agatgslaontaining 40
ng.mr* of 5-bromo-4-chloro-3-indolyp-o-galactoside (X-gal; Sigma) and 10@.ml* of
ampicillin (Sigma). The plates were incubated at°87overnight. Addition of X-gal
allowed blue/white selection; a few white colonvesre screened by restriction digestion
and positives were sent to be sequenced by theetsiy of Dundee DNA sequencing
service. The M13 forward and reverse primers wesegally used for sequencing. All
alignments and manipulations were carried out usBigstN (Pubmed), AlignX

(Invitrogen) and Vector NTI Suite 9 (Invitrogen).

2.4.6 Transformation into S. cerevisiae

Preparation of competer. cerevisiaeL40 strain [MATa his3A200 trp1-901 leu2-3
122ade2 LY S2:(4 lexAopHIS3) URA3:(8lexAopdacZ) GAL4 Invitrogen] was performed
using the S. c. EasyCompTransformation Kit (Invitrogen) following manufacer’s
instructions. Co-transformations of both pHybLexdZait and pYesTrp2-Prey

(Invitrogen) into yeast L40 strain was carried aatl selected using minimal media (see
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Section 2.10 for media details). The pHybLex/ZedtBand pYesTrp2-Prey constructs
were made by Sandra Terry.

2.4.7 TOPO TA cloning

For one-step cloning of a PCR fragment into a pldsractor, Invitrogen’s TA cloning kit
was used. This involved direct insertionTadq polymerase-amplified PCR products into
the plasmid vector pCR®2.1-TOPO®. A reaction of l.@f PCR product (approximately
10 ng), 1ul of NaCl solution, lul pPCR®2.1 vector, and @l dH,O was incubated at room
temperature for 5 minutes. Then, 210 of this reaction was added to the OneShot®
competent cells (Invitrogen). The cells were transied by heat shocking (see Section
2.4.5).

2.5 Southern blotting

Southern blotting analysis (Southern, 1975) dematesi that the alleles (tAD51-4and
RAD51-6were disrupted. The purified genomic DNAs fromdiype, heterozygous, and
homozygous mutants were digested using restrigtimymes at 37C overnight. These
were then electrophoresed on a 0.8 % agarose gehight as previously described (see
Section 2.4.3). The gel was imaged on a U.V. thamsinator (Bio-Rad) with a ruler
parallel to the gel so that the sizes of the badetected by hybridisation could be
measured. To nick the DNA, the gel was soakeddb M HCI (Fisher) for 15 minutes and
washed in dpO. The DNA was then denatured by soaking the geleimaturing solution
[0.5 M NaOH and 1.5 M HCI (Sigma)] for 30 minuté&his denaturating solution was
washed off with dHO and the gel was soaked in neutralising solutioM[TIris-HCI pH
8.0, 1.5 M NaCl (Sigma)] for a further 30 minutdfie DNA was transferred to a nylon
membrane (Hybond-XL; Amersham) by capillary blaftunsing 20 X SSC [3 M NaCl, 0.3
M NagCeHs0;7.2H,0] as a transfer buffer overnight. The DNA was sloged to the

membrane using a UV stratalinker (Stratagene).

PCR-amplification (see Section 2.4.1) provided B¢A fragments used for the probe.
These products were gel extracted (see SectioB)2¥he probe was made using the Gene
Images Random Prime Labelling Kit from Amersham hyldridisation of the probe to the
membrane was performed following the manufactur@nstructions. The probe was

detected using th@ene Image€DP-Star Detection Module (Amersham).
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2.6 Protein analysis

2.6.1 Protein extraction from S. cerevisiae cells

The following protocol, adapted from procedures cdbged by Hybrid HuntéV
Invitrogen, was used to extract proteins from yeastransformants. A single colony
transformant was inoculated into 10 ml of the appete media and grown at 3G while
shaking at 250 g for 24 hours. The cells were pelleted by centati@n for 5 minutes at
2500 xg and the supernatant was decanted. The cell pedietfrozen for 10 minutes at —
80 °C, then thawed and resuspended in iD6f pre-warmed cracking buffer [8 M urea
(BDH), 5 % SDS (BDH), 40 mM Tris-HCI pH 6.8 (Fishe0.1 M EDTA, 1 %p-
mercaptoethanol, 0.4 mg.thlbromophenol blue (Sigma)]. The cell suspension was
transferred to a tube containing 1i0of glass beads (Sigma) and then incubated 8€70
for 10 minutes. The solution was mixed by vortexiog one minute and centrifuged at
14,000 xg for 5 minutes at room temperature. fd0of the supernatant was boiled at 100
°C for 5 minutes and electrophoresed on a 10 % pofiamide SDS gel (Bio-Rad).

2.6.2 Protein extraction from T. brucei cells

2.6.2.1 Crude protein extraction from T. bruceice lIs

For protein preparations frofh bruceicells, 2 x 16 cells were pelleted at 1000gp¢or 10
minutes and washed twice in 1 ml of PBS. The ag#ise re-centrifuged and resuspended
in 200 pl lysis buffer [500 mM Tris HCI (pH 6.8), 10 % glgol, 10 % SDS, 5 98-
mercaptoethanol, 0.05 % bromophenol blue (Sigm@jje extract (20-50ul) was
electrophoresed on a 10 % polyacrylamide SDS geli&d).

2.6.2.2 Whole cell and nuclear protein extraction from T. brucei
cells

For larger protein preparations frofm bruceicells, 1 x 18° cells were centrifuged at 1000
x g for 10 minutes and washed twice in 1 ml of PBS. Ték pellet was frozen on dry ice
and stored at -88C until required, for up to three months. The peotavas adapted from
Smeatoret al (2007). Frozen pellets were resuspended inB@d hypotonic lysis buffer
[HLB: 10 mM Tris-HCI (pH 7.9), 1 mM EDTA, 10 mM NdC1 mM oc-dithiothreitol
(DTT) (Sigma) and protease inhibitor cocktail (Rejhincubated on ice for 20 minutes
and vortexed for 30 seconds. The mixture was dag#&d at 800 g for 2 minutes at room
temperature, to collect the nuclei. The supernatad retained. The pelleted nuclei were
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resuspended in nuclear extract buffer [NEB: 20 miid-HCI (pH 7.9), 1 mM EDTA, 400
mM NaCl (Sigma), 1 mM DTT, protease inhibitor caakt(Roche), and 10 % glycerol
(Riedel dettén)] and incubated on ice for 20 minutes. The refisupernatant was added
back to the reaction and the cell debris was rehdyea centrifugation at 20,000gxfor

20 minutes at £C. The supernatant was aliquoted and quickly frazging dry ice and
stored at -80°C (Smeatonet al, 2007). The protein concentration of the extraeisw
quantified using the Bradford assay (Bio-Rad).

2.6.3 Electrophoresis of SDS-polyacrylamide gels an d
Western blotting

To examine expression of proteinn brucei,cell lysates were analysed by western blot
(Towbin & Gordon, 1984). Protein samples were laadeto a 10 % polyacrylamide gel
(Bio-Rad ready gels) and electrophoresed at 180 ¥ X SDS running buffer (Bio-Rad)

for approximately one hour or until required sefiarawas achieved.

For western blotting, the proteins were then tramsfl to a nylon membrane (Amersham),
at 100 V for 60-70 minutes in transfer buffer [23nTris, 192 mM glycine and 20 %

methanol (Sigma)]. The membrane was first blockadoine hour then probed with the
appropriate concentration of primary antibody iodking solution [5% powdered-milk

(Marvel), 0.01% tween20 (Sigma) in PBS] for 1-18ire The membrane was washed
with blocking solution and probed with the apprafei concentration of secondary
antibody for one hour at room temperature. To degettibody binding, horseradish
peroxidise (HRP) fused secondary antibodies weed.u3he HRP was detected by
enhanced chemi-luminescence (Supersignal by Pigrie) was exposed to the chemi-
luminescence. This film was processed in devel@mer fixer using a Kodak Ex-omat.

Most membranes were then stripped with strippinfiebyPierce) and re-probed with a

different antibody.

2.7 Purification of anti-RAD51 and the anti-RAD51

paralogue anti-sera

Antibodies were raised against the RAD51 and RAD#talogue purified proteins
containing a C-terminal 10 X HIS tag (RAD51-HIS aRAD51 paralogues-HIS); this was
carried out by Dr Chris Stockdale. One rabbit wasduto raise anti-serum against the
RAD51 and RAD51-4 recombinant proteins, a sheepwsasl to raise anti-serum against
RAD51-3, two chickens were used to raise anti-seagainst RAD51-5, and a rat was
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used to raise anti-serum against RAD51-6 by thettiShoBlood Transfusion Board,
Edinburgh.

2.7.1 Anti-RAD51-5 purification from chicken egg yo ks

Pierce® Chicken IgY Purification Kit was used toripu IgY from the egg yolk of
chickens. This was carried out using the manufacsirinstructions. Briefly, the total
volume of the egg yolk was calculated. Five tintes volume of delipidation reagent was
added to the yolk. This mixture was mixed thoroygliding a magnetic stirrer overnight at
4 °C. Then the mixture was pelleted at 10,009fer 15 minutes at 4C. The supernatant
volume was measured and filtered to remove allqdate material. An equal volume to
the supernatant of IgY precipitation reagent wageddand mixed for two minutes. This
mixture was left overnight at %C. After this settling period, the mixture was dgmhixed
and then centrifuged at 10,000 gxfor 15 minutes at £4C and the supernatant was
discarded. The pellet obtained contains the puarifggy. To dissolve the IgY out of the
pellet, an equal amount to the original egg yolkunme of PBS was added and gently

mixed until it was completely dissolved.

2.7.2 Affinity Purification of anti-RAD51 and the a nti-
RADS1 paralogue anti-sera

For purification of the anti-sera, purified proteioontaining an N-terminal GST tag were
used (GST-RAD51 and GST-RADS51 paralogue proteifisg¢se GST protein purifications
were coupled to beads (Aminolink resin; Pierce) cihwere then used as an affinity
column. The protein purifications and affinity colns were prepared by Dr Chris
Stockdale. Once made, the affinity column was stamned.05 % sodium azide/PBS al@.

For affinity purification of the anti-sera, the iaffy column was allowed to rest at room
temperature. The resin was washed with 5 ml of @08odium azide/PBS (Sigma). The
anti-sera was added to the column in @b@liquots and allowed to flow through. This was
repeated until the entire sample had been loadédetgolumn. 10Qu of 0.05 % sodium
azide/PBS was added to the column and allowedte through, after which the column
was closed at the bottom. 5Q00f 0.05 % sodium azide/PBS was added to the colum
and the top was capped. This was incubated at teotperature upright for one hour, after
which, the column was washed with 12 ml of PBS. @hgbody was eluted off the column
by addition of 4 ml of 100 mM glycine-HCI (pH 2.7)he elutant was collected in 0.5 ml
fractions, and quickly neutralized with the additiaf 50ul of 1 M Tris-HCI (pH 7.5). The
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column was washed with 10 ml of PBS and 2 ml o6@® sodium azide/PBS was added
as a storage buffer.

The protein concentrations of the fractions weralysed using the Bradford assay (Bio-
Rad). As the Bio-Rad assay could only tolerate rAM of glycine, the fractions were
diluted to a ratio of 1:40 with did. The fractions with the highest concentrations of
protein were pooled and their buffer was exchangeal PBS using the Bio-Rad Econo-
Pac 10DG column, using the manufacturer’s instonsti

2.7.3 Acetone protein extraction for purification of anti-
RAD51-4 anti-serum

The acetone protein extraction method was adaptedrify anti-serum, in this case, anti-
RAD51-4 anti-serum (Sambroait al, 1989). This method uses an acetone extract of a
cell line, in this casd. brucei rad51-4 -/-that is known not to express the target antigen,
in this caseT. brucei RAD51-4. The cells were growth in 500 ml to a dgn®f
approximately 2 x 1%per ml, and were pelleted, washed in PBS and fimabuspended in

8 ml of PBS and left on ice for 10 minutes. Aftéilling, 64 ml of cold acetone was added
to each and left on ice for a further 30 minutdsisBolution was pelleted at 11,60@ for

10 minutes and the supernatant discarded. 10 odldfacetone was added to each and left
on ice for a further 10 minutes. The solution waant centrifuged again at 11,60@yxor

10 minutes and the supernatant discarded. ThetpeHls transferred to filter paper
(Wattman) and spread out as much as possibleaw #tle mixture to completely dry. This
dried protein was then weighed. For every 1 grandragd protein, 100 ml of unpurified
anti-serum can be added. In this case, 1 ml ofRAD51-4 anti-serum was added in a 1
ml eppendorf along with the dried protein/cell rabe. This was then incubated atGifor

30 minutes and then pelleted at 11,606 for 30 minutes. The supernatant contains the

purified antibodies.

2.8 Analysing the knockout phenotypes

2.8.1 Growth curve and doubling times

To determine if the growth afad51-4 -/- andrad51-6 -/- mutants differed to wildtype
cells, population doubling time was measured. To exanming wildtype, heterozygous
and homozygous mutants were inoculated (in tripgicat 5 x 16 cells per ml in HMI-9

and cell densities were counted at fixed time [®iat 24 hour intervals. The results were
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plotted on a semi-logarithmic graph (MS Excel, M&oft). The doubling time for the cell
lines were calculated by comparing the cell comnmid-log phase using the following
equation: Time Elapsed + (3.3 x Log(Cell countret €nd of time elapsed + Cell count at

the beginning), where the time elapsed is in haand,the cell count is in cells per ml.

2.8.2 DNA damage sensitivity

2.8.2.1 Clonal survival with DNA damaging agents

The cell lines were grown to mid-log phase, apprately 2 x 18 cells per ml and the
cells were counted using a haemocytometer. The waglte then diluted to 1 cell per 2000

of HMI-9 medium. The diluted cells were plated oae®6 well plate with 20@l in each
well (i.e. 1 cell per well). Five different conceations of methyl methanesulphonate
(MMS) and phleomycin were added to the cells alfooncentrations of 0.0 %, 0.0001 %,
0.0002 %, 0.0003 %, 0.0004 %, and PgOMI™*, 0.025ug.mr?, 0.05ug.mi?, 0.075ug.mr™,
0.1 ug.mi?, respectively. These plates were left in the imtobfor 14 days. Growth per
well was checked and at day 14. This was donephctite and the average clonal survival

was calculated.

2.8.2.2 Alamar blue analysis of IC 5, values for MMS and
phleomycin

The cell lines were grown to mid-log phase, apprately 2 x 18 cells per ml and the
cells were counted using a haemocytometer. Fihst, 36 well plate (Nunclon) was
prepared; 10QI of HMI-9 media was added to all the wells exciptthe first column. To
the first column, 20Qul of the stock of MMS and phleomycin were adde®10% and 4
ug.ml‘l respectively). Serial dilutions were made, by ngkiOOul from the first column
and mixing it with the next column. With clean pigetips, 10Qul from the second column
was added to the third column and mixed, and soToneach well, 10Qu of cells at a
density of 2 x 10cells per ml were added. These cells were allowegtow for 48 hours
after which 20ul of 0.125 % resazurin/PBS (Sigma) was added. Wais then incubated
for 24 hours at 37C. The plate was read by a spectrometer using fiife540 nm
excitation and 590 nm emission (Wallac EnvisionQ2Multi-label reader) and the data

was analysed using MS Excel and GraphPrism.

2.8.3 Transformation efficiency assay

To assay for recombination rate, a linearised p@&c®NA containing a drug resistant

cassette was transformed into each cell line. Aimpeeparation (GenElute HP plasmid kit,
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Sigma) of pRM450 was digested for which approxitya®0 ng of cleaned linearised
plasmid was required. This construct contained lagshycin resistance cassette flanked
with tubulin intergenic regions. The cell lines warown to mid-log phase, approximately
2 x 10 cells per ml, in a final volume of 25 ml. The cééinsity was measured by counting
with a haemocytometer. A total of 5 x"1€ells were transfected with;§) linearised DNA
(see Section 2.1.2). The cells were allowed tovector three generations before plating
out on selective HMI-9 medium containingig.mi™* of phleomycin. A total of 5 x 10of
wildtype and heterozygous mutant cells were dilute86 ml of selective media. Then 1.5
ml of the diluted cells were plated in each wellao24 well plate, which is equivalent to
2.08 x 10 cells per well. As the homozygous mutant cells weiare likely to have a
deficiency in recombination ability, 2 x 1@ells were plated over 48 wells, which is
equivalent to 4.16 x £@ells per well. The cells were incubated for 14sday37°C and
the number of wells with cell growth was scoredclitaell line was analysed in triplicate
with the same linearised DNA, for consistency. Tiensformation efficiency was
described as the number of wells with growth pércHlis plated out on selective medium.

2.8.4 VSG switching frequency and mechanism analysi s

Use of theT. brucei BSF strain 3174.2 enabled the analysis of the V®dclksing

frequency and mechanisms (McCulloghal, 1997; McCulloch & Barry, 1999; Rudenko
et al, 1996). This was carried out by generating acguimemunity against. bruceicells

expressing a specific VSG in mice, and then reetirig the mice withT. bruceicells that

were allowed to switch their VS@ vitro. TheT. bruceicells were recovered from the
mice, only those that switched to a different VS@aild have survived the host immune
system. Female adult ICR mice were used and eachapproximately 20 grams in
weight. Analysis of the switched. bruceicells recovered from the mice allowed VSG
switching frequency and mechanisms to be calculditeslis described in detail in Chapter
3, Section 3.4.5, whilst the experimental detaiks @described below. All animal handling

was carried out by Dr Richard McCulloch.

To generate mice immune to a specific VSG the valhg method was used. Wildtype
cells strain 3174.2 was engineered to expressafiepéSG, named VSG221, by selecting
the cells on HMI-9 containing hygromycin B (5.@.mI*; Calbiochem) and G418 (2.5
ug.ml*; Calbiochem) for a period of 5 days (McCulloghal, 1997; McCulloch & Barry,
1999; Rudenkaet al, 1996). A total of 2 x 1Dcells expressing VSG221 were injected
intraperitaneally into each mouse. For each celé lto be examined, at least three
individual mice were injected. When the infectie@ached 3-7 x focells per ml (typically
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3-4 days), the mice were cured by injection of charsan (Rhone Merieux; 5 mgKy
The cured mice were then allowed to recover foleast 1-5 weeks prior to further

challenge.

To generate switched variantsvitro, each cell line which had been previously grown on
hygromycin B (5.0ng.mf*) and G418 (2.5:9.ml*) in HMI-9 for a period of 5 days to
express VSG221, were allowed to grow for a peribdine generations off antibiotic
selection. This was carried out by passaging this oeo 25 ml of HMI-9 at a specific
dilution such that the final concentration was appnately 2 x16 cells per ml: for
example, a volume of 7.8 x 1wildtype cells were added to 25 ml of HMI-9 antbeled

to grow for 63 hours without passage. Three inddpehpassages were set up of each cell

line, and the differences in vitro growth rate were also accounted for.

Once the cells had grown for nine generations, eatthre was counted and a total of 4 x
10" cells were pelleted at 600 g and resuspended in 2Q0 of HMI-9 media. This
suspension was then used to challenge the micer Afperiod of 24 hours post-challenge,
the survivingT. bruceicells were recovered from the mice by cardiac punectThen vivo
growth rates were not examined for the experimdatribed in this thesis, as there was
only a modest defect im vivo rad51 -/- mutant population doubling times compared to
that of the wildtype, as described by McCulloch &rg (1999). An aliquot of 40Ql of

the recovered blood was transferred into a st@tkgner tube, and centrifuged at 4509 x
for 5 minutes. This separated the blood into déffedayers, serum, buffy coat (containing
white blood cells, platelets ant@l. bruceicells) and red blood cells. Since there was
sufficient blood recovered from each mouse, this d@ne in duplicate. The numberTof
bruceicells recovered from the mouse could not be coubéaduse the switch frequency
was so low, as only eight wildtype 3174.2 cellstslwiand survive per I&ells injected.
To ensure the maximum number Bf bruceicells were collected, the serum, buffy coat
and the top of the red blood cell layer were tranmsfd to 20 ml of HMI-9 medium. This
was then mixed well and distributed over a 96 wddite for each duplicate pair. These
plates were incubated at 37 for 14-21 days. The growing populations were
microscopically monitored and 10 clones from eadbuse were passaged into HMI-9
medium. To analyse the mechanism of VSG switchimg,DNA was extracted from these
cells as previously described (see Section 2.211) replica passages of each selected

clone were carried out in media containing hygroimyB (5.0 ug.mi') or G418 (2.5

pg.mrh).



Rachel Dobson, 2009 Chapter 2, 62

The switching frequency was calculated by countimg number of recovered. brucei
cells over 96 well plates. This number was mukiglby 2.5, as the recovered blood from
the mouse was only 40 % of the total approximat@dlvolume of the animal. This
number was then divided by the number of doublimgs$ that had occurred during the 24
hour period following injection into the mouse. Alection of recovered clonal populations
were plated on hygromycin or G418, and the DNA freath population was extracted.
PCR-amplification and drug sensitivity allowed tN&G switching mechanism to be
deduced and the three possible switching eventdesmeribed in Chapter 3, Section 3.4.5,
depending of the presence of the ORF of hygromyatiosphotransferase, neomycin
phosphotransferase, an5G221genes, as well as analysing whether or not these a
expressed by selection with hygromycin B (gdml*) and G418 (2.5g.mi™).

2.9 Immuno-localisation

2.9.1 Fixing T. brucei cells to slides

Cells were grown to a density of approximately 10k cells per ml, and pelleted at 60@x
for 1 minute. The supernatant was removed, anadd¢hs were completely resuspended in
100 ul PBS (Sigma). To the evenly resuspended cells, 1 o 1 % (v/v)
formaldehyde/PBS was added and the solution waerted several times. This was then
stored at 4C for 1-24 hours. The formaldehyde fixed cells wiv@n centrifuged at 600 x
g for 1 minute at £C. The pellet was washed twice in 1 ml chilled PBBowed by a
wash of 1 % Triton X 100 (Sigma) to a final coneatibn of 0.1 %. This was incubated at
room temperature for 10 minutes and glycine (Sigwe added to a final concentration of
0.1 M. Another incubation at room temperature comeed for 10 minutes. The cells were
pelleted and resuspended in 200f PBS and spread evenly onto a glass slide (klenz

glaser). The cell suspension was allowed to dryptetaly for 2-18 hours.

2.9.2 in situ fluorescence microscopy and DAPI staining
of T. brucei cells

Once the cells had been fixed and dried on tolttle €Section 2.9.1), the cells were ready
to probe with indirect fluorescent antibodies (IFg)d counter stain with 4’, 6-diamidino-
2-phenylindole (DAPI; VectaShield mounting mediumthADAPI, Vector Labs). First the
slides were washed with 1 x PBS for 5 minutes iplidgars. The cells were then blocked
with TB buffer (0.1 % Triton X 100, 0.1 % BSA in BB for 15 minutes. This was

removed and the primary antibody which was dilutedB buffer was added and left for
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55 minutes. The primary antibody was washed ofédgking the slides thrice, in PBS for
5 minutes each time. The secondary antibody dilutedB buffer was added for 45
minutes. The slides were covered to prevent liggdidhing of the sample. The slides were
then washed as before and counter stained withdteys of VectorShield (Vector Labs).
A cover slip was then placed on the slides andeslealth nail polish (Boots). Once dried,
the slides were visualised using an Axioskop 2 asicope and Openlab 5.00 software.
The images were cropped using PhotoShop 6 (Adobe).

2.10 Assaying yeast two-hybrid interaction

S. cerevisiaewildtype L40 strain was grown on YPD media (10 g ya&fast extract
(Melford), 20 g of bactopeptone (Melford), and 206fglextrose (Fisher) in 1 L at pH 5.8)
at 30 °C for 24 hours. If plates were required, agar wdded per manufacturer’s
instructions (Melford). The L40 strain also regsi@denine (0.01 %; Sigma) for growth.
Minimal media (YC-W; Clontech) was used for thewtio of cells containing pYesTrp2-
Prey constructs, while selection with 300 pg‘rakocin (Invitrogen) was used for cells
containing pHybLex/Zeo-Bait constructs. Cells caagformed with both pHybLex/Zeo
and pYesTrp2-Prey were grown up on YC-W media 880 pg.mf zeocin at 30C for

at least 48 hours. The pHybLex/Zeo-Bait and pYegIRpey plasmids are described in

more detail in Chapter 5, Section 5.3.

2.10.1  To test for histidine auxotrophy

This was performed by inoculating 10 of yeast overnight culture onto an agar plate
containing minimal media lacking histidine and @ning increasing concentrations of 3’

aminotriazole which is a competitive inhibitor ofmidazole-glycerolphosphate

dehydratase, the product of tlh#S3 gene (Kanazawat al, 1988). The same yeast

overnight cultures were used to inoculate mediumtaiaing histidine as a positive

control. The cultures from this plate were thenduisethep-galactosidase filter lift assay

(see Section 2.10.2).

2.10.2  B-galactosidase filter lift assay

A colony of each pHybLex/Zeo-Bait and pYesTrp2-Pceytransformation, X and Y, was
grown up on selective media, on YC-W with 300 pd.méocin at 36C for 48 hours. The
colonies were transferred to a nitrocellulose memér(Hybond-C super, Amersham). The
filter was cooled on a foiled boat over liquid ogen for 30 seconds then submerged for 5
seconds to permeabilise the cells. The filter viaasved and placed in the lid of a Petri dish
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containing a filter paper (#1 Whatmann) saturateth i.5 ml of Z buffer (60 mM
NagHP Oy, 40 mM NaHPQO,, 10 mM KCI, 1 mM MgSQ, (Sigma) pH 7.0) containing 30
ul of 50 mg.mt* of X-gal (Sigma). This was wrapped in moist tissuel incubated at 30
°C for 30 minutes. The blue colouration of the cadsrshowed thg-galactosidase activity
occurred, when the X-gal was cleaved forming 5-lwekchloro-3-hydroxyindole. This
by-product was then oxidised, resulting in an iobtg blue product, 5,5dibromo-4, 4'-
dichloro-indigo. The plate was then allowed to ctwo# °C and a photograph was taken of
it.

2.10.3  Yeast B-galactosidase assay kit

The vyeastp-galactosidase assay kit by Pierce was used toctdeted quantify
transcriptional activation of-galactosidase gene, following manufacturer’s udtons.
Briefly, two independent clones of each pHybLex/Bsit and pYesTrp2-Prey co-
transformant were grown as liquid cultures in YCwith 300 pg.mif zeocin at 30C for

48 hours. Cell density was quantified by measutheg optical density (OD) at 620 nm.
Cell lysis solution and o-nitrophengtD-galactopyranoside (ONPG) was added to the
cells.p-galactosidase mediated conversion of ONPG toroptienol, a yellow precipitate,
was quantified by measuring absorbance at 420 nng @96 well plate reader (Wallac
Envision, 2102 Multi-label reader). Each measurameas performed in triplicateB-
galactosidase activity was calculated using theoiiohg equation: (1000 x Absorbance
420 nm) + (t x V x OD 620nm) where t is the assagction time in minutes and V is the
volume of culture used in the assay in ml. Theudateon and graphs were completed in
MS Excel (Microsoft).

2.11 Co-immunoprecipitation

The Pierce ProFound™ co-immunoprecipitation kit weaed to isolate native protein
complexes fronT. bruceiextract. The whole cell protein extraction frdmbruceimethod
was used (see Section 2.6.2.2); this allowed etxdra@ large concentration of proteins
without the presence of cell debris. Pierce’s Purfeld™ co-immunoprecipitation protocol
was followed. Briefly, the antibody coupling gel ridnoLink® Plus Gel) was washed
three times with 400ul of Coupling Buffer (BupH™ Modified Dulbecco’s PBS
Approximately 400-50@ug of concentrated affinity purified antibody (sescton 2.7) was
coupled to the antibody coupling gel. An overnigitubation at room temperature was
performed to allow the resin to couple to the adiy after which approximately 1-2 mg

of total extracted protein was added to the antib@din mixture.
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2.12 PTP purification of protein complexes

A standard purification was carried out with 4 nilpsotein extracted using the method
described above, Section 2.6.2.2. Firstly 20@f the 1gG beads were equilibrated in a
poly-prep chromatography column (BioRad) with 50ahPA-150 [150 mM KCI, 20 mM
Tris-HCI pH 7.7, 3 mM MgG, 0.5 mM DTT and 0.1 % of Tween 20 (Sigma)]. The
extracted proteins were pooled and 0.5 ml of pe#eahibitor tablet (Complete Mini,
Roche) dissolved in 1 ml of PA-150 was added. TW@6ewas then added to a final
concentration of 0.1 % (v/v) to the extract. Théuom was closed at the bottom and the
cell extract was added to the IgG matrix. The t@s when closed and left to rotate &C4
for two hours at a low speed. After this periodiofe, the column was then placed in the
upright position on a clamp and beads were lefsdtile. The flow through was then
collected, and washed with 10 ml of PA-150 by iiotafor 10 minutes at 2C. The matrix
was washed again with another 15 ml of PA-150 bw fihrough. All flow through washes

were kept.

For further purification, TEV protease removes Bretein A and IgG. This was carried
out by washing the 1gG-protein A-bound proteingwiib ml of TEV buffer [150 mM KCI,
20 mM Tris-HCI pH 7.7, 3 mM MgGJ 0.5 mM EDTA, 1.0 mM DTT and 0.1 % of Tween
20 (Sigma)] by rotation for 10 minutes af@. 2 ml of the TEV buffer and 200 Units of
TEV protease was added to the beads and leftaterot the column for 16 hours af@.

The anti-protein C affinity matrix was allowed tauslibrate in a second poly-prep
chromatography column (BioRad) with 50 ml of PC-1580 mM KCI, 20 mM Tris-HCI
pH 7.7, 3 mM MgCJ, 1 mM CaC}, and 0.1 % of Tween 20 (Sigma)]. The top and lbotto
plugs from the IgG column were removed and thetelwaas recovered by gravity flow
and the columns dead volume was eluted by adddfofh ml of PC-150. To titrate the
EDTA in the TEV buffer, 7.5l of 1 M CaC}hwas added as well as 0.5 ml of the dissolved
protease inhibitor tablet (Roche). This was themdferred to the anti-protein C affinity
matrix equilibrated column. The column was closédh& bottom and top plugs were
closed. This was allowed to rotate &4for two hours at a low speed. After this peridd
time, the column was then placed in the uprighttmrson a clamp and the beads were left
to settle. The flow through was then collected. Tierix was washed with a total of 60
ml of PC-150 buffer, with the first and last washesating. When the washes were
complete, the bottom plug was closed and @08f EDTA elution buffer [5 mM Tris-HCI
pH 7.7, 10.0 mM EGTA, 5.0 mM EDTA] was added to thatrix. This was incubated for
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10 minutes at room temperature and the eluate whscted. This was repeated three

times in total.

The eluted protein was then concentrated usingStnataClean resin (Stratagene) by
incubating the 10ul of the resin with the eluate for 20 minutes rioigtat room
temperature. The beads were then pelleted by tuggdtion at 5,000 xj for 1 minute. The
supernatant was removed and the proteins weresegldaom the beads by boiling for 5
minutes in 2Qul of SDS-PAGE loading buffer. This was then loadedto a 10 % SDS-
PAGE gel.

2.13 Bioluminescence detection

T. bruceibloodstream form cells expressing theiferaseORF were analysis to confirm
that there were detectable levels of biolumineseembe cells were counted and washed in
PBS to remove the HMI-9, and serial dilution of t&ds was carried out in PBS. The cells
were diluted from a starting density of 2 X*1®a final density of 1.56 x f@ells in a total
volume of 200ul of PBS. To each well, 20l of 1 mM of d-luciferin/PBS (Promega) was
then added. The plate was incubated af@7or 30 minutes. After this, the plate was
removed from the incubator and left at room temipeeafor 15 minutes. Bioluminescence
was then read using a 404 nm filter (Envision).l@inescene was measured in Relative

Light Units and a graph was generated using MS [Exce
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Chapter 3. Role of two RADS51
paralogues in T. brucei , RAD51-4
and RAD51-6.
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3.1 Introduction

DNA sequencing of the genome Bf bruceihas determined that there are 9,068 predicted
genes within the 11 megabase chromosomes (Bermtnaly 2005). Out of these predicted
genes only 50.5 % have been assigned a functiorer®= genetics approaches allow gene
function to be ascertained, based on the abilityptedict function from the protein
sequence. These approaches identify a gene fromNiesequence, disrupt or delete the
main open reading frame (ORF) or products of theFOBnd analyse the resulting
phenotype. Gene disruption techniques, such asragemg null mutants, can help
understand the gene product’s effect on a phenptme allow the biological role of the
protein to be established. The complete genomeeseguand reverse genetic approaches

at the disposal of the researcher are valuable @ allow pin pointed genotyping.

One such prediction was made by Proudfoot & McQ@unl{2005a), where six single copy
T. bruceiRAD5related genes were identified. One gene enc&&d51 while another
encoded the closely-related factopMC1, which is inferred to act in meiotic
recombination (Proudfoot & McCulloch, 2005b). Thaurf other genes are designated
RAD51paralogues; for more details, see Discussioni@e¢t2.2. To examine the role of
two of these geneRAD51-3andRAD51-5 gene disruption techniques were used to create
homozygous mutants if. brucej and the resulting phenotypes were analysed (Ryoud
& McCulloch, 2005a). It was shown that the two RADparalogues, RAD51-3 and
RAD51-5, have a role in DNA repair and homologoesombination and in the case of
RAD51-3, VSG switching (Proudfoot & McCulloch, 2085 As there is comprehensive
published data on the phenotypesrati5l -/ rad51-3 -/; andrad51-5 -/- mutants
(McCulloch & Barry, 1999; Proudfoot & McCulloch, @Ba) for completeness, it was
necessary to generatad51-4 -/-andrad51-6 -/-mutants In this chapter, th&RAD51-4
andRAD51-6mutant cell lines are generated and analyseseofetsulting phenotypes are
described. This will help to understand the roletlné four RAD51 paralogues and
ascertain whether or not each act in DNA repair egxbmbination, as predicted by

sequence homology.

To investigate the role of RAD51-4 and RAD51-6,gnetygous and homozygous mutants
were generated by gene disruption of R&D51-4andRAD51-60RFs, respectively. As
T. bruceiis diploid two rounds of transformations were reqdi To make comparable
gene disruption mutants to those generated prdyidos rad51 -/ rad51-3 -/ and
rad51-5 -/-,the middle of each ORF was replaced by a differesistance marker. To do

this, antibiotic resistance cassettes for the ioidgt S deaminase BSD gene of
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Streptomyces griseochromogeneacoding blasticidin resistance and the puromy¢in
acetyl transferasd?UR) gene ofStreptomyces albonigeencoding puromycin resistance
were integrated into the two alleles of each ggeagrating first heterozygous mutants and
then homozygous mutants. As a result of the integrathe Walker A and B boxes,
conserved in all the RAD51 paralogue proteins, wdedeted. These mutants were
generated inl. bruceibloodstream stage strain 3174.2 cells, to alloweaticomparison
with previous studies with the othRAD51 paralogue mutant®AD51-3and RAD51-5
which has been shown in Chapter 4 of this thesipalkticular this strain enables analysis
of the VSG switching frequencies and mechanismsduantigenic variation (Hartley &
McCulloch, 2008; McCullochet al, 1997; McCulloch & Barry, 1999; Rudenlet al,
1996).

3.2 Generation of the RAD51-4 gene disruption

mutant

3.2.1 Design of the RAD51-4 knockout constructs

The constructs for generatinAD51-4 mutants were designed to allow homologous
recombination of targeted homologous regions usimggleft hand flank (LHF) and the
right hand flank (RHF) derived from the start amdl @f theRAD51-40RF respectively.
581 bp of the centre of theAD51-4ORF is replaced with antibiotic cassettes in this
approach; see Figure 3.1. The nucleotide sequehttee ®RAD51-40RF and the primer
binding sites are shown in Appendix 1. The LHFRAD51-4was PCR-amplified using
primersRAD51-4StartORF For anRAD51-4StartORF Rev. The RHF (#AD51-4was
PCR-amplified using primerRAD51-4 EndORF For andRAD51-4 EndORF Rev, (see
Materials and Methods, Section 2.4, Table 2-1). THE and RHF PCR fragments, of 290
bp and 402 bp respectively were PCR-amplified fgenomic DNA extracted from strain
3174.2 using Herculase (Stratagene) DNA polymeexsgyme, and were digested with
Xba andEcoR/, andXhd and EcoRV respectively. The two fragments were cloned into

Xba andXhd digested pBluescript KS (Stratagene) in a thrag ligation reaction.

Antibiotic resistance cassettes containingBi&D (400 bp) andPUR (650 bp) ORFs were
PCR-amplified from the plasmids pCP101 and pCPE2duydfoot & McCulloch, 2005a).
Each resistance cassette is flanked by RNA pravgssies: upstreafo-tubulin (240 bp)
and downstream actin (400 bp) intergenic regions. €ach PCR-amplification, the
primers Tubulin For and Actin Rev were used, (sesdvlals and Methods, Section 2.4,
Table 2-1). These primers have blunt restrictiomyere sitesEcoR/ for the BSD and
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Nrul for the PUR resistance cassettes. The resulting PCR fragmappsdximately 1040
bp for theBSDcassette and 1340 bp for tAEIR cassette) were cloned into Topo2.1 vector
(pPCR®2.1) (Invitrogen, see Materials and Methods, Sec#i@.7) and sequenced.

From the Topo clones, the antibiotic resistancesatéss were excised using blunt
restriction enzymeskEcoRV for the BSD cassette andlrul for the PUR cassette. The
excised constructs were then gel purified and dgabetween the LHF and RHF of
RAD51-4in pBluescript which had been digested wiloR/. Insertion and correct
orientation of the resistance cassettes betweerlltte and RHF were confirmed by
restriction mapping; the resulting constructs weegquenced and calle&tRAD51-4:BSD
andARAD51-4:PUR

\ W\
N SN
\I\‘o'b—\ eoo?\\l eo()?\ *“0\
— 240 bp BSD 400 bp /PUR 650 bp 400 bp
LHF Ba IR Antibiotic Resistance Cassette | Actin IR RHF
— 290 bp 581 bp 402 bp —

<

ATG RAD51-40RF TAG

Figure 3-1: RAD51-4 gene disruption construct and gene disruption stregy.

LHF: Left hand targeting flank has homology to thleregion of theRAD51-4 ORF. RHF: Right hand
targeting flank has homology to the 3’ region &f RAD51-40RF. The 5’ targeting flank (LHF) was 290 bp
and the 3’ targeting flank (RHF) was 402 bp. Thekédatic resistance cassettes (blasticid®Dpuromycin:
PUR) haveBa tubulin intergenic regionpg IR) and actin intergenic region (Actin IR) prodegssignals.
The total length of the ORF f®®AD51-4is 1273 bp and the sizes of individual the comptsén bp) and
restriction sites used in the cloning are indicated

3.2.2 Generating the RAD51-4 mutant cell lines

To generatead51-4 -/-mutants, two consecutive transformations were pedd for each

of the above constructd\RAD51-4:BSD and ARAD51-4:PUR Two independent
transformations using the constradRAD51-4:BSD, generated two independdRdD51-4
heterozygous mutant cell lines respectively, whigte named X+/- and Y+/-. Integration
of the constructs into the expected gene locusseened by PCR using a forward primer
upstream of the ORF (UpstreamRADS51-40RF For) and the reverse primer of the RHF
(RAD51-4EndORF Rev) (data not shown). Following selectiérihe two clones, each
was subjected to a second round of transformatginguconstrucARAD51-4:PUR to
generate homozygous mutant cell lines/-Xand Y-/-. For each transformation, both
constructs were linearised using the restrictiorzyeres Xba and Xhd and then
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phenol/chloroform extracted and ethanol precipitafex 1d bloodstream stag€. brucei
3174.2 cells were transformed by electroporatiof.thcm cuvettes with approximately 5
ug of each of the digested constructs (see Mateflallethods, Section 2.1.2). The
electroporated cells were incubated for 24 houradn-selective HMI-9 media to allow
recovery. A volume of 1 x ICcells were diluted in 36 ml of selective HMI-9 nigdThe
diluted cells were then plated over a 24 well pitd.5 ml per well, i.e. 4.16 x 1@ells
per well. Blasticidin (Calbiochem) at a concentatdf 2.5ug.mI* was used for selection
of the heterozygous mutant cells following the tfitsansformation and puromycin
(Calbiochem) at a concentration of Quf.mi* of was used to generate homozygous

mutant cells following the second transformation.

The RAD51-4 +/-andrad51-4 -/-cell lines were confirmed by PCR, Southern, rexers
transcriptase-PCR and western analysis (see Se8tiB, below). Each cell line was
given a WCMP number and stabilates were made (saterils and Methods, Section
2.1.2). For the following section, the heterozygougant cell lines are defined as +/- and
the homozygous mutant cell lines are defined as -/-

3.2.3 Confirmation of RAD51-4 gene disruption mutants

3.2.3.1 Confirmation of RAD51-4 gene disruption by PCR

To determine if theRAD51-4locus had been disrupted PCR-amplification of ¢hére
ORF, using a forward primer that bind upstreamhef tHF (Upstream oRAD51-40RF
For, see Material and Methods, Section 2.4.1, Tabl¢ 2Atl a reverse primer that binds
the 3’ end of the RHFRAD51-4EndORF Rev), was performed (see the black arrows i
Figure 3-1). PCR-amplification was carried out gsiraqDNA polymerase (Biolabs) and
the reaction products were separated on a 1.0 Yosma@el. Figure 3-2 shows the PCR
fragments obtained from the PCR reactions usingom@n DNA extracted from the
wildtype (wt), +/- and -/- cells. From the wt genenDNA, one product of the size
expected for the intact ORF was PCR-amplified (1Bp3 From theRAD51-4+/-, two
products were PCR-amplified, one correspondingheowildtype allele and the other to
BSDdisrupted allele following integration into the ©Rintegration of thela-tubulin-
BSDactin construct (1040 bp) creates an allele thapproximately 460 bp larger than the
wt ORF. This size difference was observed. Fronréa®1-4-/-, no PCR product of the
size of the wt allele was amplified. Instead, taoger PCR-products of sizes consistent
with integration of both antibiotic cassettes weeen BSD and PUR), disrupting both
alleles: thefa-tubulinfPUR-actin (1340 bp) construct is approximately 760ldmger than
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the wt ORF and 300 bp larger than RaD51-4:BSD allele. These data indicate that the
RAD51-4locus has been mutated as expected but canndtte@yRAD51-4gene has been

copied to another part of the genome during transition.

X Y X Y

+/- +/- -f- -f-
kb wit / / / /
2.0 —
e | —— ARAD514:: PUR
1.6 — T S e | «— A RpAD5ST-4:: BSD
- S -« Wi
1.0 —

Figure 3-2: Analysis of theRAD51-4 gene disruption by PCR-amplification.

An agarose gel separation of the PCR products giteby PCR amplification of tHRAD51-4locus using
the forward primer: Upstream &AD51-40RF For and reverse priméRAD51-4EndORF Rev is shown.
PCR reactions were performed on genomic DNA frondtype (wt) 3174.2T. bruceicells, for two
independent putativRAD51-4heterozygous mutants (X+/- and Y+/-) and two puatad51-4homozygous
mutants (X-/- and Y-/-). The DNA fragments of thizes expected from the wt genes or from alleles
disrupted by integration of thBSD resistance cassettdaRAD51-4:BSD or the PUR resistance cassette
(ARAD51-4:PUR) are indicated, as are the size markers.

3.2.3.2 Confirmation of RAD51-4 gene disruption mut ants by
Southern blot analysis

Southern blot analysis was next carried out onvithdtype, RAD51-4+/- andrad51-4-/-
cell lines, to confirm disruption of the ORF predd by PCR amplification. Genomic
DNA was extracted from each of the cell lines aigksted withAgd, (see Material and
Methods, Section 2.2.1), separated on a 0.8 % sgagel and transferred on to a nylon
membrane. The membrane was probed with the LHh®fQRF, part of th&@AD51-4
gene disruption constructRAD51-4::BSDandRAD51-4::PUR The probe was made by
PCR-amplifying the LHF using primeRRAD51-4StartORF For an@RAD51-4StartORF
Rev. This resulting product was then gel extraaded labelled using th&ene Images
CDP-Star Detection Module from Amersham, (see Materials &ethods, Section 2.5).

The results of the Southern blot analysis are shiaviaigure 3-3.

The Southern blot analysis shows that in wildtypks¢ one fragment of the size expected
(2840 bp) was obtained when the genomic DNA wasdegl withAgd. In the putative
RAD51-4+/- mutants two products were obtained, one cpomeded to the wildtype allele
and the other of the size expected forBlgD disrupted allele (3300 bp). In thad51-4-/-
mutants, no wildtype band fragment was observedttmre were two larger products of
the sizes corresponding to tB&Ddisrupted (3300 bp) andUR-disrupted alleles (3600
bp) (see Figure 3-3). As explained in Section 312above, thA\RAD51-4::BSDconstruct
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adds 460 bp to the ViRAD51-4allele, while theARAD51-4:PUR construct added 760 bp.
These data confirm the PCR analysis of the RAD%deds, showing the ORF has been
disrupted as expected. There was no apparent §ithe antactRAD51-4sequence in the
rad51-4-/- cells, indicating these are mutated and no camatory rearrangements have
retained thdRAD51-4gene.
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Figure 3-3: Analysis ofRAD51-4 gene disruption by Southern blot.

Figure 3-3A: Southern blot showinggd-digested genomic DNA and probed with the LHF lid RAD51-4
ORF, see Figure 3-1. The extracted genomic DNA fraitdtype (wt) 3174.2T. bruceicells, from the two
independent putative heterozygous mutants (X+/- ard) and from the two independent putative
homozygous mutants (X-/- and Y-/-) was digestechwigd, and separated on a 0.8 % agarose gel. The
DNA was then transferred to a nylon membrane aotign with the LHF of th&RAD51-40RF. The DNA
fragments of the size expected from the wt genefram alleles disrupted by integration of tBSD
resistance cassettARAD51-4:BSD) or thePUR resistance cassettARAD51-4:PUR) are indicated, as are
the size markersrigure 3-3B shows the locations okgd restriction enzyme sites around tR&AD51-4
ORF, predicted by sequence analysis (GeneDB).
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3.2.3.3 Confirmation of RAD51-4 gene disruption mut  ants by RT-
PCR

To see whether or not RAD51-4 mRNA was transcrilbegach of the cell lines RT-PCR
was carried out on cDNA generated from total RNée(daterial and Methods, Section
2.3). PCR-amplification of the entire ORF was aéad using a forward primer that binds
to the LHF RAD51-4StartORF For) and a reverse primer that bindeeédRHF RAD51-4
EndORF Rev). Figure 3-4 shows the resulting PCRIyts separated on a 1.0 % agarose
gel. In wildtype andRAD51-4+/- cell lines, one product of the size expecte2l7@ bp)
was PCR-amplified from the cDNA. In thad51-4-/- mutants, nA(RAD51-4mRNA was
detected. A fragment of DNA polymerase | was angdiffrom the cDNA of all the cell
lines, as confirmation that the RNA present frore #xtract was converted to cDNA.
Control RT reactions performed without RT enzymel{Rconfirmed that the PCR
products amplified were not from contaminating gar@DNA which was not destroyed
by the DNase treatment. This analysis confirmed iththe homozygous mutant cell lines
RAD51-4mRNA is not detectably present.

RAD514 — o m el ! 1

DNAPOl — |l @ @ = -

RT + - + - + - + - + .

Figure 3-4: Analysis of the expression of th&AD51-4 mRNA in the mutant cell lines by RT-PCR
amplification.

Using the reverse transcriptase (RT) enzyme, cDN& generated from mRNA extracted from the wildtype
(wt) 3174.2T. bruceicells, from the two independent putatiRAD51-4heterozygous mutants (X+/- and
Y+/-) and from the two independent putatigel51-4homozygous mutants (X-/- and Y-/-). This cDNA was
used as template in the PCR reaction. PCR amgiditavas attempted using the forward primRAD51-4
StartORF For) and reverse prim&AD51-4EndORF Rev). The PCR products were then sepaoatedl.O

% gel. As a positive control the DNA polymeraseRE(DNA Poll) was amplified from the cDNA of alleh
mutant cell lines. RT + and - indicates the presesfdRT enzyme (+) and the absence of RT enzyme (-)

3.3 Generation of RAD51-4 re-expressor cell lines

Having confirmed that thead51-4 -/-mutants could be generated and are viable, it was
necessary to re-express tRAD51-4in the mutant background, to show that the mutant
phenotypes were due to tRAD51-4gene knockout. To this end, the en®RA&D51-40RF

was PCR-amplified using tHRAD51-4REX primers, (see Materials and Methods, Section
2.4.1, Table 2-1) and cloned using blunt restrictgites, Nrul, into EcdRV digested
pRM481 vector (McCulloch, gift). The pRM481 contsia phleomycin resistance cassette
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(BLE; from Streptoalloteichus hindustanuianked upstream with o tubulin intergenic
region, and downstream with an actin intergenicoredpllowed by aup tubulin intergenic
region Ba-BLE-Act-ap). Following the cloning, th®AD51-40RF is placed downstream
of the actin intergenic region and upstream of dfetubulin intergenic sequencefaf
BLE-Act-RAD51-4ap). This construct can be integrated into flietubulin locus ofT.
brucei and selection is provided by phleomycin. Recomatiam occurs on thfo andaf
targeting regions, integrating the construct im®fo tubulin array replacing the tubulin
ORF, and allows expression of tRAD51-4mRNA through the flanking non-endogenous
intergenic sequence (see Figure 3-5). TRisBLE-Act-RAD51-40f3 construct was
digested withNotl and Apa and transformed into thead51-4 -/- mutant cell lines and
were allowed to recover for 24 hours in non-selectnedia. These were then clonally

plated on 2.5.g.mI* of phleomycin (Calbiochem).

\ \
N e
\QO\\ QCOR\‘ \ ecog\l ‘ P@a\
240 b 400 b 400 b 1273 b 330 b
Ba IR BLE |ActIR | RAD51-40RF | of IR
1329 bp 1356 bp 1329 bp
— B Bo IR o of IR B -

Ba tubulin array

Figure 3-5: Strategy for re-expression of th&RAD51-4 by recombination into the fa tubulin array.

The ORF ofRAD51-4was cloned into the restriction skul of the pRM481 (top part of the diagrarjotl

and Apd digestion liberates the construct which was theansformed into thead51-4 -/- cell line.
Recombination occurs on tife and af targeting regions, integrating the construct idolg theRAD51-4
ORF into theBa tubulin array replacing one of thetubulin ORFs.

3.3.1 Confirmation of the RAD51-4 re-expressor cell lines
by PCR and RT-PCR

PossibleRAD51-4re-expressor clones following transformationrad51-4 -/-cell lines
with the pRM481 re-expressor construgi-BLE-Act-RAD51-4ap) were screened using
PCR primers that bind to the LHF and RHFRADS51-4(RAD51-4 StartORF For and
RAD51-4 EndORF Rev, see Materials and Methods, Sectibri)2.These primers PCR-
amplified the integrated intact ORF and also th&rugited ORFs meaning that the re-
expressor cell lines had three amplified fragmermtse represented the re-expressor
RAD51-40RF, and the other two bands corresponded toB®P and PUR disrupted

alleles. From this, putative re-expressors weresehdor each independently generated
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rad51-4 -/-mutant (data is not shown), and were analysedarerdetail. Firstly, RT-PCR-
amplification analysis, using the primers that biodheRAD51-4LHF and RHF RAD51-

4 StartORF For an@RAD51-4EndORF Rev) were used to detect the intact mRN#én
putative re-expressor (-/-/+), see Materials andhides, Section 2.3). In wildtype (wt),
RAD51-4+/- (X+/-) andRAD51-4re-expressor (X-/-/+ and Y-/-/+) cell lines, on@guct

of the size expected was amplified from the cDNAtHerad51-4-/- (X-/-), no product
was amplified from the cDNA. DNA polymerase | wasgified from the cDNA of all the
cell lines, confirming that extracted RNA was coried to cDNA. The RT negative
control has no RT enzyme (-) in the reaction andfioos that the PCR products generated

arose from the cDNA and not from contaminating gD{§{gure 3-6).

X X X Y
wit +/- -/- -I-1+ -[-1+
RAD51-4 —» | SRS .
DNA Pol | ——»> | = o bl e EC
RT + - + - + - + - + -

Figure 3-6: Analysis of the expression of thRAD51-4 mRNA in the RAD51-4 re-expressor cell lines by
RT-PCR amplification.

Using the reverse transcriptase (RT) enzyme, cDN& generated from mRNA extracted from the wildtype
(wt) 3174.2T. bruceicells, from the one putatiieAD51-4heterozygous mutants (X+/-), from one putative
rad51-4 homozygous mutants (X-/-) and from the two indemertly generatedRAD51-4re-expressor cell
lines. This cDNA was used as template in the PCGitien. PCR amplification was attempted using the
forward primer RAD51-4StartORF For) and reverse prim&AD51-4EndORF Rev). The PCR products
were then separated on a 1.0 % gel. As a positméral the DNA polymerase | ORF (DNA Poll) was
amplified from the cDNA of all the mutant cell limeRT + and - indicates the presence of RT enzyre (
and the absence of RT enzyme (-).

3.3.2 Confirmation of the RAD51-4 re-expressors by
Western blot analysis

To determine if the RAD51-4 protein was expressettheRAD51-4re-expressor cell lines

(-/-/+), western blot analysis was carried outnggpurified anti-RAD51-4 anti-serum, (see
Section 2.6.2.1). Whole cell extracts from wad51-4 -/- (X-/-) and RAD51-4 re-

expressors (X-/-/+ and Y-/-/+) were separated a0 & SDS-PAGE gel and transferred to
a nylon membrane (see Materials and Methods, $e2t®.3). The blot was probed with
rabbit anti-RAD51-4 anti-serum primary antibodyaatilution of 1:1000, and was detected
with HRP-conjugated anti-rabbit IgG antibody (Malér Probes) at a dilution of 1:5000.

This data is shown in Figure 3-7. In wildtype cdlig) two bands were seen, one of the
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size expected for the RAD51-4 (45 kDa) and anoshealler band of ~40 kDa which was
non-specific binding of the anti-serum. In the haygous mutant analysed (X-/-), no
wildtype band of 45 kDa indicating that RAD51-4 absent. The protein levels look
comparable in the cell lines as the non-specifiedo@ppears to be similar in all the lanes.
In both the putative re-expressor cell lines, the bands were seen, one of these was the
non-specific band, while the other was ~45 kDa igrtierefore RAD51-4 expressed from
tubulin. However it appears that this is slightligder than the species in the wildtype
cells. It is unknown why the re-expressed RAD5is-farger than the wildtype RAD51-4
This may be due to the location of the ORFs. Th@#oganousRAD51-4may differ in
transsplicing compared to the transcribB&AD51-4gene from thela tubulin array (see
Section 1.1.5). It could also be the case thasligéatly bigger re-expressed RAD51-4 may

have been modified post-translation, for exampyeptiosphorylation.

X X Y
wit -/- -I-1+ -I-1+
kDa
S — <«—— RAD51-4
40 — | «+—— Non-specific band

Figure 3-7: Analysis of the RAD51-4 protein levelin the RAD51-4 re-expressor cell lines by western
blot analysis.

Western blot analysis showing the cell line exsamtobed with anti-RAD51-4 anti-serum. Protein asts
from the wildtype (wt)rad51-4 -/-and the re-expressor cell lines (X-/-/+ and YY\Were separated on a 10
% SDS-PAGE gel, and then transferred to a nylon bmane. This was then probed with rabbit anti-RAD51-
4 anti-serum primary antibody at a dilution of 000and was detected with HRP-conjugated anti-tdgGi
antibody at a dilution of 1:5000. The predictedesiare indicated in kDa.

3.4 Phenotypic analysis of RAD51-4 mutants and

re-expressor cell lines

Once theRAD51-4mutant cell lines were generated and confirmednptypic analysis of
the cell lines was carried out. The phenotypes rbsgefor the homozygous mutant cell
lines were compared to that of the wildtype andeteatygous mutant cell lines. To this
end, growth rate, DNA-damage sensitivities, ability form RAD51 foci and VSG
switching frequency were analysed. The followingtiems described these results.
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3.4.1 Analysis of in vitro growth rate of RAD51-4 mutant
cell lines

To determine if knockout dRAD51-4has any gross effects on the growthTofbrucei,
population doubling time was measured. Since maratf the mammalian RAD51
paralogues, anBAD51-3andRAD51-50f T. bruceicaused reduced growth rates, similar
growth impairment may be expected (Proudfoot & Miba&in, 2005a; Takatat al, 2001).
To examine this, wildtype (wt), heterozygous (4df)d homozygous (-/-) mutants were
inoculated (in triplicate) at 5 x f@ells per ml in HMI-9 media and cell densities were
counted at fixed time points subsequently (see N&seand Methods, Section 2.8.1). The
results were plotted on a semi-logarithmic grape (igure 3-8), and the doubling time
for both theRAD51-4+/- (X, Y) andrad51-4 -/- (X, Y) mutants were calculated and
compared to that of the wt (see Table 3-1). Theesamalysis was conducted with the
RAD51-4-/-/+ (X, Y), where theRAD51-40RF has been integrated into the homozygous

mutants.
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Figure 3-8: Analysis of growth ofRAD51-4 mutants in vitro.

A semi-logarithmic plot of cell densities againisiefl time points (24 h, 48 h, and 72 h) is showildipe
strain 3174.2 (wt) is compared with two independ@AD51-4 heterozygous mutants (X+/-, Y+/-), two
independentad51-4 homozygous mutants (X-/-, Y-/-) amAD51-4re-expressor cell lines (X-/-/+, Y-/-/+).
The graph shows the means of triplicate data wigh9 % confidence intervals indicated.
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Table 3-1:in vitro doubling times for RAD51-4 mutant cell lines.

The population doubling time for the two indepentiegeneratedRAD51-4 heterozygous (X+/-, Y+/-),
rad51-4homozygous (X-/-, Y-/-) and thRAD51-4re-expressor cell lines (X-/-/+, Y-/-/+) are comgé with

the doubling time for wildtype strain 3174.2 (wthis data are the means of triplicate experimanthdurs)

with the 95 % confidence intervals indicated (iadkets).

wt X +/- Y- X - Y- X -I-I+ Y-/-l+
7.23 7.12 7.43 9.03 9.08 6.78 6.82
(+1-0.24) | (+1-0.46) | (+1:0.47) | (+1-055) | (+/-0.37) | (+/-0.25) | (+/-0.17)

Table 3-2 : Statistical analysis of then vitro doubling times for RAD51-4 mutants.

Unpaired, two-tailed Studenttstests were carried out to compare the mean ofripkcate doubling time
results for theRAD51-4 heterozygous (X+/-, Y+/-)rad51-4 homozygous (X-/-, Y-/-) andRAD51-4re-
expressor cell lines (X-/-/+, Y-/-/+) against thddiype (wt). Significant differences between theans is
shown by g-value ofp < 0.05; Not significantly different results are shroas “-“. [NA is not applicable]

wit X+/- Y+/- X-/- Y-/- X-I-1+ Y-I-1+

0.0012 - -

wit NA - - 0.0041

Table 3-2 shows that the doubling times for eadtependent homozygous mutant is
significantly different to that of the wildtype. Ehanalysis was carried out using unpaired,
two-tailed Student’'s-test, and all other pair-wise comparisons of tttecell lines are

shown in Appendix 3, Table 1.

These data show tha@ad51-4 -/- mutants had a reduced growth rate, with each
independent homozygous mutant, X-/- and Y-/-, hgqnandecrease in growth of 44.3 %
and 39.8 % compared to the wildtype at 48 h (sgarEi3-8). As a result, there was also
an increased doubling time compared to the wildyp@RAD51-4heterozygous mutants:
X-/- had a doubling time of 9.03 h (+/- 0.55) and-Yhad a doubling time of 9.08 h (+/-
0.37) compared with the wildtype doubling time 023 h (+/- 0.24); see Table 3-1. Re-
addition of functionalRAD51-4back into the homozygous mutant cell line enaliles
cells to recover from the growth deficiency. Thanfirmed that lack of RAD51-4 was
responsible for the slow growth of the cell lindfie basis for this slow growth was not
explored further, but could be due to increasedl dmdth in the population or increased
length of the cell cycle in each cell of the popiolia. A growth phenotype due to increased
cell death could be analysed by clonal survivahgssimilar to those described in Section
3.4.2.1 and Section 3.7.2.1. An increase in pomuatloubling times, due to the cells
taking longer to complete some stage(s) of theayalle or due to a cell cycle stall, could
be analysed by quantification of the kinetoplasd ancleus. The nuclear and kinetoplast
DNA replication and segregation are asynchronaag]ihg to differing copy numbers over

the cell cycle (see Figure 3-9; McKean, 2003), Wwhian be analysed microscopically by
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DAPI staining. If there is a cell cycle defect metmutant population, the percentage of

cells in a specific cell cycle stage will diffepnfn the wildtype.

Checkpoint

Nucleus (N) Gl

Kinetoplast (K) Gl

-~

IN 1K

Figure 3-9: Replication and division of the nucleusand kinetoplast at specific cell cycle stages at.
brucei bloodstream form.

T. bruceicells contain 1 nucleus (large purple circle) arrnktoplast (small purple circle) (1N 1K) during
G1 phase of the cell cycle. Synthesis of the kipletst DNA (SK) starts shortly before the nuclear DN
synthesis (SN). Kinetoplast division (D) occurs dvef nuclear division, resulting in the cells havihg
nucleus and 2 kinetoplasts (1N 2K). Nuclear divisis mitosis (M) results in the cells having 2 mi@nd 2
kinetoplasts (2N 2K), and occurs before cytokingSsThe apportioning (A) phase of the cell cydenhen
single copy organelles separate, for example limsiies (white circles). Cytokinesis generates taoghter
cells containing 1N 1K. Taken from C. Hartley Thse&008) and adapted from McKean (2003).

3.4.2 Analysis of DNA-damage sensitivity of RAD51-4
mutant cell lines

To analyse if disruption of thRAD51-40RF leads to increased DNA-damage sensitivity,
growth of the mutant cell lines was compared folluptreatment with two different DNA
damaging agents, methyl methanesulfonate (MMS) @ridomycin. MMS (Sigma) is a
DNA alkylating agent which modifies two DNA basegianine (to 7-methylguanine) and
adenine (to 3-methlyladenine) (Beranek, 1990; Lareti al, 2005). Historically, MMS
was used as a ‘radiomimetic’ compound in yeastistubecause many of the original
radiation sensitive (rad) mutants were found tosbesitive to the compound (Wyatt &
Pittman, 2006). It is still used to induce mutageselue to its DNA-damaging properties.
It is also exploited in recombination experimerss,it is known to cause DNA-damage
induced sister chromatid exchange (SCE) (Fasatllal, 1994). DNA-damage induced by
MMS results in single strand and double strandks€hundinet al, 2005), although it is
not known whether MMS directly causes DNA stranelaies, or whether the strand breaks
observed result from events subsequent to the D&Aage for instance by triggering base

excision repair or causing stalling/collapse oflicggion forks (Wyatt & Pittman, 2006).
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Phleomycin (Calbiochem) is a glycopeptide and a benof the bleomycin group of
antibiotics and anti-neoplastics (Dumetsal, 1994). Bleomycin causes both single strand
and double strand breaks, with the latter beingrbet predominant, due to the ability of
the compound to intercalate into DNA (Claussen & @01999). It acts through the
oxidation of a DNA-Fe(ll)-bleomycin complex, withdé formation of free radicals (Giloni
et al, 1981). This oxidation of Fe(ll) and reductionafygen when bound to pyrimidine
nucleotides induces the DNA damage and can resaliromosomal aberrations (Claussen
& Long, 1999). DNA cleavage by Fe(ll)-bleomycin helso been shown to be a selective
process of strand-scission, occurring preferegtiatl guanine-pyrimidine base sequence
(5-GC and 5GT) (Claussen & Long, 1999).

Two assays were used to ascertain whether or acadb1-4 -/-mutants display increased
sensitivity to phleomycin or MMS induced DNA-damagehe first assay was clonal
survival, measuring the outgrowth of the populatimm a single cell in the presence of
the two different DNA-damaging agents. The secomrd assaying the sensitivity to the
DNA-damaging agents by measuring absorbance of aldstue and calculating kg
values for each cell line. kgis a measure of the effectiveness of a compounthis case
DNA-damaging agents MMS and phleomycin, in inhimgtibiological survival or growth.
It is a quantitative measure and indicates how mofcthe DNA-damaging agents are
required to inhibit metabolic capability by 50 %hel G, values of the DNA-damaging
agents were determined by constructing a dose-sngspzurve (GraphPad Prism 4).

3.4.2.1 Clonal survival of RAD51-4 mutant cell lin es

Clonal survival assay was performed by diluting 4ieig phase (2 x T0cells per ml) cell
lines to a concentration of 1 cell per well oved@well plate, measuring the number of
cells that grew out to an observable populatiorh warying concentrations of MMS and
phleomycin, (see Materials and Methods, Section2218for more details). Each drug
concentration was plated in triplicate and growtlhie well was scored microscopically up
to 14 days after cloning. This was graphed to shellvsurvival as a percentage of clonal
growth when compared with non-treated cells. Figg#EO shows the clonal survival of
RAD51-4 mutant cell lines compared to that of the wildtypells at increasing
concentrations of MMS as follows: 0.0001 %, 0.00620.0003 %, and 0.0004 %.
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Figure 3-10: Clonal survival of RAD51-4 mutants in vitro when treated with methyl methanesulfonate
(MMS).

Cell survival is shown as percentage of clonal ghowhen treated with MMS compared to growth in the
absence of MMS. Each cell line, wildtype strain 827 (wt), two independenRAD51-4 heterozygous
mutants (X+/-, Y+/-)rad51-4homozygous mutants (X-/-, Y-/-) aRAD51-4re-expressor cell lines (X-/-/+,
Y-/-1+) was treated with increasing concentratidrMS (0.0001 %, 0.0002 %, 0.0003 %, 0.0004 %). The
graph shows the means of triplicate data, with 9&o¥fidence intervals indicated by the error bars.

With increasing concentrations of MMS, from 0.00#%lto 0.0004 %, there was clear
evidence for decreased survival of each independetil-4 -/- mutant, X-/- and Y-/-,
compared to the other cell lines. At a MMS concaiin of 0.0003 % this distinction was
clearest: wildtype survival was 53.9 % (+/- 13.2uatreated cells, whereaad51-4 X-/-
mutant survival was 14 % (+/- 3.3) arabl51-4Y-/- was 4.3 % (+/- 1.4). Analysis of the
results by the Studenttstests for clonal survival at this MMS concentrat(@rm0003 %) is
shown in Table 3-3. This confirms that clonal suabiof each independemad51-4 -/-

mutant is significantly different to that of theldtype cell line.

Table 3-3: Statistical analysis of the clonal survial of RAD51-4 mutants when treated with 0.0003 %
methyl methanesulfonate (MMS).

Unpaired two-tailed Studenttstests were carried out to compare the mean ofripécate clonal survival
results for the cell lines against the wildtypegr#iicant difference between the results is shoym p-value
of p < 0.05, while not significantly different resultssashown as “-“. [NA is not applicable] Each cefidiis
indicated as follows: wildtype strain 3174.2 (wit}o independenRAD51-4heterozygous mutants (X+/-,
Y+/-), rad51-4homozygous mutants (X-/-, Y-/-) afiAD51-4re-expressor cell lines (X-/-/+, Y-/-/+).

wit X+/- Y+/- X-/- Y-/- X-I-1+ Y-/-1+
wit NA - - 0.0349 | 0.0420 - -
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Student’st-tests to compare the mean of the triplicate clauavival results for the cell
lines against each other at the other concentsmatanMMS, 0.0001 %, 0.0002 % and
0.0004 %, were also carried out, and are shownpgpeAdix 3, Table 2. These results
confirm that with increasing concentrations of MM8ere is a significant reduction of
clonal survival of thead51-4 -/-cells compared with the wildtype aRAD51-4 +/- With

the addition of a functionaRAD51-4 gene back into the homozygous mutants, the
percentage of survival is increased, indicating iienotype is a consequenc&aiD51-4
mutation.

Similar analysis was carried out using phleomyarma@NA damaging agent. Figure 3-11
shows the clonal survival ®#AD51-4mutant cell lines compared with that of the wildtyp
cells when treated with four increasing concentrati of the drug: 0.02fg.mf?*, 0.05
ug.mf, 0.075ug.mr*, and 0.1ug.mr™.
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Figure 3-11: Clonal survival of RAD51-4 mutants in vitro when treated with phleomycin.

Cell survival is shown as percentage of clonal ghowhen treated with phleomycin compared to grointh
the absence of drug. Each cell line wildtype 3178, two independenRAD51-4heterozygous mutants
(X+/-, Y+/-), andrad51-4 homozygous mutants (X-/-, Y-/-) was treated witicreasing concentration of
phleomycin (0.025g.mi*, 0.05ug.mf?, 0.075ug.mi, 0.1pg.m*). The graph shows the means of triplicate
data, with the 95 % confidence intervals indicdigaerror bars.

As was seen for MMS, increasing concentrationshté@mycin, from 0.02mg.mi*to 0.1
ug.ml*, caused a clear decrease of survival of each emEmtrad51-4 -/-X and Y,

compared with the wt anBAD51-4 +/- At a phleomycin concentration of 0.02§.mI?,
wildtype survival was 96.5 % (+/- 17.3) comparedhw21.6 % (+/- 6.8) and 16.8 % (+/-
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6.4) for therad51-4-/- mutants, X-/- and Y-/- respectively. The resuwf the Student's
tests for clonal survival at a phleomycin concerdraof 0.025ug.mi* are shown in Table
3-4, confirming that the clonal survival of eacldependent homozygous mutant was

significantly reduced compared to that of the ottedr lines.

Table 3-4: Statistical analysis of the clonal survial of RAD51-4 mutants when treated with 0.025
ng.mi*of phleomycin.

Unpaired, two-tailed Studenttstests were carried out to compare the mean ofripkcate clonal survival
results for the cell lines against the wildtype)(wignificant difference between the results isvef by ap-
value ofp < 0.05, whereas not significantly different resdte shown as “-“. [NA is not applicable] Each
cell line is described: wildtype strain 3174.2 }witvo independenRAD51-4heterozygous mutants (X+/-,
Y+/-), andrad51-4homozygous mutants (X-/-, Y-/-).

wt X +/- Y+/- X - Y-/-

wt NA - - 0.0412 | 0.0306

Unpaired, two-tailed Studenttgests to compare the means of the triplicate ¢lsmavival
results for the cell lines against each other atdifferent concentrations of phleomycin,
0.05 pug.mrt, 0.075 pg.mi*, and 0.1ug.mi* are shown in Appendix 3, Table 3. At
concentration of 0.06g.m*and 0.075:g.mI* of phleomycin, there was also a significant
decrease of clonal survival of th@d51-4 -/-mutants compared with the wt aRAD51-4

+/- mutants. Note that th&AD51-4 re-expressor cell lines were not analysed, as
reintegration oRAD51-4was selected using phleomycin resistance.

Taken together, these data show thatrub1-4-/- mutants are more sensitive to DNA-
damaging agents, MMS and phleomycin, than the ypleltandRAD51-4 +/- mutants.
Most likely, this is due to impairment in the atyiliof the cells to repair these types of
induced DNA damage.

3.4.2.2 ICgy values of MMS and Phleomycin for RAD51-4 mutant
cell lines

In order to quantify the extent chd51-4 -/-mutants DNA damage sensitivity, gvalues

of the different cell lines were determined aftelBl and phleomycin treatment. This was
performed using an Alamar blue assay (see Matedats Methods, Section 2.8.2.2).
Resazurin (or Alamar blue) is an indicator redox dnd is a quantitative measure of
proliferating cells. The assay is based on thitwabif viable, metabolically active cells to
reduce resazurin to resorufin (Anoopkumar-Dudtieal, 2005). This reduction results in a
colour change from blue (resazurin) to pink (refoju which can be measured

colorimetrically. This compound is non-toxic to lseand stable in the HMI-9 culture
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medium, allowing measurement of cell proliferatiarvitro. If the DNA-damaging agents
impair the cell viability and proliferation, the macity of cultures to reduce resazurin is
also reduced. The rate of dye reduction is direptlyportional to the number of viable
cells present in the culture. Therefore, as a timeasure of the metabolic competence of
cell cultures, colour change provides a conveniagitator of cell proliferation following

DNA-damage which then allows thesiGralues to be calculated.

Figure 3-12 shows the calculated meagy alues for MMS of wildtypeRAD51-4 +/5
rad51-4 -/-andRAD51-4re-expressor cell lines. The wildtype cells’ me@glvalue was
0.000389 % (+/- 0.000048) which was approximateby f2ld higher compared than the
two independentad51-4 -/- mutants: 0.000154 % (+/- 0.000025) and 0.000178&+%4
0.000013) forad51-4 -/-X and Y respectively.
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Figure 3-12: ICy, values for methyl methanesulfonate (MMS) folRAD51-4 mutant cell lines

Resazurin was used as an indicator of growth aggl\@lues were calculated for each cell line. Wildtyp
3174.2 (wt), two independerRAD51-4 heterozygous mutants (X+/-, Y+/-), two independesmi51-4
homozygous mutants (X-/-, Y-/-) and two independ@AD51-4re-expressor cell lines (X-/-/+, Y-/-/+) were
treated with serial dilutions of MMS. The graph sisothe mean I¢; values determined from the triplicate
data, with the 95 % confidence intervals indicdigdhe error bars.

The reduction of the I§ value of therad51-4 -/-mutants compared to the wt cells was
found to be significantly different (see Table 3d&8)judged by the results of the unpaired,

two-tailed Student’s-test comparisons of the means of the triplicaselte when plotted

by nonlinear regression on a sigmoid dose respgnaph. In contrast, there was no
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evidence that theRAD51-4 +/- mutants or theRAD51-4 -/-/+ cells displayed this
impairment (Appendix 3, Table 4).

Table 3-5: Statistical analysis of the IG, values for methyl methanesulfonate (MMS) of thdRAD51-4
mutants.

Student’st-tests were carried out to compare the mean ofripkicate 1G, values for the cell lines against
the wildtype (wt), a significant difference betwedhre results is shown by gvalue of p < 0.05, not
significantly different results are shown as “NA is not applicable.] Each cell line is indicatasl follows:
wildtype strain 3174.2 (wt), two independeRiAD51-4 heterozygous mutants (X+/-, Y+/-yad51-4
homozygous mutants (X-/-, Y-/-) amAD51-4re-expressors (X-/-/+, Y-/-/+).

Y-I-1+

wit

X+/-

Y+/-

X-I-

Y-I-

X-I-1+

NA

0.0120

0.0387

Figure 3-13 shows the meansivalues for phleomycin of the wildtypRAD51-4 +/-,and
rad51-4 -/-cell lines. For this DNA damaging compound, thédtype cells’ mean 16
value was 0.2(1itg.mr1 (+/- 0.05), which was 2.3 fold greater than thd51-4 -/-mutants:
X-I- mean 1G value was 0.08g.mI™* (+/- 0.2) and Y-/- was 0.0ug.ml™* (+/- 0.01).
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Figure 3-13: ICx values for phleomycin inRAD51-4 mutant cell lines.

Resazurin was used as an indicator of growth aggl\i@lues were calculated for each cell line. Wildtyp
3174.2 (wt), two independeRAD51-4heterozygous mutants (X+/-, Y+/HRAD51-4homozygous mutants
(X-/-, Y-I-) and RAD51-4 re-expressor cell lines (X-/-/+, Y-/-I+) were tted with serial dilutions of
phleomycin. The graph shows the meanryl@erived from the triplicate data, with the 95 %nfidence
intervals indicated by the error bars.

The results of Studenttstest analysis of these data are shown in TableT3ié reduction

of the 1G value for phleomycin treatment of th@d51-4 -/-mutant relative to wildtype
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was significant. The complete statistical analgdiall pair-wise comparisons can be found
in Appendix 3, Table 5.

Table 3-6: Statistical analysis of the 1G, values for phleomycin of theRAD51-4 mutants.

Student’st-tests were carried out to compare the mean ofripécate 1G, values for the cell lines against
the wildtype, a significant difference between ttesults is shown by @-value of p < 0.05 and not
significantly different results are shown as “NA4 is not applicable.] Each cell line is initiatad follows:
wildtype strain 3174.2 (wt), two independeRAD51-4 heterozygous mutants (X+/-, Y+/-), andd51-4
homozygous mutants (X-/-, Y-/-).

wit X+/- Y+/- X-I- Y-/-

wt NA - - 0.0280 | 0.0499

These data confirm the findings of the clonal sealvanalysis and confirms that thed51-

4 -/- mutants are more sensitive to two different DNAndging agents, due to the lack of
functional RAD51-4in the cell. The re-expressor restores most oofathe resistance to
the MMS, in both assays, although this could notcbafirmed for the sensitivity of

phleomycin (Section 3.3).

3.4.3 Analysis of the recombination efficiency of RAD51-
4 mutant cell lines

The analysis of thead51-4 -/-mutants ability to undergo homologous recombimati@s
analysed next. To do this, the cells’ ability tkeaup DNA and integrate into the genome
was quantified using a transformation efficiencystieTo assay for transformation
efficiency, a linearised DNA construct containinge tORF of phleomycin resistance,
flanked bypa andof intergenic regions, was transformed into the wpétand each of the
mutant cell lines (see Materials and Methods, 88@i8.3). If homologous recombination
can occur, the targeting regionspof andaf intergenic flanks allow the resistance cassette
to integrate into the tubulin array, and as result the cells becomestasi to phleomycin.
Each cell line at a total volume of 5 x"1¢ells was transformed by electroporation with 5
ug of linearised DNA. After transformation, the celere allowed to recover for 24 hours
prior to phleomycin selection. The cells were iratell for 14 days at 3 on 2.0ug.ml*

of phleomycin and the number of wells with transiants was scored. The transformation

efficiency was described as the number of well$\giowth per 1®cells plated out.

Figure 3-14 shows the results of this analysis iadtcates that thead51-4 -/- mutants
have a decreased ability to undergo transformasmte the transformation efficiency of
wildtype cells was 1.2 x 10(+/- 4.75 x 10) compared with 3.92 x 10(+/- 1.2 x 10
and 3.8 x 10 (+/- 8.92 x 10) for the tworad51-4 -/-mutants, X-/- and Y-/- respectively.
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Figure 3-14: Transformation efficiency assay for te RAD51-4 mutant cell lines

To assay for recombination rate, a transformatifficiency assay was used. Each cell line is indidaas
follows: Wildtype strain 3174.2 (wt), two indepeamd RAD51-4heterozygous mutants (X+/-, Y+/-), and
two independentad51-4 homozygous mutants (X-/-, Y-/-). The values pldttare mean numbers of
phleomycin resistant transformants pef ¢6lls transformed. These experiments were domgpiicate with
the same linearised DNA, and error bars of the Qfo#fidence intervals are indicated.

In contrast, disruption of any of®AD51-4allele did not affect the cells ability to undergo
transformation, since tHRAD51-4 +/-cells had comparable transformation rates todhat

wt cells. The decreased transformation rates ofalle1-4 -/-cells were confirmed to be

significantly different, using unpaired, two-tail&ludent’st-test, and are shown in Table
3-7. The complete statistical analysis of all paise comparisons is shown in Appendix 3,
Table 6.

Table 3-7: Statistical analysis of the transformatin efficiency ofRAD51-4 mutant cell lines.

Unpaired, two-tailed Studentistests were carried out to compare the mean ofripkcate transformation
efficiency results for the wildtype cell (wt) rella to the other cell lines. A significant diffelen between
the results is shown bymvalue ofp < 0.05. Not significantly different results are shoas “-“. NA is not
applicable. Each cell line is indicated as followsldtype strain 3174.2 (wt), two independdR&D51-4
heterozygous mutants (X+/-, Y+/-), arati51-4homozygous mutants (X-/-, Y-/-).

wt X+/- Y+/- X-I- Y-/-

wt NA - - 0.0089 | 0.0047

This analysis has indirectly shown that tfael51-4 -/- mutants have a decrease in their
ability to undergo homologous recombination comgdoethe wildtype andRAD51-4 +/-

mutants. This phenotype is highly similar to thaserved in thead51 -/5 rad51-3 -/5
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rad51-5 -/-andbrca2 -/- cell lines, where there was also a decrease msfvemation
efficiency, but notably there was no obliteratioh tbe cell recombination capacity
(Hartley, 2008; McCulloch & Barry, 1999; Proudfo& McCulloch, 2005a). In all
previous cases, the residual recombination occutrgdhomologous recombination,
indicating a number of pathways operate. Similaalysis was not conducted here,

however.

3.4.4 Analysis of RAD51 foci formation in the RAD51-4
mutant cell lines

In eukaryotic cells, it has been shown that RADBAmMs discrete foci in sub-nuclear
complexes contributing to the repair of damaged DM#luding stalled/collapsed
replication forks, and during meiosis (Bishop, 19Bkafet al, 1995; Haafet al, 1999;
Lisby et al, 2004; Pluget al, 1996; Scullyet al, 1997; Tarsounast al, 2004a; Warcdet
al., 2007). It has also been shown that RAD51 focmfation can be induced by DNA
damaging agents such as UV radiation (Radersehall, 1999; Tarsounast al, 2004a;
Tashiroet al, 2000). RAD51 foci are most probably formed at sites of DNA damage
(Sugawareet al, 2003). It has been previously shown that DNA dgenhy phleomycin
treatment ofT. bruceicauses a similar re-localisation of RAD51 intatidist foci, and that
RAD51-3, RAD51-5 and BRCAZ2 all influence the formoat of these complexes (Glover
et al, 2008; Hartley, 2008; Proudfoot & McCulloch, 20p58he number of RAD51 foci
per cell varies, including ifi. brucei,presumably in correlation with the amount of DNA-
damage induced in the cell, although this has eenluantitatively analysed T brucei
Figure 3-15 shows examples of these foci followptdeomycin treatment of wildtype
bloodstream stage cells in which one to five dddtiioci are seen. The Figure 3-15 also
shows treatedad51 -/-cell lines, which do not form foci due to RAD51 bgiabsent.
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Figure 3-15: RAD51 sub-nuclear foci inT. brucei.

The first row of pictures shows an example of aphiycin treatedad51-/- cell: no distinct RAD51 foci are
detected. The other rows are examples of the numb&AD51 foci formed in treated wildtype BSFE
brucei cells, (1, 2, 3, 4 and many). RAD51 was imagedirdirect immuno-fluorescence (FITC) (first
column), the DNA was stained with DAPI (second cot), FITC and DAPI were merged (third column),
the cells are visualised by DIC (fourth column) afidhe images were merged (fifth column).
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To examine the role of RAD51-4 in RAD51 foci fornmat immuno-fluorescence was
performed on thead51-4 -/-mutant cell lines (see Materials & Methods, Secth8)
using rabbit anti-RAD51 anti-serum at a dilution 0600 and detected using goat anti
rabbit anti-serum conjugated with SFX (fluorescesuccinimidyl ester: Molecular
Probes). This was performed for wildtype, and eadependenRAD51-4+/- andrad51-4

-/- mutants, all of which had been grown on varyingasmrations of phleomycin for 18
hours. All cell lines in the absence of phleomycgatment showed minimal RAD51 foci
formation, with only 1-3 % having detectable foag§ no DNA damage was induced; an
example of this is shown in Figure 3-16. At varyicmncentrations of phleomycin, from
0.25ug.mi* to 2.0ug.mr*, 80 % - 100 % of wt cells produced RAD51 foci (TeaB-8).
The RAD51-4+/- cell lines also had a similar pattern to wilakty with 65 % - 93 % of
cells forming RAD51 foci.

Anti-RADS51 DAPI Merged DIC Merged

[BLE]

0 pg.ml-1

1.0 ug.ml-

1.0 pg.ml-t

Figure 3-16: RAD51 sub-nuclear foci irrad51-4 -/- mutant cell lines

The first row of pictures shows an example of a-treatedrad51-4 -/-cell: no distinct RAD51 foci are
detected. The second row is an example of a phlemnigeatedrad51-4 -/-cell where no foci are present.
The last row is an example of a phleomycin treasetb1-4 -/-cell where five RAD51 foci are present in the
nucleus. RAD51 was imaged by indirect immuno-flsaence (FITC) (first column), the DNA was stained
with DAPI (second column), these two were mergéddtcolumn), the cells are visualised by DIC (fur
column) and all the images were merged (fifth caium
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Table 3-8: Percentage ofad51-4 -/- mutant cells with a specific number of RAD51 foci.

The percentage of cells with a specific numbenbfsuclear RAD51 foci formed (0, 1, 2, 3,28) when the
cell lines were treated with increasing conceraratiof phleomycin, 0.2pg.ml*, 1.0pg.m* and 2.0ug.mf

! is shown. The total indicates the number of cetisnted. [Wildtype strain 3174.2 is indicated by wio
independenRAD51-4heterozygous mutants are indicated by X+/- and, ¥at51-4 homozygous mutants
are indicated by X-/- and Y-/-.

Concentration Number of RADS1 foci Cells
of phleomycin 0 1 2 3 4 >5 Counted
wt 0.25 pyg.mi? 32.0 43.0 14.0 9.0 1.0 1.0 100
1.0 yg.mi1 21.3 25.3 23.1 12.9 6.7 10.7 225
2.0 yg.mit 0.0 4.7 22.6 20.8 12.3 39.6 106
X+/- 1.0 yg.mlt 314 16.7 26.5 14.7 1.0 9.8 100
2.0 yg.mit 6.7 12.9 20.6 254 18.2 16.3 209
Y+/- 1.0 yg.mlt 34.9 21.7 18.9 12.3 3.8 8.5 106
2.0 yg.mi1 7.9 19.0 254 19.6 10.6 17.5 189
X-/- 0.25 pg.mit 61.3 19.1 119 34 2.6 1.7 235
0.5 yg.mi? 48.5 30.0 14.5 35 25 1.0 200
1.0 yg.mlt 541 16.3 115 10.0 29 5.3 209
2.0 yg.mi1 64.2 12.8 9.5 6.8 4.1 2.7 148
Y-/- 0.25 pyg.mi? 87.4 9.7 1.9 0.0 0.0 1.0 103
0.5 yg.mi? 37.4 29.1 19.7 8.9 15 34 203
1.0 yg.mi1 425 23.6 17.9 12.3 2.8 0.9 108
2.0 yg.mi1 40.0 15.0 3.8 13.8 8.8 18.8 80

The rad51-4 -/- mutants appear to less able to form RADS51 foci. sAphleomycin
concentration of 1.Qug.mI*, 21 % of wildtype cells did not produce detectaBIED51
foci (see Table 3-8 and Figure 3-17), while intive independemntad51-4 -/-cell lines, 54
% and 42 % of the total counted do not produce RRD&ci, for X-/- and Y-/-
respectively. This difference was more marked @neasing the phleomycin concentration
to 2.0 ug.mI* (see Figure 3-18). In these conditions, all of wildtype cells produce
RAD51 foci, while 64 % and 40 % of thead51-4 -/- mutants cells (X-/- and Y-/-
respectively) do not produce RAD51 foci. Similarht, the lower concentration of 0.25
ug.ml, 87 % and 61 % of thexd51-4 -/-cells displayed no foci, compared to only 32 %
of the wildtype cells. These data indicate the latRAD51-4 in the cell causes a defect in
RAD51 re-localisation to or within the nucleus whée cells are treated with 2.@.mr*

of phleomycin. It is noticeable however, that distgle RAD51 foci do occur, indicating

this re-localisation is not abolished.
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Figure 3-17: Percentage oRAD51-4 mutant cell lines with a specific number of the R®51 foci when
treated with 1.0 pg.mlI™ of phleomycin.

The percentage of cells with a specific numberhef $ub-nuclear RAD51 foci formed (0, 1, 2, 328) is
shown when the cell lines were treated with dgmi* of phleomycin. The cell lines are labelled asdof:
wildtype strain 3174.2 (wt), the two independ®®D51-4heterozygous mutants (X+/-, Y+/-), and the two
independentad51-4homozygous mutants (X-/-, Y-/-).
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Figure 3-18: Percentage oRAD51-4 mutant cells with a specific number of the RAD51 dci when
treated with 2.0 pg.mlI™ of phleomycin.

The percentage of cells with a specific numberhef $ub-nuclear RAD51 foci formed (0, 1, 2, 328) is
shown when the cell lines were treated with @mi* of phleomycin. The cell lines are labelled asdof:
wildtype strain 3174.2 (wt), the two independ®®D51-4heterozygous mutants (X+/-, Y+/-), and the two
independentad51-4homozygous mutants (X-/-, Y-/-).



Rachel Dobson, 2009 Chapter 3, 95
3.4.5 Analysis of VSG switching of mutant cell line s

The 3174.2 strain of. bruceiwas used to generate thed51-4 mutants in bloodstream
stage cells (see Materials and Methods, Sectiorl)2.This strain has been described
before and can be used to analyse the VSG switdheggency and mechanisms (Bell &
McCulloch, 2003; Conwagt al, 2002a; McCulloctet al, 1997; Proudfoot & McCulloch,
2005a; Robinsoret al, 2002). As previously describedad51, rad51-3 and brca2
mutations cause a decrease of VSG switching fregu@rartley, 2008; McCulloch &
Barry, 1999; Proudfoot & McCulloch, 2005a). In cadt, there is no evidence that
RAD51-5 acted in this process which may suggestesepecialised role of the RAD51
paralogue (Proudfoot & McCulloch, 2005b). The 3274¢train was also used to determine
if the absence of RAD51-4 affects antigenic vapiatby analysing the VSG switching
frequency and mechanism. This cell line has a nextidictive VSG expression site (ES) as
it contains two antibiotic resistance cassettegried upstream of the telomeitSG
namedVSG221 The frequency oVSG switching was measured by a@m vivo assay
involving mice immunised againMSG221(see Materials and Methods, Section 2.8.4).
The resistance cassettes, hygromycin (HyyG and neomycin (G418NEO), ensure
expression of the VSG221 when the cells are growrthe antibioticin vitro, allowing
injection of and immunisation of the mice again&G221-expressing cells. Once the mice
have recovered from challenge and curél obruceiexpressing VSG221, they were re-
infected with the cell lines grown for nine genaasin vitro without the selection of Hyg
and G418, allowingy SGswitching to occur and switched variants to arBBg measuring
the number ofl. bruceicell survivors after re-infection of the mice, ttege of switching
was calculated. The switching mechanisms useddned variants that were recovered
were also determined by identification of the resise markers and their expression in the
ES (see Figure 3-19).
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Figure 3-19: Use of the transgenid. brucei strain 3174.2 allows characterisation of th&/SG switching
events.

On the left, the diagram shows the active expressite (ES) withvSG221(purple box) with the two
antibiotic cassettes, hygromyciHYG, green box) and neomyciNEG; red box) which are separated by the
70 bp repeats (grey box). In this active ES, theBdso expression site associated gene 1 (ESAG4 hox).
The primer binding sites are denoted by the blac&ves. On the right of the diagram, the three paesi
switching eventsin situtranscriptional switch, expression site gene cagiverfloss or VSG gene conversion
are shown. G418 and Hyg resistance (R) or senyit{8) along with the PCR product presence (+) or
absence (-) are indicated. Taken from Hartley, &ithand adapted from McCulloehal, 1997.
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The switching frequency was calculated by countirgnumber of wells in a 96 well plate
that contained growing trypanosome populations aipl4 days after the cells were
recovered from the re-challenged immune mice. Aec&n of recovered, clonal
populations was then grown on Hyg and G418 to taiceiff the genes were expressed and
the genomic DNA from each population was extrad¢tedllow PCR-amplification to test
for the presence or absence of tH¥G NEO and VSG2210RFs (see Materials and
Methods, Section 2.4.1). This allowed &G switching mechanism to be deduced by
PCR-amplification and drug resistances/sensitwitiehe three possible switching events
are described in Figure 3-19. During am situ transcriptional switch the/SG221
expression site is inactivated. There is no loseplacement of the genes, and an inactive
expression site containing a differeil6G VSG(X)is transcriptionally activated. As a
result, any cells that have undergone this typeagtiching mechanism are sensitive to both
drugs, (Hyg and G418 sensitive: Hyand G418respectively). As there is no loss of the
genes, PCR of the expression site shows thatd#® NEO andVSG221gene are present
(Hyg+, Neo+, VSG+). In an expression site gene ewsion event, a differelSG(X)
replaces all or a significant part of t&G221expression site. As a result, any cells that
have undergone this type of switching mechanismHyg and G418 and as there is loss
of the genes the PCR-amplified products of the esgion site markers shows th#Y G,
NEO andVSG221gene are not present (Hyg-, Neo-, VSG-). INSG gene conversion
event, a differenVSG(X)replaces the region from the 70 bp repeats toetitk of the
VSG221 As a result, any cells that have undergone e bf switching mechanism are
Hyg resistant because it is still actively transed (Hyd) and G418 sensitive as the
neomycin resistance cassette is in between the p7/@epeats and th&SG221gene
(G418); PCR-amplification products of the expressior sitarkers shows thaiYG is
present, antNEO andVSG221genes are not present (Hyg+, Neo-, VSG-).

3.4.6 Analysis of VSG switching of RAD51-4 mutant cell
lines

The switching frequencies and mechanisms forRA®51-4cell lines were analysed as
described in Section 3.4.5, and Materials and Migh&ection 2.8.4. Briefly, each cell
line at a cell density of 4 x 1&ells, was injected into the previously immuniseite.
VSG switching frequency was calculated as followke isolated and cloned surviving
switchedT. bruceicells were counted over 96-well plates. This nunviees multiplied by
2.5, as the recovered blood from the mouse (plated.4 ml) was only 40 % of the total
approximate blood volume of the animal. This numbas then divided by the number of
doubling times that had occurred during the 24 hmeniod following injection into the
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mouse. Finally this value was divided by the numiferells grownin vitro that had been
injected into the VSG221-immunised mice. For ee8iGGswitch frequency, a minimum of

three independent experiments were performed.

16

14

12

7 cells / generation)

10

Switching frequency (per 10
N

wt X+/- X -/- Y +/- Y -/- X-/-1+
RAD51-4 cell line

Figure 3-20: The mean VSG switching frequencies dfie RAD51-4 cell lines.

Wildtype cells (wt), the two independeRAD51-4heterozygote cell lines (X+/-, Y+/-), the two inmndent
rad51-4homozygote cell lines (X-/-, Y-/-) and ofAD51-4re-expressor cell line (X-/-/+) was injected into
a minimum of three mice to analyse whether or hetrad51-4 -/-mutant had an effect on VSG switching
frequencies. The graph shows the mean VSG switdningiencies and is described as events pecdl®s
per generation. The 95 % confidence intervalsradicated as error bars.

Figure 3-20 shows the mean VSG switching frequanofethe cell lines examined. The
wildtype cells’ VSG switching frequency was 8.36-(8.06) switched variants per 10
cells per generation, while th@d51-4 -/- mutants (X-/-, Y-/-) had a VSG switching
frequency of 4.06 (+/- 1.57) and 5.64 (+/- 1.8) tshvéd variants per 1Ocells per
generation respectively. EadRAD51-4 heterozygote mutant (X+/-, Y+/-) had a high
recovery rate, with growth in all 96 wells for #iree mice. It is unknown why this was the
case RAD51-4X+/- had a VSG switching frequency of 15 switched vesger 10cells
per generation compared the significantly different51-4X-/-. The same was true for the
other heterozygote independent clone (Y+/-) whisl dad a VSG switching frequency of
15 switched variants per 1@ells per generation, and was significantly déferto the
rad51-4 Y-/-. This analysis showed thaad51-4 mutants had an impaired ability to
undergo VSG switching as the VSG switching frequesof therad51-4 -/-were greatly

reduced compared with the cell lines from whichythere derivedRAD51-4 +/-mutants.
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This is not unequivocal evidence that RAD51-4 wiwed inVSGswitching, as there was
no significant difference between both independwmozygous mutants and the wildtype

cells.

Table 3-9 shows that there was a significant difiee between the data for the wildtype
compared to the X homozygous mutant and not thedzygous mutant, as well as a
significant difference between the wildtype and aiethe RAD51-4 +/- heterozygous
mutants (X+/-). This is mostly likely due to theghivariability and nature of the vivo
experiment. Unpaired two-tailed Student®ests were carried out on all the data, and are

shown in Appendix 3, Table 7.

Table 3-9: Statistical analysis of the VSG switchigp frequencies 0fRAD51-4 mutant cell lines.

Unpaired, two-tailed Student'stests were carried out to compare the mean of MB& switching
frequencies for the cell lines against the wildtyfesignificant difference is shown bypavalue ofp < 0.05.
Not significantly different results are shown a$ fNA is not applicable.] Wildtype strain 3174.24), two
independenRAD51-4heterozygous mutants (X+/-, Y+/-), two independed51-4 homozygous mutants
(X-/-, Y-I-) and theRAD51-4re-expressor (X-/-/+) are shown.

wit X+/- Y+/- X-/- Y-/- X-/-1+

wt NA 0.0107 - 0.0285 - -

A selection of recovered clones from each cell (ib@ from each mouse; a total of 30 for
each cell line) were analysed to differentiate $lnatching mechanisms that occurred,
described in Section 3.4.5 and Materials and Methadd Section 2.8.4. As RAD51-4 act
in homologous recombination and DNA repair it miget suggested that tmad51-4 -/-
would not undergo gene conversion events to switelVSGas this mechanism relies on
homologous recombination. Figure 3-21 shows théctivig mechanisms in thad51-4 -

/- mutants. This data does not fit the predictiord ahows that thead51-4 -/- mutant,
clone Y-/-, can undergo expression site &8{5gene conversion. In contrast, there is an
observable difference between the wildtypesitu switch compared with thead51-4X-/-
mutant clone. It was observed that 15 % (+/- 9.0%yildtype cells used aim situ switch
whilst 65 % (+/- 8.0 %) of thead51-4 X-/- had switched their VSG by an situ switch.
This clear difference was not observed in the othdb1-4Y-/-. It should also be noted
that bothrad51-4 -/- mutants were still able to undergo expression aité VSG gene
conversion. The drug resistance and sensitivili@sgawith the PCR-banding pattern of a
number of switchers, which can not define by the¢hmechanism described in Figure 3-
19, are shown as “unknown”. These unknown mechanisray be the result of single-

strand annealing pathway as a way of switchingAB&gene in the expression site.
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Figure 3-21: Analysis of the switching mechanismsf the RAD51-4 mutant cell lines.

The graph shows the switching mechanismR#&D51-4 mutant cell lines as a percentage of the total
analysed. Wildtype strain 3174.2 (wt), two indepamdRAD51-4heterozygous mutants (X+/-, Y+/-), two
independentad51-4 homozygous mutants (X-/-, Y-/-) and tRAD51-4re-expressor (X-/-/+) are shown.
The assay allowed differentiation iofsitu transcriptional switchingiff situ), expression site gene conversion
(ES GC) andVSG gene conversion (VSG GC). Switch reactions thaildcaot be assigned in these
categories are indicated as “unknown”. The grapbwshthe means of triplicate data, with the 95 %
confidence intervals indicated by the error bars.
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3.5 Generation of the RAD51-6 gene disruption

mutants

3.5.1 Design of the RAD51-6 knockout constructs

The constructs for generatifAD51-6disruption mutants were of the same design as the
RAD51-4knockout constructs (Section 3.2). In this casepmbination on the LHF and
RHF targeting regions of thRAD51-60RF, resulted in the deletion of 790 bp of the ORF
which was replaced with thBSD and PUR antibiotic cassettes (see Figure 3-22). The
nucleotide sequence of tHRADS51-6 ORF and the primer binding sites are shown in
Appendix 2. The LHF oRAD51-6was PCR-amplified using primeRECA2 StartORF
For andRECA2StartORF Rev. The RHF ®#AD51-6was PCR-amplified using primers
RECA2 EndORF For anRECA2EndORF Rev, see Materials and Methods, Sectiod,2.4.
Table 2-1. These PCR-amplified products, of 29@ig 354 bp respectively, were cloned
into Xba andXhd digested pBluescript KS (Stratagene) using timeesstrategy as for the
RADS51-4 knockout constructs. ThBSD and PUR antibiotic resistance cassettes were
ligated between the LHF and RHFRAD51-6having previously been PCR-amplified and
cloned into pCR®2.1 (see Section 2.4.7). OncenBertion and correct orientation of the
resistance cassettes between RA&D51-6LHF and RHF were confirmed by restriction
mapping and sequencing, the resulting constructee vealled ARAD51-6:BSD and
ARAD51-6:PUR

\ W\
N SN
\I\‘o'b—\ eoo?\\l eo()?\ *“0\
— 240 bp BSD 400 bp /PUR 650 bp 400 bp
LHF Ba IR Antibiotic Resistance Cassette | Actin IR RHF
— 290 bp 790 bp 354 bp —

<

ATG RAD51-60RF TGA

Figure 3-22: RAD51-6 gene disruption construct and gene disruption strigy.

LHF: Left hand targeting flank which has homologythe 5’ region of th&RAD51-60RF. RHF: Right hand
targeting flank which had homology to the 3’ regmfrthe RAD51-60RF. The 5’ targeting flank (LHF) was
approximately 290 bp and the 3’ targeting flank fRkivas 354 bp. The antibiotic cassettes Havéubulin
intergenic regionf{a IR) and actin intergenic region (Actin IR) prodesssignals. The total length of the
ORF forRAD51-6is 1434 bp, and the size of the individual compdsiéin bp), restriction sites used in the
cloning and primer binding sites used to confirm ¢gieneration of the mutants are indicated.
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3.5.2 Generating the RAD51-6 mutant cell lines

The ARAD51-6:BSDandARAD51-6:PUR constructs were linearised using the restriction
enzymes Xba and Xhd. The DNA was phenol/chloroform extracted and etha
precipitated. Two transformations using construd®BAD51-6:BSD were carried out to
generate two independeRAD51-6heterozygous mutants, named X+/- and Y+/-. A total
of 5 x 10 T. bruceibloodstream stage 3174.2 cells were transformedldxtroporation
with approximately 5ug of the digestedARAD51-6:BSD construct. The cells were
incubated at 37C for 24 hours in non-selective HMI-9. After theogery period, 5 x 10
cells were diluted in 36 ml of selective HMI-9 apldted over a 24 well plate at 1.5 ml per
well, i.e. approximately 2.08 x 1@ells per well. A blasticidin concentration of &g.mrl
was used for selection of the heterozygous mutalhtioes. Integration of the constructs
into the expected gene locus was confirmed by P§IRgua forward primer upstream of
the ORF (Upstream oRECA2ORF For) and the reverse primer of the RHRECA2
EndORF Rev); this data is not shown. Subsequetatigtisrupt the secondAD51-6allele,

a second round of transformation was carried ourgusonstructsARAD51-6:PUR with

the two independent cell lines, X+/- and Y+/-, engrate the homozygous cell lines;/X
and Y-/-. The resistance marker for the second round oftoamants was puromycin at a
concentration of 0.5ig.ml*. The X/- and Y./~ cell lineswere then confirmed by PCR-

amplification, Southern blot, and reverse transagp-PCR analysis (see Section 3.6).

3.5.3 Confirmation of RAD51-6 mutant cell lines

3.5.3.1 Confirmation of RAD51-6 mutants by PCR

As for RAD51-4(see Section 3.2), PCR-amplification of the en@&D51-60RF, using
forward primers that bind upstream of the LKBpstream ofRECA2 ORF For; see
Material and Methods, Section 2.4.1, Table 2-1) #mel reverse primer of the RHF
(RECA2ENndORF Rev), was used to analyse the put&®kB51-6heterozygous (+/-) and
homozygous mutants (-/4). bruceistrain 3174.2. Figure 3-22 shows the primer bigdin
sites and Figure 3-23 show the PCR products olatghoen this PCR amplification, using
Tag polymerase and genomic DNA as template from theltyple (wt) 3174.2, the two
RAD51-6+/- and twoRAD51-6-/- cell lines. One product of the size expected the
intact RAD51-60RF was amplified (1435 bp) from wildtype genomidA. From each of
the RAD51-6+/- mutants, two products were amplified: one egponded to the wildtype
allele and the other to the size expected ofB8®&disrupted allele following integration
of the antibiotic resistance cassettes into the ORte ARAD51-6:BSD construct is
approximately 350 bp larger than the deleted fragnoé the RAD51-6 ORF and the
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resulting band is 1785 bp in length. From the twdependentad51-6 -/- mutants, no
wildtype PCR product was amplified and the two éargroducts are consistent with
integration of both antibiotic cassettes, disruptinoth alleles. TheARAD51-6:PUR
construct is 550 bp larger than the deleted fragrobtheRAD51-60RF and the resulting
band is 1985 bp in length.

X Y X Y
wt - e e -

kb

2.0 — . :: A RAD51-6:: PUR
16 — - = = - ‘_itRADST-G: BSD
1.0 —

Figure 3-23: Analysis of theRAD51-6 gene disruption by PCR-amplification.

An agarose gel separation of the PCR products gimteby PCR amplification of tHRAD51-6locus using
the forward primer: Upstream &FECAORF For and reverse priméRECA2EndORF Rev is shown. PCR
reaction were performed on genomic DNA from wilddyfwt) 3174.2T. bruceicells, for two independent
putativeRAD51-6heterozygous mutants (X+/- and Y+/-) and two puéatad51-6homozygous mutants (X-
/- and Y-/-). The DNA fragments of the size expdcfeom the wt genes or from alleles disrupted by
integration of theBSD resistance cassettdRAD51-6:BSD or the PUR resistance cassettdRAD51-
6::PUR) are indicated, as are the size markers.

3.5.3.2 Confirmation of RAD51-6 mutants by Southern blot
analysis

Southern blot analysis was next carried out toiconthe PCR prediction of the generation
of RAD51-6mutant cell lines (Materials and Methods, Sectdb). The genomic DNA
from each of the cell lines was extracted and deges/ithNdd. This was then separated
on a 0.8 % agarose gel and transferred to a nylembrane, which was probed with the
LHF of the RAD51-60RF. The probe was made by PCR-amplifying the lidkhg the
primersRECA2StartORF For anRECA2StartORF Rev. The resulting PCR-product was
then gel extracted, and labelled using @ene Image€DP-Star Detection Module from

Amersham.

Figure 3-24A shows the results of the Southern bladlysis. In wildtype cells, two
products of ~1100 bp and ~1900 bp were obtaineda#t predicted by sequence analysis
that digestion witiNdd should generate one band of 3041 bp, (see Figta4B). It is
therefore possible that an allelic difference betwthe sequence TREU927 genomic DNA
and Lister 427 genomic DNA used here resulted engresence of aNdd site. In the
putative heterozygous mutants three hybridizingdsamere obtained: two corresponded to
the fragment observed in the wildtype cells (~Ibp knd ~1.9 kbp) and the other was of a
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size consistent with thBSDdisrupted allele following integration of tH@AD51-6::BSD
construct into theRAD51-6 ORF (3291 bp). In the putative homozygous mutanbsh
bands seen in the wildtype genomic DNA were absemt replaced with two larger
fragments that are consistent in size with integnadf both antibiotic cassettes, disrupting
bothRAD51-6alleles RAD51-6::BSD 3291 bp andRAD51-6::PUR 3591 bp).

X Y X Y
kb wt +o - /- /-
4.0 — W o | «— 2raps16:PUR

+—— ARAD51-6::BSD

o | gpam ¥

2.0 — P W ——

1.6 — ;

1.0 — | W DI
nge nge

| ATG . TAG ‘
. | RAD51-6 ORF > .

3041 bp

Figure 3-24: Analysis ofRAD51-6 gene disruption by Southern blot analysis.

Figure 3-24A: Southern blot showinbldd-digested genomic DNA and probed with the LHF e RAD51-

6 ORF, see Figure 3-22. The extracted genomic DNnfwildtype (wt) 3174.2T. bruceicells, from the
two independent putative heterozygous mutants (& Y+/-) and from the two independent putative
homozygous mutants (X-/- and Y-/-) was digestechwtd, and separated on a 0.8 % agarose gel. The
DNA was then transferred to a nylon membrane aothgd with the LHF of th&RAD51-60RF. The DNA
fragments of the size expected from the wt gene$ran alleles disrupted by integration of tBSD
resistance cassettARAD51-8:BSD) or thePUR resistance cassettARAD51-6:PUR) are indicated, as are
the size markerd-igure 3-24B: shows the predicted locations fld restriction enzyme sites around the
RAD51-60RF of theT. bruceistrain TRUE927, predicted by sequence analysis BB

3.5.3.3 Confirmation of RAD51-6 mutants by RT-PCR

To confirm that mMRNA ofRAD51-6 was not transcribed in the putativad51-6 -/-
mutants, RT-PCR amplification was carried. Briefhyg total RNA was extracted from wit,
RAD51-6 +/-,andrad51-6 -/-cells and converted into cDNA using random primeang
reverse transcriptase (RT) enzyme (see MaterialsMgthods, Section 2.3). This cDNA
was then used as template in the PCR reactionsathplified the entirdeRAD51-60ORF,
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using a forward primer that binds to the LHReCA2StartORF For) and reverse primers
that bind to the RHFRecAZEndORF Rev).

Figure 3-25 shows the PCR fragments amplified fribbm cDNA. From wildtype and
RAD51-6 +/- cell lines, one product of the size expected the RAD51-6 ORF was
amplified from the cDNA (1435 bp). From thad51-6 -/-cells, noORAD51-6mRNA was
detected. DNA polymerase | RT-PCR positive contoalsfirmed that cDNA was present
in the -/- cell samples, while RT- control confircththat the PCR product generated from

the cDNA and not from the contaminated genomic DNA.

X Y X Y
wi +/- +/- -/- -J-
RAD516 —»| wmw - R 1
DNA Pof | —»| = e L b R
RT + - + -+ -+ -+ -

Figure 3-25: Analysis of the expression of th®AD51-6 mRNA in the mutant cell lines by RT-PCR
amplification.

Using the reverse transcriptase (RT) enzyme, cDN& generated from mRNA extracted from the wildtype
(wt) 3174.2T. bruceicells, from the two independent putatiRAD51-6heterozygous mutants (X+/- and
Y+/-) and from the two independent putatigel51-6homozygous mutants (X-/- and Y-/-). This cDNA was
used as template in the PCR reaction. PCR amiidicavas attempted using the forward primRECA2
StartORF For) and reverse prim&FCA2EndORF Rev). The PCR products were then separatedld %
gel. As a positive control the DNA polymerase | ORINA Poll) was amplified from the cDNA of all the
mutant cell lines. RT + and - indicates the presesfdRT enzyme (+) and the absence of RT enzyme (-)

3.6 Generation of RAD51-6 re-expressor cell lines

Having confirmed the generation of tre51-6 -/-mutants, it was necessary to re-express
the RAD51-6gene product in these cell lines, in order toiteay phenotypes that arose
were due tARAD51-6gene disruption (see Section 3.7) and not a secpmnalatation. This
was carried out using the same method to gendralRAD51-4re-expressor (see Section
3.3). The ORF oRAD51-6was PCR amplified usingECA2REX primers, (see Materials
and Methods, Section 2.4.1, Table 2-1) and clors#dguthe restriction siteBcoRV, into
pRM481 vector. As mentioned in Section 3.3 abadvis, ¢loning placed thRAD51-60RF
downstream of the phleomycin resistance cassett&)Bnd actin intergenic region and
upstream of the intergenic region in the pPRM481 vectopo{BLE-Act-RAD51-60).
This construct was digested withott and Apa and transformed into thead51-6 -/-
mutant cell lines. Then the cells were allowed ¢oowver for 24 hours in non-selective
HMI-9 media and were plated on 2u.ml* of phleomycin (Calbiochem).The flanking
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targetpBo and ap regions allows integration of tHRAD51-6and phleomycin resistance
cassette by recombination into the tubulin locuthwhe removal of the tubulin gene and

generation of th&@AD51-6re-expressor cell lines (-/-/+; see Figure 3-26).

N N
ot g gt el
240 bp 400 bp 400 bp 1435 bp 330 bp
1329 bp 1356 bp 1329 bp
— B Ba IR (0} ap IR B —

Ba tubulin array

Figure 3-26: Strategy for re-expression of th&AD51-6 by recombination into the pa tubulin array.

The ORF ofRAD51-6was cloned into the restriction siEeoRV of the pRM481 (top part of the diagram).
Notl andApal digestion liberates the construct which was ttransformed into the mutant cell lines and the
integration of thd(RAD51-60RF into theo tubulin array.

3.6.1 Confirmation of the RAD51-6 re-expressor cell lines
by RT-PCR

RT-PCR-amplification analysis, using the primeratthind to theRAD51-6LHF and RHF
(RECA2 StartORF For andRECA2 EndORF Rev), was used to detect cDNA in the
putative RAD51-6 -/-/+ cell lines (see Material and Methods, Settih3). The PCR-
amplification products are shown in Figure 3-27.eQmoduct of the size expected was
amplified from the cDNA from the wildtypeRADS1-6 X+/- and RAD51-6re-expressor
(X-/-[+ and Y-/-/+) cell lines. From thead51-6 X-/- cDNA, no product was detected.
DNA polymerase | was amplified from the cDNA of #ie cell lines, confirming that the
extracted RNA was converted to cDNA. The RT negationtrol had no RT enzyme (-) in
the reaction and confirmed that the PCR produateigged arose from the cDNA and not

from contaminating genomic DNA.
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Figure 3-27: Analysis of the expression of thRAD51-6 mMRNA in the RAD51-6 re-expressor cell lines

by RT-PCR amplification.

Using the reverse transcriptase (RT) enzyme, cDN& generated from mRNA extracted from the wildtype
(wt) 3174.2T. bruceicells, from the one putatiiAD51-6 heterozygous mutants (X+/-), from one putative
rad51-6 homozygous mutants (X-/-) and from the two indemeniy generatedRAD51-6 re-expressor cell
lines. This cDNA was used as template in the PCGitien. PCR amplification was attempted using the
forward primer RECAStartORF For) and reverse prim&@HCAZENdORF Rev). The PCR products were
then separated on a 1.0 % gel. As a positive cbtiteoDNA polymerase | ORF (DNA Poll) was amplified
from the cDNA of all the mutant cell lines. RT +danindicates the presence of RT enzyme (+) and the
absence of RT enzyme (-).

3.6.2 Confirmation of the RAD51-6 re-expressors by
Southern analysis

Southern analysis was carried out as a furtherttesonfirm the generation &§AD51-6/-

/+ cell lines (Materials and Methods, Section 2HB)e genomic DNA from the wildtype,
RAD51-6+/-, rad51-6 -/- and RAD51-6-/-/+ cell lines was extracted and digested with
Bcll. This was then separated on a 0.8 % agarose rgeltransferred on to a nylon
membrane. The membrane was probed with labelled D&i#ved from the middle of the
RAD51-60RF, which was made by PCR-amplification using pheners PTFRAD51-6
For andRAD51-6middle Rev (see Materials & Methods, Section 2.44dble 2-1), this
product was then gel extracted, and labelled ugiegsene Image€DP-Star Detection
Module (Amersham).

Figure 3-28A shows the results of this Southerrt blmlysis. In wildtype anRAD51-6

+/- cells, one fragment of approximately 4000 bpswabserved, consistent with the
prediction by sequence analysis, as the endogdRaDSH1-6has twoBcll sites either side

of it (see Figure 3-28B). In thed51-6 -/-mutants, there were no bands visible, although
DNA was loaded into the gel, as shown by the UMys& of the gel before transfer to the
membrane. In the re-expressor cell lines, RAD51-6 ORF was integrated into tha
tubulin array, resulting in a different restrictigrattern: Bcll digests the array in the
tubulin gene, and resulted in a 7430 bp fragmenthvis larger than the endogenous
RAD51-6band (see Figure 3-28C),



Rachel Dobson, 2009 Chapter 3, 108

A X Y

Kb x
7.0 — - - <«—— RADS51-6:Ba tubulin
6.0 —
50 —
4.0 — |- W p— «— it
<+—— DNA loaded
| A‘lE NAG |
RAD51-6 ORF >
I |
~4000 bp
C oe" o
BLE  |ActIR| RAD51-6 ORE>—E_
7430 bp

Figure 3-28: Analysis of the generation of th®AD51-6 re-expressor cell lines by Southern blot.

Figure 3-28A: Southern blot showin@cll-digested genomic DNA and probed with the middfetlee
RAD51-6 ORF. The extracted genomic DNA from wildtype (V@174.2T. bruceicells, from the two
independent putative heterozygous mutants (X+/-¥arfd), from the two independent putative homozygou
mutants (X-/- and Y-/-) and from the two independputative RAD51-6re-expressor (X-/-/+ and Y-/-/+)
was digested witlBcll, and separated on a 0.8 % agarose gel. The DN&then transferred to a nylon
membrane and probed with the middle of B¥D51-60RF. The DNA fragments of the size expected from
the wt gene, from alleles disrupted by integratainthe BSD resistance cassettdaRAD51-6:BSD and
integration of re-expressdRAD51-6into the tubulin array (RAD51-Bu) are indicated, as are the size
markers.Figure 3-28B: shows the locations dcll restriction enzyme sites up and down stream ef th
RAD51-60RF.Figure 3-28C: shows the locations d@cll site in thea-tubulin array predicted by sequence
analysis.
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3.7 Phenotypic analysis of RAD51-6 mutants and

re-expressor cell lines

Phenotypic analysis of tfRAD51-6mutant cell lines was carried out in a similar man
to that of theRAD51-4 mutant cell lines. To avoid repetition, see theregponding
Sections above (Section 3.4) and associated Mesteaiad Methods for description of

experimental details (Chapter 2) and Appendicestitistical analysis (Appendix 3).

3.7.1 Analysis of in vitro growth rate of RAD51-6 mutant
cell lines

To determine if mutation dRAD51-6had any effect on the growth ©f brucei,population

doubling time were measured, as described in Se&ié.1. Briefly, to examine growth
rates, each cell line was inoculated at 5 X ddIs per ml into HMI-9 medium and cell
densities were counted at fixed time points. Theulte of this are plotted on a semi-

logarithmic graph in Figure 3-29 and the populatioubling times shown in Table 3-10.
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Figure 3-29: Analysis of growth ofRAD51-6 mutant cell linesin vitro.

The semi-logarithmic of cell densities were plotseghinst fixed time points, (24 h, 48 h, and 7&ghown.
Wildtype 3174.2 strain (wt) is compared with twal@pendenRAD51-6heterozygous mutants (X+/-, Y+/-),
rad51-6 homozygous mutants (X-/-, Y-/-) arRIAD51-6re-expressor cell lines (X-/-/+, Y-/-/+). The ghap
shows the means of triplicate data, with the 950¥fidence intervals indicated.
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Table 3-10:in vitro doubling times for RAD51-6 mutant cell lines.
The population doubling time for the two indeperttiegeneratedRAD51-6 heterozygote (X+/-, Y+/-),
rad51-6homozygous mutants (X-/-, Y-/-) amRAD51-6re-expressor cell lines (X-/-/+, Y-/-/+) are comga
with the doubling time for wildtype strain 3174 &t]. The data are the means of the triplicate erpamts
(in hours) with the 95 % confidence intervals ireded (in brackets).

wt X +/- Y+/- X -I- Y+- X -1+ Y-I-1+
6.93 6.90 6.95 9.98 9.72 6.73 7.01
(+1-0.05) | (+/-0.03) | (+/-0.18) | (+/-0.63) | (+/-0.50) | (+/-0.18) | (+/-0.20)

These data show tha@d51-6 -/- mutants had a reduced growth rate, with each
independent mutant X-/- and Y-/-, displaying a éese in growth of 25.3 % and 27.5 %
compared to the wildtype at the 48 h time poingifé 3-29). This was confirmed by
increased population doubling times compared with wildtype andRAD51-6 +/-
mutantsrad51-6 X-/- have a population doubling time of 9.98 h (+/-3).6ndrad51-6Y -

/- have a population doubling time of 9.72 h (+/-0),%£ompared with the wildtype’s 6.93
h (+/- 0.05); see Table 3-10. These results aneifgigntly different as evaluated by the
Student’st-tests for the population doubling time (Table 3-4ll other pair-wise statistical
comparisons are shown in Appendix 3, Table 8). Reession of the RAD51-6 in each of
the homozygous mutant cell lines enabled the telfecover from the growth deficiency.
This confirmed that lack of RAD51-6 was responsiblethe slow growth of the cell lines.
Interestingly, thead51-6 -/-mutant was also slower growing than thd51-4 -/-mutants;
this is discussed in Chapter 4 (Section 4.2).

Table 3-11: Statistical analysis of thén vitro population doubling times for RAD51-6 mutants.

Unpaired, two-tailed Studenttstests were carried out to compare the mean ofripkcate doubling time
results for the two independently genera®AID51-6heterozygote (X+/-, Y+/-) andad51-6 homozygous
mutants (X-/-, Y-/-) andRAD51-6re-expressor cell lines (X-/-/+, Y-/-/+) againbetwildtype Significant
difference between the means is shown pyvalue ofp < 0.05; Not significantly different results are show
as “-“. [NA is not applicable.]

wit X+/- Y+/- X-/- Y-/- X-/-1+ Y-/-I+
wit NA - - 0.0007 | 0.0004 - -
3.7.2 Analysis of DNA damage sensitivity of RAD51-6

mutant cell lines

To analyse ifRAD51-6 mutation lead to increased DNA-damage sensitiatyain two
different assays were carried out: clonal surviidhe presence of DNA-damaging agents,
and measuring the metabolic capacity through alaso of resazurin to determine the

IC5o values for each cell line exposed to the DNA dantaggents, MMS and phleomycin.
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3.7.2.1 Clonal Survival of RAD51-6 mutant cell in es

As for the RAD51-4 mutant cell lines (see Section 3.4.2.1), the dlaavival assay
involved diluting 2 x 18 cells per ml to a concentration of 1 cell per weler a 96 well
plate and determining the number of wells thatdyglowing populations in the presence
of varying concentrations of MMS (%) and phleomygig.mi™). Figure 3-30 shows the
clonal survival ofrad51-6 -/-mutants compared with that of the wildtyg@AD51-6+/-
andRADS51-6-/-/+ cell lines when treated with 0.0001 %, 0.08620.0003 %, and 0.0004
% of MMS. The data is represented as a percenthgeowth when treated with MMS

compared to growth its absence.
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Figure 3-30: Clonal survival of RAD51-6 mutants in vitro when treated with methyl methanesulfonate
(MMS).

Cell survival is shown as a percentage of clonalvgn when treated with MMS compared to growth ia th
absence of MMS. Each cell line wildtype 3174.2 (vityo independenRAD51-6 heterozygous mutants
(X+/-, Y+/-), rad51-6 homozygous mutants (X-/-, Y-/-) and re-expresselt knes (X-/-/+, Y-/-/+) was
treated with increasing concentration of MMS (0.D0080, 0.0002 %, 0.0003 %, 0.0004 %). The graph shows
the means of triplicate data, with 95 % confideimtervals indicated by error bars.

With increasing concentrations of MMS, there waslear decrease in survival of each
rad51-6 -/- mutant, X-/- and Y-/-, compared with all other Icéhes. At a MMS
concentration of 0.0002 %, for instance, wildtypevssal was 74.4 % (+/- 17.6) relative to
the untreated cells, while thad51-6 X-/- displayed 11.5 % (+/- 1.1) survival arad51-6

Y-/- displayed 12.5 % (+/- 3.3) survival. The rasubf unpaired, two tailed Students
tests for clonal survival at this MMS concentratisrshown in Table 3-12, confirming that
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clonal survival of eachrad51-6 -/- mutant is significantly reduced compared witte t

wildtype cells.

Table 3-12: Statistical analysis of the clonal suival of RAD51-6 mutants when treated with 0.0003 %
methyl methanesulfonate (MMS).

Unpaired two-tailed Studenttstests were carried out to compare the mean ofripkécate clonal survival
results for the cell lines against the wildtypegr#iicant difference between the results is shoym p-value
of p < 0.05, while not significantly different resultssashown as “-“. [NA is not applicable] Each cefidiis
indicated as follows: wildtype strain 3174.2 (wjo independenRAD51-6heterozygous mutants (X+/-,
Y+/-), rad51-6homozygous mutants (X-/-, Y-/-) aiAD51-6re-expressor cell lines (X-/-/+, Y-/-/+).

wit X+/- Y+/- X-/- Y-/- X-I-1+ Y-/-1+
wit NA - - 0.0043 | 0.0132 - -

Student’st-tests were also carried out to compare the measvalrate if all the cell lines
against each other at all different concentratiohIMS, and these data are shown in
Appendix 3, Table 9. These results show that withhdasing concentration of MMS, there
was a significant reduction of clonal survival betrad51-6 -/- mutantscompared with
wildtype andRAD51-6 +/-cells. In addition, re-expression of the functioR#D51-6in

each of homozygous mutant cell line caused survovaicrease.

Clonal survival data generated following treatmeith four concentrations of phleomycin
0.025pug.mr*, 0.05pg.ml*, 0.075ug.mi, and 0.1ug.mI* are shown in Figure 3-31.
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Figure 3-31: Clonal survival of RAD51-6 mutants in vitro when treated with phleomycin.

Cell survival is shown as a percentage of clonaiwtin when treated with phleomycin compared to ghoiwt
the absence of drug. Each cell line, wildtype 3274ut), two independeriRAD51-6heterozygous mutants
(X+/-, Y+/-), andrad51-6 homozygous mutants (X-/-, Y-/-) was treated witicreasing concentration of
phleomycin (0.025ig.mI*, 0.05ug.ml*, 0.075ug.mr™, 0.1pg.mi?). The graph shows the means of triplicate
data, with 95 % confidence intervals indicated bprebars.

As for the MMS, increasing concentrations of phlgom from 0.025ug.ml* to 0.075
ng.mt, caused a clear decrease in survival of eaat51-6 cell line, X-/- and Y-/-,
compared with the other cell lines. At a phleomycioncentration of 0.02%g.ml?,
wildtype survival was 87.6 % (+/- 16.0) comparedhwl.9 % (+/- 23.2) and 4.5 % (+/-
20.0) forrad51-6 X-/- and Y-/- respectively. The statistical significance of thigling is
shown in Table 3-13.

Table 3-13: Statistical analysis of the clonal suival for RAD51-6 mutants when treated with 0.025
pg.ml™* phleomycin.

Unpaired, two-tailed Studenttstests were carried out to compare the mean ofripkcate clonal survival
results for the cell lines against the wildtypesignificant difference between the results is shdyra p-
value ofp < 0.05, while a non-significantly different resuiee shown as “-“. [NA is not applicable.] Each
cell line is indicated as follows: wildtype 3174(@t), two independenRAD51-6 heterozygous mutants
(X+/-, Y+/-), andrad51-6homozygous mutants (X-/-, Y-/-).

wit X+/- Y+/- X-/- Y-/-

wt NA - - 0.0002 | 0.0003

Unpaired, two-tailed Studenttstests to compare the survival rates of all cekdi relative

to each other, at all the different concentratiohphleomycin are shown in Appendix 3,
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Table 10. At a concentration of 0.9§.mI* of phleomycin, there was also a significant
decrease of clonal survival of thed51-6 -/-mutant compared with wildtype afAD51-

6 +/- mutants. However, at the higher concentration®®75ug.m* and 0.1ug.ml™, this
analysis was not possible, as tlael51-6-/- mutants were killed. Re-expressor cell lines
were not analysed, as functional add-back of B®D51-6 gene was selected by

phleomycin resistance (Section 3.6).

These data show that th@d51-6-/- mutants, likerad51-4 -/-mutants are more sensitive
to both DNA-damaging agents, MMS and phleomyciantthe wildtype and heterozygous

cell lines.

3.7.2.2 1Cg, values of MMS and Phleomycin for RAD51-6 mutant
cell lines

Determination of the I§; values of MMS and phleomycin of tHeAD51-6 mutant cell
lines was conducted by measuring conversion oztesato resorufin as described as for
the RAD51-4mutant cell lines in Section 3.4.2.2. The samdistaconcentrations of cells,
titration of MMS and phleomycin, and growth and sw@w@&ment by spectrometry were

performed (see Materials and Methods, Section 28.2

Figure 3-32 shows the calculated meagy alues for MMS of wildtypeRAD51-6 +/5
rad51-6 -/-andRAD51-6 -/-/+cell lines. The wildtype cells meanggralue was 0.000406
% (+/- 0.000046), which is 2.5 — 4.0 fold higheanhthat of the twead51-6 -/-mutants:
0.000143 % (+/- 0.000017) and 0.000119 % (+/- 00QGY for X-/- and Y-/-, respectively.
In contrast, eacRAD51-6+/- mutant’s IGo value was equivalent to the wildtype cells.
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Figure 3-32: IC5, values of MMS for RAD51-6 mutant cell lines

Resazurin was used as an indicator of growth aggl\i@ues were calculated for each cell line. Wildtyp
3174.2 (wt), two independerRAD51-6 heterozygous mutants (X+/-, Y+/-), two independest51-6
homozygous mutants (X-/-, Y-/-) and two independ®AD51-6re-expressor cell lines (X-/-/+, Y-/-/+) were
treated with serial dilutions of MMS. The graph wisothe mean I values derivative from the triplicate
data, with the 95 % confidence intervals indicdigdhe error bars.

The reduction of the I§ value of therad51-6 -/-mutants compared with the wildtype
cells was significantly different, based on the aimgd, two-tailed Student’$-test

comparisons of the data (Table 3-14). Studentésts of all other pair-wise comparisons

are shown in Appendix 3, Table 11.

Perhaps surprisingly, re-expression of functionaDR1-6 in theRAD51-6-/-/+ cell lines
appeared not to revert the MMS sensitivity to eglamat levels of resistance as found in
the wildtype orRAD51-6 +/-cells. The reason for this is unclear, in paricuis the same

findings were not the case in the clonal survisslay, see Figure 3-30.

Table 3-14: Statistical analysis of the IG, values for MMS of theRAD51-6 mutants.

Student'st-tests were carried out to compare the mean ofriplcate 1G, values for the cell lines against
the wildtype. A significant difference between thesults is shown by @a-value of p < 0.05 and not
significantly different results are shown as “NA is not applicable.] Each cell line is indicatasl follows,
wildtype strain 3174.2 (wt), two independd®AD51-6heterozygous mutants (X+/-, Y+/-), two independent
rad51-6homozygous mutants (X-/-, Y-/-) and two independ®AD51-6re-expressors (X-/-/+, Y-/-I+).

wit X+/- Y+/- X-/- Y-/- X-1-1+ Y-/-[+

wit NA - - 0.0048 | 0.0010 - -
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Figure 3-33 shows the means{Gralues calculated for phleomycin. Here, the wibdty
cells display a mean kg value of 0.214ug.ml* (+/- 0.021) and was approximately four
fold higher than that ofad51-6 -/-mutants whose mean d§values were 0.04fg.mi*
(+/- 0.007) and 0.05fg.ml* (+/- 0.004) for X-/- and Y-/- respectively.
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Figure 3-33: ICs values of phleomycin forRAD51-6 cell lines

Resazurin blue was used as an indicator of growth I&, values were calculated for each cell line.
Wildtype 3174.2 (wt), two independeRAD51-6 heterozygous mutants (X+/-, Y+/-), two independent
rad51-6homozygous mutants (X-/-, Y-/-) and two indeperideAD51-6re-expressor cell lines (X-/-/+, Y-/-
/+) were treated with serial dilutions of phleomycihe graph shows the means of the triplicate, deith

the 95 % confidence intervals indicated by the relpeo's.

Student'st-tests (Table 3-15) confirm that the reduction e tG;, value for phleomycin
of the wildtype cells compared with th@d51-6 -/-mutants was significant. In contrast, no
difference in phleomycin sensitivity was found the RAD51-6 +/-cells relative to the

wildtype cells. The complete statistical analydigb pair-wise comparisons can be found

in Appendix 3, Table 12.

Table 3-15: Statistical analysis of the G, values for phleomycin of theRAD51-6 mutants.
Student’st-tests were carried out to compare the mean ofripkicate 1G, values for the cell lines against
the wildtype. A significant difference between thesults is shown by @-value ofp < 0.05 and not
significantly different results are shown as “NA is not applicable.] Each cell line is describedildtype
strain 3174.2 (wt), two independeRAD51-6 heterozygous mutants (X+/-, Y+/-), and two indepemt
rad51-6homozygous mutants (X-/-, Y-/-).

wit

X+/-

Y+/-

Y-/

NA

0.0108
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These results largely confirm the findings of tHenal survival assays and show that
survival in the presence of two DNA-damaging agestseduced forad51-6-/- mutants
relative to wildtype cells andRAD51+/- mutants. Most likely, the lack of functional
RAD51-6 in the cell causes an impairment in theapiée’s ability to repair the DNA
damage.

3.7.3 Analysis of recombination efficiency of RAD51-6
mutant cell lines

To assay for recombination efficiency, a transfdiomaassay was used, following the
procedure described foRAD51-4 mutants, see Section 3.4.3. The results of these

experiments are shown in Figure 3-34.
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Figure 3-34: Transformation assay for theRAD51-6 mutant cell lines

To assay for recombination rate, a transformatifficiency assay was used. Each cell line is indidaas
follows: Wildtype strain 3174.2 (wt), two indepead RAD51-6heterozygous mutants (X+/-, Y+/-), and
two independentad51-6 homozygous mutants (X-/-, Y-/-). The values pldttare mean numbers of
phleomycin resistant transformants pef ¢6lls transformed. These experiments were domgpiicate with
the same linearised DNA, and error bars of the Qfo#fidence intervals are indicated.

These data indicate that thed51-6-/- mutants had a defect in transformation efficken
compared with the wildtype anBRAD51-6 +/- mutant cell lines. The transformation
efficiency for the wildtype cells was 1.2 x 1@+/- 3.4 x 10') whereas the transformation

efficiencies of thead51-6X-/- and Y-/- were 3.3 x 108 (+/- 7.3 x 1) and 2.4 x 10 (+/-

1.8 x 10°) respectively. These results were confirmed tostumificantly different by
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unpaired, two-tailed Studenttgests (Table 3-16, and Appendix 3, Table 13).dnt@ast,
the RAD51-6+/- mutants were as efficient as the wildtype cellsansformation.

Table 3-16: Statistical analysis of the transformabn efficiency ofRAD51-6 mutant cell lines.

Unpaired, two-tailed Studentistests were carried out to compare the mean ofripkcate transformation
efficiency results for the wildtype cells relatit@ the other cell lines. A significant differencetlween the
results is shown by prvalue ofp < 0.05 and not significantly different results ahemwn as “-“. [NA is not
applicable.] Each cell line is described: wildtygigain 3174.2 (wt), two independdRAD51-6heterozygous
mutants (X+/-, Y+/-), and two independeatl51-6homozygous mutants (X-/-, Y-/-).

wit X+/- Y+/- X-/- Y-/-
wit NA - - 0.0220 | 0.0148

This analysis has shown that mutation of RAD51-6sea a decrease in the abilityTof
bruceito undergo homologous recombination, a findind thaimilar to that obtained for
therad51-4 -/-mutants, see Section 3.4.3. It is also comparalttethe finding forrad51,
rad51-3,andrad51-5homozygous mutant cell lines (McCulloch & Barry 999 Proudfoot
& McCulloch, 2005a). As a result, therefore, it epps that all fouff. bruceiRAD51

paralogues act in HR.

3.7.4 Analysis of RAD51 foci formation in RAD51-6
mutant cell lines

In Section 3.4.4, it was demonstrated that DNA dzenby phleomycin treatment af.
brucei causes a re-localisation of RAD51 into distinatif@and that RAD51-3, RAD51-5
and BRCA2 all contribute to the formation or stedaition of RAD51 foci (see Chapter 4,
Section 4.5 of this thesis, Hartley & McCulloch,03) Proudfoot & McCulloch, 2005b).
To examine if RAD51-@lso acts in the RAD51 relocalisatiammuno-fluorescence was
carried out on fixed phleomycin treated and controh-treated cells using rabbit anti-
RADS51 antiserum, as described in Section 3.4.4Matérials & Methods, Section 2.9. In
this case a more limited range of phleomycin cotreions were examined: growth of
RAD51-6+/-, andrad51-6-/- for 18 hours in either 0.25g.mI* or 1.0pg.mi* phleomycin.
Wildtype data are those generated previously fonparison with theRAD51-4cell lines
(Section 3.4.4). Th®RAD51-6+/- cell lines displayed a similar pattern to wylde, with
70-75 % of cells forming discernable RAD51 focilah ug.mi, compared with 78 % of
the wildtype cells.
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Figure 3-35: RAD51 sub-nuclear foci irrad51-6 -/- mutant.

The first row of pictures shows an example of a-treatedrad51-6 -/-cell: no distinct RAD51 foci are
detected. The second row is an example cdd51-6 -/-cell treated with 1.Qug.mf* phleomycin for 18
hours. RAD51 was imaged by indirect immuno-fluosssm®e (FITC) (first column), the DNA was stained
with DAPI (second column), FITC and DAPI were matdéhird column), the cells are visualised by DIC
(fourth column) and all the images were mergedh(iblumn).

Table 3-17: Percentage ofad51-6 -/- mutant cells with a specific number of RAD51 foci.

The percentage of cells with a specific numbehefgub-nuclear RAD51 foci formed (0, 1, 2, 324) when
the cell lines were treated with increasing conegtiuns of phleomycin, 0.25g.mI* and 1.0pg.ml* is
shown. The total indicates the number of cells ¢edin Wildtype strain 3174.2 (wt), two independent
RAD51-6heterozygous mutants (X+/-, Y+/-), and two indegetrad51-6homozygous mutants (X-/-, Y-/-)
were analysed.

Concentration Number of RADS51 foci Cells

of phleomycin 0 1 2 3 4 >5 Counted
wt 0.25 pg.ml? 32.0 43.0 14.0 9.0 1.0 5.0 100
1.0 pg.mi-t 21.3 25.3 23.1 12.9 6.7 10.7 225
X+/- 1.0 pg.mi-t 275 22.5 28.4 14.7 2.9 3.9 102
Y+/- 1.0 pg.mi-t 30.0 22.0 23.0 12.0 7.0 6.0 100
X-I- 0.25 pg.ml? 95.2 2.7 11 11 0.0 0.0 100
1.0 pg.mi-t 86.4 10.3 33 0.0 0.0 0.0 100
Y-/- 0.25 pg.ml? 96.6 1.7 0.9 0.9 0.0 0.0 100
1.0 pg.mi-t 83.0 11.0 3.0 1.0 2.0 0.0 100
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In therad51-6 -/-mutants86-95 % of the cells did not display visible sulziear RAD51
foci when treated with phleomycin either at a canicgion of 0.25.g.mI* and 1.0ug.mi*
(see Figure 3-36), compared with 21-32 % of wildtyells. This result shows that cells
lacking RAD51-6 are severely impaired in re-locaiign of RAD51 in the nucleus, or in
the maintenance of RAD51 foci once formed. It igjaed, possible that the very small
number of RAD51 foci scored are artefacts of puectaining, which is seen in the
absence of DNA damage (see Figure 3-35, and Se8#ba, Figure 3-15). This supports
the theory that RAD51 re-localisation in responseDNA damage is aided by multiple
factors, including RAD51-6, the other RAD51 paraleg and BRCA2 (Hartley, 2008;
Proudfoot & McCulloch, 2005a). It also appears ttret rad51-6 -/- mutants are more
severely impaired in this process than th@51-4 -/-mutants; this is considered further in
Chapter 4, (Section 4.5).
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Figure 3-36: Percentage ofad51-6 -/- mutant cells with a specific number of RAD51 foci.

The percentage of cells with a specific numbehefsub-nuclear RAD51 foci formed (0O, 1, 2, 328) when
the cell lines were treated with 1.@.mi* of phleomycin for 18 hours. Wildtype strain 3174u#t), two

independentRAD51-6 heterozygous mutants (X+/-, Y+/-), and two indegest rad51-6 homozygous
mutants (X-/-, Y-/-) are shown.
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3.7.5 Analysis of VSG switching in  RAD51-6 mutant cell
lines

To examine the role of RAD51-6 iWNSG switching, therad51-6 -/- mutants were
compared with wildtypeRAD51-6+/- and theRAD51-6-/-/+ mutant cell lines in th&SG
switching assay whose details are discussed inddegi4.5 and in Materials and Methods,
Section 2.8.4. The results of this are shown iufea@-37 and Figure 3-38.

[Eny
o

|

[y
N

Switching Frequency (per 10 7 cells/ generation)

3 | o
0 T T . T
wt X+/- X-/- Y+/- Y-/- X-/-1+

RAD51-6 cell line

Figure 3-37: The mean of the/SG switching frequencies inRAD51-6 mutant cell lines.

The graph shows the mean of M8Gswitching frequencies d®RAD51-6mutant cell lines. Wildtype strain
3174.2 (wt), two independeRAD51-6heterozygous (X+/-, Y+/-,) two independeatdi51-6 homozygous
mutants (X-/-, Y-/-) and on&®AD51-6re-expressor (X-/-/+) are shown. The graph shdwes means of
triplicate data, with the 95 % confidence intenial$icated by the error bars.

Analysis of theVSG switching frequencies suggests tmat51-6 -/- mutants have an
impaired ability to undergo VSG switching as theG/Switching frequencies show a trend
in which therad51-6 -/-switch at a lower frequency compared with R%&D51-6 +/-cells
from which they are derived, and compared with typg and re-expressor cells, see
Figure 3-37. Unpaired two-tailed Student‘tests were carried out on the data, and are
shown in Table 3-18 and in Appendix 3, Table 14hmindependent clone X, tRAD51-

6 X+/- had a VSG switching frequency of 10.7 (+/-)3%itched variants per 16ells per
generation, which is significantly different frorhet relatedrad51-6 X-/-, which had a
VSG switching frequency of 2.7 (+/- 1.5) events fiéf cells per generation. The same

was true for the other independent clondRAD51-6Y+/- had a VSG switching frequency
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of 14.8 (+/- 0.1) switched variants per’i€ells per generation, which is significantly
different from rad51-6 Y-/-, which had a VSG switching frequency of 4.9-(8.2)
switched variants per 1G&ells per generation. Table 3-18 shows that theas also a
significant difference between the switch frequeaodf the wildtype compared with the
rad51-6X-/- mutant and not thead51-6Y-/- mutant. Similar to the results for thed51-4
-/- mutants, the large error bars (Figure 3-37) lac#l of significant difference between the
wildtype and both independent homologous mutantsbl@ 3-18) may suggest that
RAD51-6 is not involved ilvSGswitching.

Table 3-18: Statistical analysis of th&/SG switching frequency ofRAD51-6 mutant cell lines.

Unpaired, two-tailed Studenttstests were carried out to compare the mean ofriplécate VSG switching
frequencies for the cell lines against the wildtypesignificant difference is shown bypavalue ofp < 0.05.
Not significantly different results are shown as fNA is not applicable.] Wildtype strain 3174.24), two
independenRAD51-6heterozygous (X+/-, Y+/-,) two independeatl51-6homozygous mutants (X-/-, Y-/-)
and oneRAD51-6re-expressor (X-/-/+) are shown.

wit X+/- Y+/- X-I- Y-/- X-1-[+

wit NA - - 0.0328 - -

To examine this further, a selection of recovenedched clones from each cell line were
analysed to differentiate the switching mechanisimas occurred, as described in Section
3.4.5 and Materials and Methods, Section 2.8.4s @halysis uses PCR amplification and
drug sensitivity or resistance to predict the medrma undertaken by the cells to switch
their VSG coat. Given the involvement of RAD51-6racombination and repair, it might
be predicted that thead51-6 -/-cells would not undergo gene conversion evenssvitch
their VSG since this mechanism relies on homologous recaatibin. Figure 3-36 show
the switching mechanisms in tmad51-6 -/- mutant cell lines, which demonstrates that
these data did not fit this prediction, and expoesssite and VSG gene conversion
reactions could be detected readily in both h@51-6 -/- mutants. It is also not clear
whether or notin situ switching becomes more predominant, given the densble

variation of the data.
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Figure 3-38: Analysis of the switching mechanismsf the RAD51-6 mutant cell lines.

The graph shows the switching mechanismR#D51-6 mutant cell lines as a percentage of the total
analysed. Wildtype strain 3174.2 (wt), two indepamdRAD51-6heterozygous mutants (X+/-, Y+/-), two
independentad51-6 homozygous mutants (X-/-, Y-/-) and tRAD51-6re-expressor (X-/-/+) are shown.
The assay allowed differentiation iofsitu transcriptional switchingiff situ), expression site gene conversion
(ES GC) andVSG gene conversion (VSG GC). Switch reactions thatlccaot be assigned in these
categories are indicated as “unknown”. The grapbwshthe means of triplicate data, with the 95 %
confidence intervals indicated by the error bars.

3.8 Summary

This chapter describes the generation and confiomaif gene knockouts of the two of
remaining unstudied RAD51 paralogues, RAD51-4 amDRI1-6, in T. brucei blood
stream form strain 3174.2. ThRAD51-4 and RAD51-6 genes were disrupted by
integration of antibiotic resistant cassettes ithballeles of each gene. These knockouts
were generated using a reverse genetics approacbrewthe gene sequencing and
phylogeny predicted the function of tfe bruceiRAD51 paralogues having a role in one
or more HR pathways. The phenotypic analyses destinere confirmed this prediction
and showed that RAD51-4 and RAD51-6 act in the HRhway, with the twaoad51-4 -/-
and rad51-6 -/- mutants having a decrease in transformation efiy. RAD51-4 and
RAD51-6 may also affect antigenic variation, sitice mean VSG switching frequencies
were decreased in the homozygous compared to teeokhggous mutant cell lines. The
rad51-4 -/- and rad51-6 -/- mutant cell lines also had a decreased gromate and
increased sensitivity to the DNA damaging agenitdegmycin and MMS. This analysis
confirmed the prediction that RAD51-4 and RAD51#&vé roles in the RAD51-dependent
pathway as thead51-4 -/-andrad51-6 -/-mutants had a decrease in the amount of DNA-
damage induced RAD51 foci formation. This resudbatonfirms that the two paralogues
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interact with RAD51 either directly or indirectls therad51-4 -/-andrad51-6 -/-mutant
cell lines are viable, this supports the belieftttieere are other RAD51-independent
pathways involved in the double strand break rep&i. brucei DNA. The lack of
functional repair pathways involving the RAD51 pagues is therefore not completely

detrimental to the cell

It is interesting that the phenotype of tta&l51-4 -/-mutant cell lines appear to be less
severely compromised compared to thd51-6 -/-mutants. This was especially true for
the phleomycin sensitivities; where the sdCvalue of therad51-4 -/- mutants is
approximately double that of thed51-6 -/- mutants This can also been seen when
analysing the phleomycin-induced RAD51 foci formatpercentages. Although the other
phenotypic analyses are not truly comparable, ii@51-4 -/- mutant cell lines are
apparently affected to a lesser extent in compartsotherad51-6 -/- mutant cell lines

when growth rate, HR rates and VSG switching fregies are measured.

The impairment of growth rate, homologous recomtoima DNA-damage induced repair
and VSG switching of thead51-4 -/- and rad51-6 -/- mutants are of a similar level
compared with the other two RAD51 paralogue mutarg#d51-3 -/- and rad51-5 -/5
described previously by Proudfoot & McCulloch, 260&hapter 4 of this thesis describes
a more in depth analysis of the comparisons anttasis all fourad51 paralogue mutants
alongside the wildtype anad51 -/-cell lines.
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4.1 Introduction

The aim of this chapter was to compare the sevefithe different phenotypes BAD51
mutant and each of the foRAD51paralogue mutant cell lines. The rationale behing t
was to attempt to determine if each factor contabuequally to DNA repair and
recombination functions, and thereby ask if thelyima@a single or multiple pathways. To
do this, all experiments were carried out, with éixeeption of the VSG switching assays,
at the same time using the same equipment and dwethbherefore, this is a
comprehensive re-analysis of the phenotypic dasardeed in Chapter 3 and in Proudfoot
& McCulloch (2005a), and allows direct comparisoitheut the potential for experimental
variation, due to unforeseen technical differenbesween experiments performed at

different times and by different researchers.

The generation and confirmation @&d51-3 -/-andrad51-5 -/-cell lines is described in
Proudfoot & McCulloch (2005a), and fead51-4 -/- andrad51-6 -/- cell lines in the
previous Chapter 3 of this thesis. Tlael51 -/-mutant was generated by Rebecca Barnes
(unpublished). This was based on the constructergeed for theRAD51 mutation by
McCulloch & Barry (1999), but the phleomycin reaiste construct was altered to provide
blasticidin resistance. All the homozygous mutamsre generated in an equivalent
manner, with the disruption of the ORF by conssutiat target the gene using left and
right hand flanks of the start and end of the O&$pectively (Figure 4-1).

ATG ‘\Stop

ORF

LHF Ba IR Antibiotic Resistance Cassette | Actin IR RHF

Figure 4-1: Diagram showing a generic construct forthe generation of RAD51 and the RAD51
paralogue mutants.

The main ORF of RAD51 and each of the RAD51 panadsgwere disrupted with an antibiotic resistance
cassette, encoding resistance to blasticidin amdnpycin. This was carried out through integratidnthe
cassette by homologous recombination of targetiggons, the left hand flank (LHF) and right hanaht
(RHF) of the gene.

In all cases the two alleles were disrupted usheghlasticidin and puromycin antibiotic
resistance cassettes. Use of these resistancettesssdlowed analysis of phleomycin
sensitivities of the cell lines. These construats shown in Figure 4-2 indicating the

amount of ORF sequence deleted as a result ofratteg of the resistance cassette. Also
shown are the intergenic regions flanking the tasise cassettes. For tree51 -/-mutant
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generation, theARAD51::PUR construct had processing flanks derived from privcyc
(McCulloch & Barry, 1999; Figure 4-2 A ). TieRAD51-3::BSD ARAD51-3::PURand
ARADS51-5::PURconstructs differed in that both intergenic seqee(i®) flanking the
antibiotic resistance ORFs were derived from tuhufic and of IR (Proudfoot &
McCulloch, 2005a; Figure 4-2 B, D). All the otheonstructs,ARAD51-4::BSD/PUR
ARAD51-5::BSDand ARAD51-6::BSD/PURhad one intergenic region derived from the
tubulin and the other from actin (Figure 4-2 C,H), All these homozygous mutants were
generated in the sande bruceistrain 3174.2 in which the VSG switching frequesaad
mechanisms were analysed (McCullathal, 1997; McCulloch & Barry, 1999).
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A LHF 85 bp PUR: 850 bp 390 bp RHF
a RAD57- PARP 5'| Puromycin Resistance Cassette [ PARP 3’-
A 391 bp
LHF 240 bp BSD: 400 bp 330 bp RHF
A RAD57- Ba IR Blasticidin Resistance Cassette | of IR -
A 391 bp
B LHF 240 bp BSD: 400 bp / PUR: 650 bp 330 bp RHF
A RAD51-3- Ba IR Antibiotic Resistance Cassette af IR -
A 798 bp
c LHF 240 bp BSD: 400 bp / PUR: 650 bp 400 bp RHF
A RAD51-4m Ba IR Antibiotic Resistance Cassette [ Actin IR m
A 581 bp
D HF 240 bp BSD: 400 bp 400 bp
A RAD5T—5- Ba IR Blasticidin Resistance Cassette | Actin IR
A 673 bp
240 bp PUR: 650 bp 330 bp
A RAD51-5 Ba IR Puromycin Resistance Cassette | ap IR
A G673 bp
E LHF 240 bp BSD: 400 bp / PUR: 650 bp 400 bp RHF
A RAD57-6 Ba IR Antibiotic Resistance Cassette | Actin IR
A 790 bp

Figure 4-2: Diagram showing the knockout constructsfor the generation of rad51 and the RAD51
paralogue mutant cell lines.

The main ORF of RAD51 and each RAD51 paralogue dissipted with an antibiotic resistance cassette,
encoding resistance to blasticidBSD and puromycin (PUR). This was carried out througkgration of
the cassette by homologous recombination of targetégions, the left hand flank (LHF) and right dan
flank (RHF) of the gene, and the sequence sizesslaogn in base pairs (bp). The diagram shows the
constructs usedigure 4-2A: ARAD51::PURARAD51::BSD Figure 4-2B: ARAD51-3::BSD/PURFigure
4-2C: ARAD51-4::BSD/PUR Figure 4-2D: ARADS51-5::BSD, ARAD51-5::PUR, and Figure 4-2E:
ARAD51-6::BSD/PUReach indicating the amount of the ORF deleteéhtsgration of the construcA391

bp, A798 bp,A581 bp,A673 bp, andA790 bp respectively. The intergenic regions flagkihe antibiotic
resistance genes are indicated as folldusandap tubulin Bo IR andap IR), actin intergenic region (Actin
IR) and procyclin intergenic regions (PARP 5’ arARP 3’).

The rad51 -/- mutant cells and the equivalent homozyg&®AD51 paralogue mutants,
rad51-3 -/-,rad51-4 -/-, rad51-5 -/-andrad51-6 -/5 were all viable. Thus, phenotypic
analysis of each cell line is possible, as desdrilbethis chapter. These results will be
considered in comparison with singRAD51 paralogue gene mutation analysis in other
species, in particular vertebrate cells where tlotes appear to adopt overlapping, yet

distinct functions (Liuet al, 2004; Sigurdssort al, 2001; Takataet al, 2000; Takataet
al., 2001; Tarsounast al, 2004b).



Rachel Dobson, 2009 Chapter 4, 129

4.2 Analysis of the in vitro growth rates of RAD51

and RAD51 paralogue mutants

Previous work has shown that homozygous mutantsad$l and each of th&RAD51
paralogues had a reducedvitro growth rate (McCulloch & Barry, 1999; Proudfoot &
McCulloch, 2005a). In some cases, this was alspo ise@vo (McCulloch & Barry, 1999).
To compare the extent of this impairment, growtihvea and population doubling time
were calculated (this was performed as before;Maierials and Methods, Section 2.8).
Figure 4-3 and Table 4-1 confirms that tlRAD51 and eachRAD51 paralogue
homozygous mutantrgd51-3 -/-,rad51-4 -/5 rad51-5 -/-andrad51-6 -/ have a growth
impairment compared with that of the wildtype. Haee it is notable thatad51-4 -/-and
rad51-5 -/-mutant growth rates (green and red lines of Figu8® appear to be faster than
that of the otherad51 -/5 rad51-3 -/-andrad51-6 -/-(see Table 4-1). The same trend was
observed previously, in a more limited sample: Bfoat & McCulloch, (2005a) observed
that rad51-5 -/- mutants appeared to grow quicker than thd51-3 -/- mutants. The
implications of this are unknown because the bésisslow growth in the mutants is
unclear, but it may suggest that these two RAD5dalpgue proteins, RAD51-4 and
RAD51-5, may have less central functions in ceblbylity or cell cycle progression,
perhaps due to having less crucial roles in DNAareplt may be, for instance, that
RAD51-4 and RAD51-5 are not as integral to DNA iepa RAD51 and the other RAD51
paralogues, or that they have a role or rolesdhatbe performed by some other protein or
protein complexes. It may be that their role isaid or stabilise the other RAD51
paralogues that are more centrally involved in irepehich has been suggested for some

members of the mammalian RAD51 family (lebal, 2004).
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Figure 4-3: Analysis of the growth 0ofRAD51 and RAD51 paralogue mutantsin vitro

A semi logarithmic plot of the cell densities atefdl time points, 24 h, 48 h, and 72 h is showns Ttbt
shows the growth afad51 -+ (51-/-),rad51-3 -/-(3-/-), rad51-4 -/-(4-/-), rad51-5 -/-(5-/-), andrad51-6 -/-
(6-/-) mutants compared with the wildtype strairv@2 (wt). The means of three independent expeitsnen
are shown, with the 95 % confidence intervals iatid by error bars.

Table 4-1: in vitro population doubling times for the homozygous mutarg of RAD51 and the RAD51
paralogues.

The population doubling time of each homozygousamutad51 -£, rad51-3 -/; rad51-4 -/; rad51-5 -/5
andrad51-6 -/; are displayed in hours. These data are compaitbdttve population doubling time for the
wildtype strain 3174 (wt).

wt rad51-/- rad51-3-/- | rad51-4-/- | rad51-5-/- | rad51-6-/-

6.69 9.99 9.80 7.87 8.37 9.52
(+-0.019) | (+-1.0) (+-0.89) | (+-0.73) | (+/-0.31) | (+/-0.79)
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Table 4-2: Statistical analysis of then vitro population doubling times for the homozygous mutarg of
RAD51 and the RAD51 paralogues.

Unpaired, two-tailed Studenttstests were carried out to compare the mean ofripiecate growth rates for
the wildtype (wt) andad51 -/5 rad51-3 -/-,rad51-4 -/; rad51-5 -/-andrad51-6 -/-mutants. A significant
difference between the means is shown pyvalue ofp < 0.05. Not significantly different results are show

as “-“. NA is not applicable.

wt rad51-/- rad51-3-/- | rad51-4-/- | rad51-5-/- | rad51-6-/-
wt NA 0.0030 0.0025 0.0338 0.0005 0.0022
rad51-/- 0.0030 NA - 0.0290 0.0395 -
rad51-3-/- 0.0025 - NA 0.0309 0.0419 -
rad51-4-/- 0.0338 0.0290 0.0309 NA - 0.0400
rad51-5-/- 0.0005 0.0395 0.0419 - NA -
rad51-6-/- 0.0022 - - 0.0400 - NA

It has been observed in chicken DT40 cells, thatgitowth rates of the Rad51 paralogue
mutantsyad51h rad51¢ rad51d xrcc2 andxrcc3, are significantly lower when compared
with the wildtype cells (Takatat al, 2000; Takatat al, 2001). The authors noted that the
cell cycle profiles were the same for the wildtyged rad51 paralogue mutants, and
suggested that the lower growth rates were dubddiigh percentage (~20-30 %) of cell
death in thead51 paralogue mutant cell lines (Takattal, 2000; Takatset al, 2001).
This has also been suggested to be trueafi1-3 -/-andrad51-5 -/-mutants inT. brucei
(Proudfoot & McCulloch, 2005a), but the cell cygiofiles ofrad51-4 -/-andrad51-6 -/-
mutant cell lines were not examined. It is alsoemamirthy that therad51 paralogue
mutants in the DT40 cells display chromosomal altierms, as do thé&. brucei brca2 -/-
cells, and this may be the underlying cause of @edith in the population and reduced
growth rates (Hartley & McCulloch, 2008; Let al, 1998; Takatat al, 2001). However,
the reduced growth rate h brucei brca2 -/is partly due to defects in the nuclear DNA
replication or cell division (Hartley, PhD thesigiithough this has not been observed in
rad51 -/-nor in theRAD51paralogue homozygous mutants. Nevertheless, furéasons
why therad51 paralogue mutants in all species studied havecestigrowth rates could
yet be uncovered. In addition, determining whethebrucei rad5lor RAD51 paralogue

homozygous mutants display chromosomal aberratiaasiot been tested.
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4.3 Analysis of the DNA-damage sensitivity of
RAD51 and RAD51 paralogue mutants

To analyse whether mutations in RAD51 and the RAp&rhlogues lead to the same level
of DNA-damage sensitivity, l§ values for two DNA-damaging agents, methyl
methanesulfonate (MMS) and phleomycin, were catedlaAs previously described in
Chapter 3 (Section 3.4.2.2), each homozygous mutalhtline was treated with serial
dilutions of the DNA-damaging agents and the rasglproliferation was measured by
resazurin, which was used as an indicator of groBtith DNA-damaging agents have
been observed to directly or indirectly induce deustrand breaks (Claussen & Long,
1999; Giloniet al, 1981; Lundiret al, 2005; Wyatt & Pittman, 2006). Figures 4-4 and 4-5
confirms the previously described data that theé51 -/- mutant and eaclRAD51
paralogue homozygous mutant are more sensitive thldtype cells to both DNA-
damaging agents. The significantly different resalte indicated in Table 4-3 and Table 4-
4. The mutants are 2.0 - 3.5 fold more sensitivBIkS and 2.5 — 5.0 fold more sensitive
to phleomycin compared with treated wildtype celHwowever, therad51-4 -/- mutant
appears to be more resistant to phleomycin tredttiam therad51 -/- mutant and the
otherRAD51paralogue homozygous mutants. As for the growtth ddference, the reason
for this greater resistance is unknown but appearde reflected by analysing the
formation of RAD51 foci in response to DNA-damage fihleomycin (see Section 4.5
below). Arguably, these differences, in growth sede@d DNA-damage sensitivities, are the
result of distinct functions for RAD51-4 in the DNiepair pathways used By brucei
However, it is not clear why thead51-4 -/-cells are not also more resistant to MMS,
which also causes DNA breaks. Furthermaoesl51-5 -/-cells appeared not to have as
severe growth defects aad51 -/5 rad51-3 -/; andrad51-6 -/- mutants, but displays

essentially equivalent levels of DNA damage sevigfti
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Figure 4-4: ICg, values of MMS for the homozygous mutants dRAD51 and the RAD51 paralogues.

Each cell line was treated with serial dilutionsMMS and the resulting proliferation was measurgd b
resazurin, which was used as an indicator of groitie 1G, values are shown for the following cell lines:
rad51 -+ (51-/-),rad51-3 -/-(3-/-), rad51-4 -/-(4-/-), rad51-5 -/-(5-/-), andrad51-6 -/-(6-/-), and compared
with wildtype 3174 strain (wt). The values are tfmean of three independent experiments, and 95 %
confidence intervals are indicated by the errosbar

Table 4-3: Statistical analysis of the IG, values of MMS for the homozygous mutants oRAD51 and
the RAD51 paralogues.

Unpaired, two-tailed Studenttstests were carried out to compare the,Nalues of MMS for the wildtype
(wt) andrad51 -/5 rad51-3 -/-,rad51-4 -/; rad51-5 -/-andrad51-6 -/- mutant cell lines. A significant
difference between the means is shown pyvalue ofp < 0.05. Not significantly different results are shrow
as “-“. NA is not applicable.

wt rad51-/- rad51-3-/-| rad51-4-/-| rad51-5-/4 rad51-6-/t
wt NA 0.0092 0.0098 0.0195 0.0130 0.0127
rad51-/- 0.0092 NA - 0.0364 - -
rad51-3-/- 0.0098 - NA 0.0453 - -
rad51-4-/- 0.0195 0.0364 0.0453 NA - -
rad51-5-/- 0.0112 - - - NA -
rad51-6-/- 0.0127 - - - - NA
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Figure 4-5: ICsq values of phleomycin for the homozygous mutants oRAD51 and the RAD51

paralogues.
Each cell line was treated with serial dilutiongpbfeomycin and the resulting proliferation was mgad by

resazurin, which was used as an indicator of groiie 1G, values are shown for the following cell lines:
rad51 -+ (51-/-),rad51-3 -/-(3-/-), rad51-4 -/-(4-/-), rad51-5 -/-(5-/-), andrad51-6 -/-(6-/-), and compared
with wildtype 3174 strain (wt). The values are tfmean of three independent experiments, and 95 %
confidence intervals are indicated by the errosbar

Table 4-4: Statistical analysis of the 1G, values of phleomycin for the homozygous mutants ¢8AD51
and the RAD51 paralogues.

Unpaired, two-tailed Studentistests were carried out to compare thegl@alues of phleomycin for the
wildtype (wt) andrad51 -/5 rad51-3 -/-,rad51-4 -/; rad51-5 -/- and rad51-6 -/- mutant cell lines. A
significant difference between the means is shoyavalue ofp < 0.05. Not significantly different results
are shown as “-“. NA is not applicable.

wit rad51-/- rad51-3-/- | rad51-4-/-| rad51-5-/{ rad51-6-/
wit NA 0.0173 0.0224 0.0372 0.0181 0.0211
rad51-/- 0.0173 NA - 0.0140 - 0.0459
rad51-3-/- 0.0224 - NA 0.0495 - -
rad51-4-/- 0.0372 0.0140 0.0495 NA 0.0174 0.0277
rad51-5-/- 0.0181 - - 0.0174 NA -
rad51-6-/- 0.0211 0.0459 - 0.0277 0.0438 NA
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The mammalian V79 and CHO Chinese hamster cel insé andirs1SF(defective in the
mammalian Rad51 paralogues, XRCC2 and XRCC3, raspbg were first described to
be moderately sensitive to x-rays and gamma radiand extremely sensitive to DNA
cross-linking agents (Liu et al., 2007; Tebbs et H995). Later, it was shown that all the
Rad51 paralogue mutants in chicken DT40 cell liwese similarly moderately sensitive to
gamma radiation, and extremely sensitive to DNAss#linking agents, as assayed by
clonal survival (Takat&t al, 2000; Takatat al, 2001). InS. cerevisiagrad55 andrad57
null mutants were more sensitive to x-rays a@3tompared with wildtype at the same
temperature (Hayst al, 1995). Complementation studies using these mudalhtlines
have shown that overexpression of other DNA repeoteins such as Rad51 and Rad52,
overcome these phenotypes (Haysal, 1995; Johnson & Symington, 1995). Both Rad52
and Rad55/57 are required to promote Rad51 filarmss¢mbly in irradiated mitotic cells,
whereas either Rad52 or Rad55/57 alone are ingrifiqGasioret al, 2001). Also
addition of corresponding human cDNA to the chickad51 paralogue mutants restores
some if not all of the DNA-damage resistance (Talatal., 2001). These findings suggest

that the Rad51 paralogues support and facilitaduhction of Rad51.

There is diversity among the different DNA-damagagents used in the experiments
described above, and there is a precedent forukargotic Rad51 paralogue mutants to
respond differently to various DNA-damaging aggiiame & Mortimer, 1974; Jonext

al., 1987; Joneet al, 1988). Therl. bruceiRAD51 paralogues have also been shown to
act in response to DNA-damaging agents, MMS andgohi/cin, which most likely yield a
similar profile of DNA breaks. The effect of othigpes of DNA-damaging agents on the
RAD51paralogue mutants has not been assessed. Forcesthare is no information on
how the T. brucei RAD51paralogue homozygous mutants would react to DNA-
crosslinking agents such as cisplatin or to repboa stalling compounds such as
hydroxyurea. Analysis of DNA-damaging agents witiffeding modes of action may
reveal more information on the roles of the RAD&tgbogues.
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4.4 Analysis of the recombination efficiency of
RAD51 and the RADS51 paralogue mutants

To analyse the ability of the different mutants uedergo homologous recombination
(HR), quantification of the cells’ abilities to ggrate a transformed DNA construct that is
targeted to thela tubulin array was performed (see Chapter 6 for @emdetailed
discussion). Briefly, to assay for transformatiofficeency, a linearised construct
containing the drug resistant gene for phleomya@sistance, flanked bgo and off
intergenic regions, was transformed into the wpétyand each of homozygous mutant cell
lines (see Materials and Methods, Section 2.8{3JR can occur, th@a andof intergenic
flanks allow the resistance cassette to integnatie thefo tubulin array, and following
expression of the cassette the cells become nesistgphleomycin. This is potentially a
highly variable assay, and can depend on manyraateluding quantity and purity of the
linearised DNA, density and growth conditions ok th. brucei cells, efficiency of
electroporation, and concentration of phleomyciedu®r selection. For this reason, it was
important to analyse the cells lines at the same twith the same reagents, in order to
ascertain if differences or similarities in recomddion efficiency are observed.

Figure 4-6 confirms all previous data suggestirgt therad51 and each of th&@AD51
paralogue homozygous mutants have a decreasensfdraation efficiency compared to
wildtype cells. It is notable, however, that theéeraf transformation in this data set is
approximately 4 fold higher for all the cell linekhan observed previously in Chapter 3
(Section 3.4.3 and Section 3.7.3). This illustratfes importance of comparing results
within a single experiment. Nevertheless, thd51 -/- mutant appears to have a greater
decrease in its ability to undergo HR than any hed RAD51 paralogue homozygous
mutants, and may reflect the central importanceRaID51 directly in the pathway,
compared with the putative accessory functionshef RAD51 paralogues. Of the four
RAD51paralogue mutants, tmad51-6 -/-mutant appears to have the greatest impairment,
which is nearly comparable with that of tmad51 -/- cells and the transformation
efficiencies of the two cell linesad51 -/-andrad51-6 -/; are not significantly different
from one anothefsee Table 4-5)This result may imply that RAD51-6 has a more
fundamental role in this form of homologous recomalion compared with the other
RAD51 paralogues, though further analysis wouldhbeded to support this suggestion. It
should be highlighted that mutation of eitli&D51or any of theRAD51paralogues, did
not result in total obliteration of HR, suggestiihgt other pathways can act to recombine

DNA, assuming that all these proteins contributR&D51-directed recombination.
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Figure 4-6: Transformation assay forRAD51 and the RAD51 paralogue mutants
To assay for recombination rate, a transformatiiciency assay was used. Each cell line is indidads
follows: Wildtype strain 3174.2 (wtyjad51 -+ (51-/-),rad51-3 -/-(3-/-), rad51-4 -/-(4-/-), rad51-5 -/-(5-/-),
andrad51-6 -/-(6-/-). The values plotted are mean numbers oéqhlcin resistant transformants pef 10
cells transformed. These experiments were dongpiicate with the same linearised DNA, and errargof
the 95 % confidence intervals are indicated.

Table 4-5: Statistical analysis of the transformatin efficiency for the homozygous mutants odRAD51

and the RAD51 paralogues.

Unpaired, two-tailed Student'stests were carried out to compare the transfoomaéfficiency for the
wildtype (wt) andrad51 -/5 rad51-3 -/-,rad51-4 -/; rad51-5 -/- and rad51-6 -/- mutant cell lines. A
significant difference between the means is shoyvavalue ofp < 0.05. Not significantly different results
are shown as “-“. NA is not applicable.

wit rad51-/- | rad51-3-/-| rad51-4-/1 rad51-5-/f rad51-6-
wit NA 0.0000 0.0000 0.0000 0.0000 0.000(¢
rad51-/- 0.0000 NA 0.0073 0.0008 0.0015 -
rad51-3-/-| 0.0000 0.0073 NA - - -
rad51-4-/-| 0.0000 0.0008 - NA - 0.0189
rad51-5-/-| 0.0000 0.0015 - - NA 0.0260
rad51-6-/-| 0.0000 - - 0.0189 0.0260 NA
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It has been shown that XRCC2, XRCC3 and Rad51Cammalian cells have a role in
HR (Johnsoret al, 1999; Lioet al, 2004; Pierceet al, 1999). These studies used assay
systems (such as those discussed in Chapter 6)ewigris measured using markers
located within or between chromosomes, as oppas#tetindirect transformation method
described here fof. brucei Despite the different methods used, both Théruceiand
mammalian Rad51 paralogues have been shown toaheole in HR, with mutants of the
Rad51 paralogues having a decrease in the ratecombination. This was also the case
with theT. brucei brca2/- mutants (Hartley & McCulloch, 2008). These asak confirm
that the RAD51 paralogues have a role in HR aloitly RAD51 and BRCAZ2.

4.5 Analysis of the role of the RAD51 paralogues in
RAD51 foci formation

It has been shown that RAD51 forms discrete fo@uh-nuclear complexes in response to
different forms of DNA-damage (Bishop, 1994; Haafl, 1995; Tarsounast al, 2004a).

It has similarly been shown that following phleonmydamage off. bruceicells, RAD51
forms distinct foci (Gloveret al, 2008; Hartley & McCulloch, 2008; Proudfoot &
McCulloch, 2005a). RAD51 foci are most probablynied at the sites of DNA damage
and may represent regions of repair of DNA lesigederschalet al, 1999; Tarsounast

al., 2004a; Tashircet al, 2000). As discussed in previous publications @fhpter 3
(Section 3.4.4), the number of RAD51 foci formedthe T. bruceidamaged cells varies
and can be counted using indirect immuno-fluoreseensing anti-RAD51 anti-sera.
However, although it has been shown thatrdab1-4 -/-andrad51-6 -/-mutants have a
reduced ability to form RAD51 foci in response tdgomycin (Chapter 3, Section 3.4.4
and 3.7.4), similar to that described previouslyrad51-3 -/5 rad51-5 -/ andbrca2 -/

the method used here (Materials and Methods, 3e@i6). As a result, comparable
quantification of the RAD51 foci in all thRAD51 paralogue homozygous mutants was

required, in order to determine if each factor cbotes equally in this process.

To examine the RAD51 foci formation response taephiycin in more detail, 1 x f@ells
per ml of eaclRAD51 paralogue homozygous mutant were grown in theepies of 0.0
ul.ml™, 0.25ul.mi™ and 1.0ul.mI™ of phleomycin for 18 hours (see Materials & Method
Section 2.9). Briefly, the treated cells were wakhe PBS, and fixed using 1 %
formaldehyde/PBS. After fixing, the cells were waglagain with PBS and permeablised
with 1 % Triton X-100 and spread on to a glasseslithe cells were probed with rabbit
anti-RAD51 anti-serum at a dilution of 1:500 andedéed with goat anti rabbit-conjugated

with SFX (fluorescein, succinimidyl ester). The ditish of mounting solution containing
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DAPI allowed detection of the nucleus and kineteplaOnce the slide had dried
completely, the number of RAD51 foci per cell wasored microscopically. For

comparison, this was also performed for wildtypd aan-treated cell lines.

In the cells not treated with phleomycin minimal B2&L foci formation (1-3 %) were
observed, as no DNA damage was induced (data natrghPhleomycin-treatecd51 -/-
mutants alsalid not produce any RAD51 foci, because RAD51 seabin these cells, see
Figure 4-7. Table 4-6 and Figure 4-8 show the peege of RAD51 paralogue mutant
cells with a specific number of RAD51 foci obserweden treated with phleomycin. The
data for thead51-4 -/-andrad51-6 -/-mutants are those described in Chapter 3 (Sections
3.4.4 and 3.7.4). In the treatedd51-3 -/- and rad51-5 -/- mutants, there were few
observable RAD51 foci (Table 4-6 and Figure 4-8) dhe percentage of cells that
produced RAD51 foci is much lower when comparechlite treated wildtype cells. The
number of treatedad51-3 -/-andrad51-5 -/-cells with distinct RAD51 foci is lower in
this analysis than in the study of Proudfoot & MdGeh (2005a). When treated with a
phleomycin concentration of 0.3%.mI*, 93 % ofrad51-3 -/-and 82 % ofrad51-5 -/-
mutant cells had no observable RAD51 foci usingtéobnique described above (Table 4-
6), while 89 % and 83 % of cells treated with Ju®.mI* phleomycin had no foci
respectively. At a near equivalent phleomycin comragion, Proudfoot & McCulloch
(2005a) found a higher percentage of cells with BADoci. 60-80 % and 52-64 % of
rad51-3 -/-mutant cells did not show RAD51 foci formation watteeated with 0.3ig.mI™*
and 1.5pg.m* phleomycin respectively. A similar result was seehnen rad51-5 -/-
mutant cells were treated with mg.mrl and 1.5|Jg.ml'l phleomycin, as 64-67 % and 60-
64 % of cells respectively, did not have detectddeD51 foci. It was apparent that the
amount of overall anti-RAD51 staining was greaterthe previous study than in this,
perhaps due to greater amounts of non-specifico@ayi binding, and therefore one

explanation is that a greater number of “false’i fwere scored.

A striking observation from the data presentedigufe 4-8 is that thead51-4 -/-mutant
appears less impaired in its ability to supporbcalisation of RAD51 into foci than the
other threeRAD51 paralogue mutants. RAD51 foci formation in the tedaad51-3 -/5
rad51-5 -/; andrad51-6 -/-cell lines appear to be broadly similar, with véew distinct
RADS51 foci observed. This appears to be consistghtthe findings in Section 4.3 above,
which shows that thead51-4 -/-mutants are less sensitive to phleomycin DNA damage
than in the other mutants. This appears to suggésts central role for RAD51-4 in this
form of DNA repair.
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Figure 4-7: Detection of the RADS51 foci by indirecimmuno-fluorescence.

The first row of pictures shows an example afd51 -/-cell treated with 1.Qug.mf* phleomycin for 18
hours: no distinct RAD51 foci are detected. Thesotiwo rows are examples of similarly treatad51-3 -/-
andrad51-5 -/-cell lines. RAD51 was imaged by indirect immunoeilescence (FITC; first column); the
DNA was stained with DAPI (second column); and éh&so were merged (third column); the cells were
also visualised by differential interference costréDIC; fourth column) and all the images were geer
(fifth column).

Table 4-6: Percentage oRAD51 paralogue mutant cells with a specific number of RD51 foci when
treated with phleomycin.

The percentage of cells with a specific numbenbfsuclear RAD51 foci formed (0, 1, 2, 3,28) when the
cells were treated with 0.3%.mI™* or 1.0pg.mi* of phleomycin is shown. The different cell lineagd51-+
(51-/-),rad51-3 -/-(3-/-), rad51-4 -/-(4-/-), rad51-5 -/-(5-/-), andrad51-6 -/-(6-/-) were compared with the
wildtype strain 3174 (wt). The total refers to thember of cells analysed.

Concentration Number of RADS1 foci Cells
of phleomycin 0 1 2 3 4 >5 Counted
wit 0.25 ug.mlt 32.0 43.0 14.0 9.0 1.0 1.0 100
1.0 yg.mit 21.3 25.3 23.1 12.9 6.7 10.7 225
0.25 pg.mi?t 92.9 4.1 1.0 2.0 0.0 0.0 98
1.0 yg.mlt 89.0 5.0 5.0 1.0 0.0 0.0 100
RAD51-4 0.25 pg.mi? 74.3 144 6.9 1.7 1.3 13 338
1.0 yg.ml-t 48.3 19.9 147 11.2 2.9 3.2 317
0.25 ug.mlt 82.2 9.9 6.9 0.0 1.0 0.0 101
1.0 yg.mit 83.0 12.0 5.0 0.0 0.0 0.0 100
RAD51-6 0.25 pg.mlt 95.9 22 1.0 1.0 0.0 0.0 304
1.0 yg.mlt 84.7 10.7 31 0.5 1.0 0.0 284
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Figure 4-8: Percentage of thé&RkAD51 paralogue mutant cells with a specific number of RD51 foci.

The percentage of cells with a specific numbenbfsuclear RAD51 foci formed (0, 1, 2, 3,28) when the
cells were treated with 1,09.mI™* of phleomycin is shown. The different cell lineag51 -£ (51-/-),rad51-3
-/- (3-/-), rad51-4 -/-(4-/-), rad51-5 -/-(5-/-), andrad51-6 -/-(6-/-), were compared with the wildtype strain
3174 (wt).

To ensure that these results were not due to &nodéist of RAD51 expression in the
RAD51paralogue mutants, western blot analysis was padd. This showed that each of
the RAD51 paralogue mutant cell lines were expressing RAQEde Figure 4-9), and
apparently at the same levels to each other atitetwildtype cells. Analysis to determine
if RAD51 is a constitutively nuclear protein wastnoarried out, but one potential
explanation for these findings is that lack of tRAD51 paralogues prevents RAD51

relocalisation or retention in the nucleus.
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Figure 4-9: Western blot analysis showing RADS1 expssion in the RADS1 paralogue mutant cell
II-Lnrﬁtstlain extracts from each cell line (wildtype (w@d51 -/- (51-/-), rad51-3 -/-(3-/-), rad51-4 -/- (4-/-),
rad51-5 -/- (5-/-) andrad51-6 (6-/-)) were separated on a 10 % SDS-PAGE gelthad transferred to a
nylon membrane. This was then probed with affipityified rabbit anti-RAD51 anti-serum at a dilutioh
1:50 and detected using anti-rabbit anti-serum wgated with HRP at a dilution of 1:5000 (Molecular
probes). The RAD51 band is indicated with the blackw (40.5 kDa) and the size markers are shown.

It was shown that there was a decrease in the fmmaf RAD51 foci in response to
irradiation inS. cerevisiae rad5hutants, as well as mutants of both Rad51 paraikgue
rad55andrad57 (Gasioret al.,1998). In Chinese hamsties1 mutant cellsXrcc2 mutant),
damage-dependent Rad51 foci formation was seveietyeased compared to wildtype
and complementation with a functional XRCC2 reslotbe Rad51 foci formation to
normal (O'Regaret al, 2001). This phenotype was also describettshSF mutant cells
(xrcc3 mutant), where the mutant cells did not product Raébci when treated with
cisplatin andy-radation (Bishopet al, 1998).Studies by Takateet al. confirmed these
finding in the chicken cell line DT40, and showewtitt the Rad51 paralogue mutants,
rad51h rad51¢ rad51d xrcc2 andxrcc3 have a decrease in the formation of RAD51 foci
In response ta-radiation treatment (Takatt al, 2000; Takataet al, 2001). In one of
these studies, it was shown that mutant cells fieatesd with the corresponding human,
rad51c, xrcc2, xrcc3 cDNAsy with mouse rad51d cDNAs were able to efficieritym
Rad51foci when treated withy-radiation (Takataet al, 2001). These studies confirmed
that Rad51 was present in the nucleus, and ladkanfs formation was not the result of
absent Rad51. These data from yeast, chicken, mbamaedT. bruceicells supports the
proposal that the Rad51 paralogues are requireRddb1 localisation to sub-nuclear foci,
or movement and formation of Rad51 on damaged DWNA,perhaps even in the

stabilisation of RAD51 foci.
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4.6 Comparison of VSG switching in  RAD51 and
the RAD51 paralogue mutants

The switching frequencies dRAD51 paralogue homozygous mutant cell lines were
analysed as described previously in McCulloch &rgat999, Proudfoot & McCulloch,
2005a and Chapter 3 (Section 3.4.5 and Sectiob)3Bue to time constraints, théSG
switching experiments were not repeated in paraltel instead the data from this study,
Proudfoot & McCulloch (2005a) and McCulloch & Barf¥999) were compared for the
rad51-4 -/-, rad51-6 -/; rad51-3 -/; rad51-5 -/; and rad51 -/- mutant cell lines
respectively. In all cases, théSG switching frequency was calculated in the same way
from the raw data: isolated and cloned survivingtadved T. bruceicells were counted
over 96-well plates. This number was multiplied 20§, as the recovered blood used to
seed the 96-well plates from the mouse was onl@$«40f the total approximate blood
volume of the animal. This number was then dividgdhe number of doubling times that
had occurred during the 24 hour period followingeation into the mouse and stated
relative to the number of cells injected into th8G&221 immune mice. These data are

shown in Figure 4-10 and Table 4-7.
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Figure 4-10: Compiled data forVSG switching frequencies ofad51 and RAD51 paralogue homozygous
mutants.

The graph shows the VSG switching frequencies efdifferent cell lines: wildtype strain 3174 (witxd51 -
/- (51-/-), rad51-3 -/-(3-/-), rad51-4 -/- (4-/-), rad51-5 -/- (5-/-), andrad51-6 -/- (6-/-). The means of
triplicate data are shown, with 95 % confidencerwdls indicated by the error bars.
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Table 4-7:VSG switching frequencies ofad51 and RAD51 paralogue homozygous mutants.

The table shows the VSG switching frequencies efdtiferent cell lines as the mean number of switth
variants per 10cells per generation (top row). The VSG switchiregjuencies are shown for wildtype strain
3174 (wt),rad51 -£, rad51-3 -/5 rad51-4 -/; rad51-5 -/ andrad51-6 -/- mutant cell line. The 95 %
confidence intervals are indicated by +/-.

wt rad51-/- | rad51-3-/{ rad51-4-/t rad51-5-(- rad51-64/-

7.18 0.44 1.07 4.85 4.47 3.79
(+1-1.32) | (+/-0.33) | (+/-0.69) | (+/- 1.55) | (+/-3.17) | (+/-2.05)

This analysis suggests firstly, that all the mutdmve to some extent, an impaired ability
to undergo VSG switching relative to wildtype cel8econdly, the data suggests that
rad51 -/-andrad51-3 -/-mutants have a lower mean VSG switching frequexmeypared
with the three otheRAD51homozygous mutantsad51-4 -/; rad51-5 -/-andrad51-6 -/-
(see Table 4-7)n the cases afad51-3 -/; rad51-4 -/-andrad51-6 -/5 these impairments
are also seen relative to the heterozygous mufemts which the homozygous mutants
were derived (Chapter 3, Section 3.4.5 and 3.7téud?oot & McCulloch, 2005a). For
rad51-5 -/5 this was not the case, and it was concludedRIA®51-5 may not act iVSG
switching (Proudfoot & McCulloch, 2005a). This dakso suggests that RAD51-4 and
RAD51-6 may not act iWSGswitching.

The 95 % confidence intervals indicated by the rebars are large for thed51-4 -/5
rad51-5 -/-andrad51-6 -/-cell lines. This is most likely due to the high radility and
nature of thein vivo experiment. Nevertheless, one interpretation ig #@nadistinct
phenotype is seen, whereby loss of RADSRADS51-3 substantially impairs the ability of
VSGswitching although some switching events stilluweed. In contrast, loss of RAD51-
4, RAD51-5 and RAD51-6 has less of an impact. b1 -/-andrad51-3 -/-phenotypes
are very similar to those described for threa2 -/-mutant (Hartley & McCulloch, 2008)
where there was a strong and comparable reductiM8(G switching. This suggests that
there are a considerable number of factors thatlaegyRADS51 function during antigenic
variation which may suggest that it is a randomiyiated process, where many forms of
initiation can induce/SGswitching. This may explain why all the mutantsexned can
still undergo antigenic variation by expressiore @ndVSG gene conversion reactions,
mechanisms which require HR. It rests on the assomphowever, that there are multiple
roles for the RAD51 paralogues in recombinationg éimese are reflected in antigenic

variation. This assumption requires further testing
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4.7 Summary

The aim of this summary chapter was to show dicechparisons between mutant cell
lines of all four RAD51 paralogues, RAD51 and wyiake cell lines. With one exception,
all these experiments were carried out at the dames allowing direct comparisons. The
data described in this chapter confirms all presipipublished data by McCulloch &
Barry (1999) and Proudfoot & McCulloch (2005a), vasll as the results described in
Chapter 3 of this thesis. Only small differencesguantification of specific phenotypes

were seen.

The results described here verify that all fdutbruceiRAD51 paralogues have a role in
DNA damage repair, with the mutants having an iaseel sensitivity to DNA damaging
agents. Most likely, this is due to impairment lve {parasite cell’'s ability to undergo HR,
as this pathway was found to be operating at retlefi&ciency in each mutant. It is also
likely that the decreased growth rate of the mutaells stems from the above
repair/recombination defect. It has also been cowfd that theT. brucei RAD51
paralogues have a part to play in the formatiorstabilisation of phleomycin induced
RADS51 foci formation. Although the phenotypes dftake RAD51paralogue mutants are
similar to one another, they are not equivalentoTaf the RAD51 paralogue proteins,
RAD51-4 and RAD51-5, appear have different fundianthin the DNA repair pathways.
The growth rates ofad51-4 -/-andrad51-5 -/-mutant cellsare quicker than that of the
rad51 and the otheRADS51 paralogue homozygous mutants. Furthermoaebl-4 -/-
appears to be more resistant to the DNA-damagiegtaghleomycin, and is more able to
produce DNA-damage induced RAD51 foci than the oR®D51 paralogue mutants. The
implications of these results are unknown, but maggest that they have a role or roles
which can be performed by some other protein, siscanother RAD51 paralogue. It may
also be the case that the role of RAD51-4, is gidin stabilising the functions of other

RAD51 paralogues see Chapter 5 (Section 5.8).

These suggestions are only speculative, and tedieeineed to develop these theories. It
will be important to examine the direct roles otledRAD51 paralogue by biochemical
analysis to build a better picture regarding tleirction, such as testing the DNA binding
ability or ATP hydrolysis capacity of the proteiras well as assessing how they influence
RAD51 functionin vivo. Other potentially complementary experiments cdugdcarried
out directly inT. brucei over-expression of RAD51 in the RAD51 paralogueantutells
would determine if they have indispensible rolesioing RAD51 function; the generation

of double knockout mutants of the RAD51 paraloguesld distinguish between potential
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functions in one pathway, or their action in sepamathways. These experiments would
enable a complete model of the roles of ThéruceiRAD51 paralogues to be formed.
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Chapter 5. Examining the
associations between T. brucel
RAD51 and the RAD51

paralogues
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5.1 Introduction

In T. brucej there are four RAD51 paralogue proteins, RAD5R3D51-4, RAD51-5,
and RAD51-6, which share limited sequence homoledl each other and RAD51 and
DMC1 (Proudfoot & McCulloch, 2005a). To date, n@bsis has been done to evaluate if
and how thesd. bruceiRAD51 paralogues interact, although there is geadence to
suggest that each RAD51 paralogueTin brucei has a role in DNA damage repair
requiring the homologous recombination (HR) pathwsge Chapter 3, Chapter 4 and
Proudfoot & McCulloch, 2005a). Extensive study bé tmammalian Rad51 paralogues
(XRCC2, XRCC3, Rad51B, Rad51C and Rad51D) confitimas they physically interact
with each other, possibly providing discrete pnotesomplexes that act in DNA
recombination (Liuet al, 2002b; Schildet al, 2000). The current model for mammalian
Rad51 paralogue interactions suggests two main lex@&g, incorporating all five
paralogues, with Rad51C interacting with XRCC3 (X8 one complex and Rad51B-
Rad51C-Rad51D-XRCC2 (BCDX2) in another (letial, 2002b; Massort al, 2001a).
Rad51C appears to play an important role, andasnaponent of both complexes (Lat
al., 2002b; Milleret al, 2004). The extent of the conservation of these tamplexes in
other eukaryotes has not been examined, but prelnity results show that that two of the
Arabidopsis thalianaRad51 paralogues interact: AtRad51C and AtXRCQ3ds Btudy
also showed that AtXRCC3 interacts with AtRad51 gkade et al, 2002). In
Saccharomyces cerevisjdbe two RAD51 paralogues, RAD55 and RAD57, forsirgle
stable complex (Hayst al, 1995; Johnson & Symington, 1995). By these prects] it is
likely that theT. bruceiproteins will also form a complex or complexes. Hé@er, as there
are low levels of sequence homology among thesé&ips between the species, the
interactions are not simple to predict. In additieghe potential conservation of such
complexes in other eukaryotes, suchDassophilg has not been examined (Abdtial,
2003; Ghabriakt al, 1998).

To determine if thel. bruceiRAD51 paralogues interact with each other andstaldish
the number and composition of such complexes, thppeoaches were adopted. The first
was Yyeast two-hybrid analysis, where interactiotwben RAD51 and the RAD51
paralogues was assayed using two reporter sysfegadactosidase activity and histidine
auxotrophy. Second, co-immunoprecipitation was ewygi; antisera were raised against
His-tagged recombinant RAD51 and RAD51 paralogu¢egoms. These antisera were then
used in co-immunoprecipitation analyses to deteendgiinectin-vivo interaction. Third, by
generatingT. brucei strains expressing epitope-tagged RAD51 paralgguegvo co-

purification analyses were performed.
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5.2 Principles of the yeast two-hybrid system

The yeast two-hybrid system is used to detect prgietein interactions, exploiting the
knowledge that most eukaryotic transcription adtvaproteins have two functional
domains, a DNA-binding domain and an activating dom(Fields & Song, 1989). The
DNA-binding domain attaches to a DNA sequence datlee upstream activation site
(UAS) and the activating domain recruits the RNAypterase Il machinery to allow
expression of the genes downstream of the UAS (hukaGoff, 1995; Figure 5-1).
Individually these domains cannot activate geneesgioon, and both domains must be in
close proximity to the DNA for activation. GAL4 ia budding yeast transcriptional
activator with a DNA-binding and activating domaamd is required for the activation of
the GAL genes in response to galactose (Ginggaal, 1985). It has been proposed that the
first 147 amino acid residues of GAL4 is the DNAbng domain and the last 113
residues is the activating domain, showing thattay80 % of GAL4 protein could be

deleted without drastic loss of transcriptionaiation function (Ma & Ptashne, 1987a).

It has also been shown that transcriptional agtmatan occur when the domains originate
from independent and different polypeptides, andkaryotic proteins can provide the
function for either or both of the DNA-binding aadtivating domains. For instance, Brent
& Ptashne (1985) created a functional transcriptativator protein in yeast from the
DNA-binding domain from theEscherichia colirepressor protein LexA fused to the
activating domain o8. cerevisiaé&sAL4. The same group found that yeast transcmatio
activators could be encoded by non-homologous Didgrhents fronk. coli, fused to the
encoding sequence of the DNA-binding domain of y€&&L4 (Brent & Ptashne, 1985;
Ma & Ptashne, 1987b).

Fields & Song (1987) first suggested constructingependent fusions of the two
potentially interacting proteins, with one protéused to the DNA-binding domain, and
the other protein to the activating domain. In teiady, the authors used two proteins
known to interact with each other, SNF1 and SNRd,former fused to the DNA-binding
domain of the GAL4 protein amino acids (1-147) dhd latter fused to the activating
domain of GAL4 (768-881) (In Figure 5-1, SNF1 woblel X and SNF4 would be Y). The
two vectors expressing fusion polypeptides wenedhiced into a yeast strain that had the
native GAL4 gene deleted and also containedGALl1-La& reporter gene in the yeast
genome. The SNF1 fusion to the DNA-binding domaaswlefined as the “bait” protein
and the SNF4 fusion to the activating domain wdsdd as the “prey” protein. As SNF1
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and SNF4 interact, the activating domain came alidee proximity with the DNA-binding

domain, and activated transcription of the repayare LacZ encoding3-galactosidase.

Figure 5-1: Model of the yeast two-hybrid system.

BD: DNA binding domain LexA, X: Bait protein, AD: &ivation domain B42, Y: Prey protein, RNA pol II:
Yeast RNA polymerase Il and associated proteinsSUBpstream activation sequence. The black arrow
indicates transcription of the reporter genes. (hdd from: Causier & Davies, 2002).

These initial experiments demonstrated the pos#silaif using GAL4 to examine protein-
protein interaction and led to the discovery ofestBNA-binding and activating domains
(Fields & Song, 1989). Indeed, yeast two-hybridlgsia is now widely used to study
protein interaction networks in many organisms (&yat al, 1993; Vojteket al, 1993).
The work in this thesis used LexA as the DNA-bingdiomain (BD) and B42 as the

activating domain (AD), (Figure 5-1).

5.3 Components of the yeast two-hybrid system

5.3.1 The role of LexA

The LexA protein is a bacterial repressor proteiicl binds to DNA (Brent & Ptashne,
1980). This DNA binding protein acts as a dimerd aecognises the LexA operator
sequence. Brent & Ptashne (1985) showed thatianf$ a fragment of th&. coli LexA
protein (1-87 amino acids) to tHe cerevisiaeGal4 activating domain (74-881 amino
acids) activated transcription of the reporter geme contrast, LexA alone did not activate
transcription when the LexA binding sites were eldrupstream of the reporter genes in
the yeast genome. LexA enters the yeast nuclewepamdiently and further studies have
validated tha€k. coli LexA could be used as a DNA-binding domain in dpglication of
yeast two-hybrid screens (Vojtek al, 1993).

Invitrogen’s yeast two-hybrid system vector, pHykiZeo (see Materials and Methods,
Section 2.10) was used to provide the DNA-bindiogndin. In this, the full length LexA
protein (202 amino acids) was expressed, andtheptoalloteichus hindustanus lgene
under the control oTEF1 andEM-7 promoters, allowed zeocin resistance selectiof.in
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cerevisiaeand E. coli, respectively. Using this vector to provide the DNixding
domains, LexA fusions were made with bruceiRAD51 and the foull. bruceiRAD51
paralogues. Figure 5-2 shows the fragment sizeachh © RF and also shows the enzyme
restriction sites used in the cloning of each OREo ipHybLex/Zeo. pHybLex/Zeo-
RADS51, pHybLex/Zeo-RAD51-3, pHybLex/Zeo-RAD51-4, pibl ex/Zeo-RAD51-6 were
made by Sandra Terry. These constructs were cosditm be correct and to be in frame
with LexA by sequence analysis, with the exceptimin LexA-RAD51-5 (which is
described in Section 5.4.4).

g o

RAD51 ORF (1119 bp)

ATG TAG

<0 wot

ATG TGA

saC\ \\\0\\

. Lea | RADSL4ORF(269bD) |

ATG TAG

LexA
ATG TAG

o A

RAD51-6 ORF (1432 bp

ATG TAG

Figure 5-2: Diagram showing the LexA fusions with RD51 and RAD51 paralogues.

The completdexAgene (606 bp) is part of the pHybLex/Zeo vectat allows expression of a fusion protein
with the LexA DNA-binding domain. The LexA polypége adds 32 kDa to the N terminus of RAD51 and
the RAD51 paralogue proteins in this configuratidhe length of the ORF of RAD51 and each RAD51
paralogue, and the restriction sites used for ktweirtg into the vector pHybLex/Zeo, are shown.
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5.3.2 The role of B42

Ma & Ptashne (1987b) identified a number of différactivating domains when the DNA-
binding domain of the GAL4 gene was fused to pghyjges encoded from random DNA
fragments of theée. coli genome. All transcriptional activating sequenaintified were
acidic, having a net negative charge (Ma & Ptasiif87b). One of these random DNA
fragments, named B42, was shown to be amongsttibagest activator polypeptides
when fused to the DNA-binding domain of GAL4 (MaR&ashne, 1987b). A fusion of the
DNA binding domain of LexA and B42 was also genedatand was shown to activate a
lacZ reporter gene downstream ofexA operator. This confirmed that DNA-binding and
activator polypeptides fronE. coli could be used to activate genes on the yeast
chromosome (Ma & Ptashne, 1987b), with the advanthgt they should not be subjected
to regulation by other yeast proteins. A furtherdstconfirmed that B42 could be used as
an activating domain in the yeast two-hybrid analy&Gyuris et al, 1993). In the
Invitrogen system used here, the pYesTrp2 vectpresses a fusion of the haemagglutinin
epitope tag V5, the SV40 nuclear-localisation seqagNLS) and B42 as the activating
domain. The complete ORF @t brucei RAD5land theRAD51 paralogues were cloned
downstream of, and in frame with, the V5-NLS-B42FO® generate N terminal fusions
with the three polypeptides (see Figure 5-3), thas performed by Sandra Terry. Also
present in pYesTrp2 is theRP1gene, which allows for auxotrophic selection @& Wector

in a tryptophan negative yeast host, and the athpigesistance gene which allows

selection irE. coli.
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Figure 5-3: Diagram showing the V5-NLS-B42 fusionsith RAD51 and the RAD51 paralogues.

The V5 epitope allows detection of the fusion pirgausing Anti-V5 antibody. SV40 large T antigerclaar
localisation sequence (NLS) allows the V5-NLS-B42B%1 fusion and V5-NLS-B42-RAD51 paralogue
fusions to enter the nucleus for potential intecast with LexA-RAD51 and LexA-RAD51 paralogue
fusions. B42 is the transcriptional activation damd he V5-NLS-B42 peptide adds 12 kDa to the RAD51
and the RAD51 paralogue polypeptides. The lengtthefORF ofRAD51and eactRADSL paralogue, and
the restriction sites used for cloning into thetee@YesTrp2 are shown.

5.3.3 S. cerevisiae L40 strain

TheS. cerevisiad¢ 40 strain is commonly used with LexA-based ydasti-hybrid systems
(Invitrogen). The strain contains two reportdi$S3 andlacZ, both under the control of a
minimal GAL1 promoter. Both reporter genes have multiple copiethe lexA operator
sequences that act as upstream activating sequ@dée&y): four copies are positioned
upstream of théllS3reporter gene and eight copies are upstream datereporter gene
(Vojtek et al, 1993). The L40 strain is auxotrophic for histelighis), adenine (ade),
tryptophan (trp), and prototrophic for leucine {lend uracil (ura). The requirement for
tryptophan allows selection of transformants canitej the pYesTrp2 vector.
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5.3.4 Independent testing of protein interactions

Protein interaction of the RAD51 and RAD51 paraleguwas examined by three
independent tests, histidine auxotrophy, and twdhous of testingp-galactosidase
activity: filter lift assay and Pierdggalactosidase kit. Invitrogens pHybLex/Zeo-Fos@ an
pYesTrp-Jun are positive controls and interact ha feast-two hybrid system, while
pHybLex/Zeo-Lamin is the negative control for thaitbplasmid. These positive and
negative controls for the yeast-two hybrid analysése not done. Nevertheless, the three
independent methods of interaction analyses wemdorpged and two independent
transformants for each test were carried out. Asegative control the empty vector
pYesTrp2 was used in combination with the pHybLexters. To verify that all fused
proteins were expressed western analyses were rpedo on the cell lysates co-
transformed with the LexA and V5 fusions. In addlitithe histidine auxotrophy tests were

performed at least twice.

5.3.4.1 To test for histidine auxotrophy

One method to examine protein-protein interactionthe yeast two-hybrid system used
here involves testing whether or not different @msformants of pHybLex/Zeo and
pYesTrp2 fusion vectors grow in the absence ofihist. As mentioned above, the L40
strain used is auxotrophic for histidine and cargaihe HIS3 reporter gene under the
control of minimalGAL1 promoters fused texA-operator sequences. If the LexA and V5-
NLS-B42 fused proteins interact, transcription bé tminimal GAL1 promoter allows
expression of imidazole-glycerolphosphate dehydea(®l1S3), which catalyses the sixth
step in histidine biosynthesis (Alifaregd al, 1996; SGD-projectSaccharomyce§&enome
Database), allowing growth on media lacking hisigdi Use of a “minimal’GAL1
promoter allows identification of protein-proteinteractions that may otherwise be toxic
to yeast growth (Invitrogen manual). In the follogiexperiments to test for histidine
auxotrophy, 3-amino-1,2,4-triazole (3’ aminotrisgoas added to the histidine negative
(his-) selective media plates (see Materials anthbtés, Section 2.10.1). 3' aminotriazole
is a competitive inhibitor of imidazole-glycerolmmhate dehydratase, the product of the
HIS3 gene (Kanazawa 1998), and allows titration of #neel of HIS3 expression. Non-
specific and very weak interactions will producemso imidazole-glycerolphosphate
dehydratase, which would result in false positivethe test. To circumvent this, small and
increasing concentrations (5 mM, 10 mM, and 15 no¥13’ aminotriazole were added.
Specific and strong interactions would produce mamadazole-glycerolphosphate
dehydratase and as a result, co-transformants ssipge‘true’ interactors will grow on the
his- media plates even in the presence of the btgteacentration of 3' aminotriazole.
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5.3.4.2 To test for B-galactosidase activity using the filter lift
assay

Since theS. cerevisiad.40 strain also containslacZ marker gene under the control of a
minimal GAL1 promoter fused to eight copies of the LexA-oparagmuences, interaction
between and amongst RAD51 and the RAD51-paralogaiede assayed though induction
of B-galactosidase activity. This was assayed in twgswéhe B-galactosidase filter lift

assay and the yedsigalactosidase assay kit (Pierce).

In the first methodp-galactosidase activity was determined qualitayiveding the X-gal
filter lift assay (Breeden & Nasmyth, 1985). Thésa quick screening method based on a
blue/white visualisation of yeast colonies immatgtl on filters (see Materials and
Methods, Section 2.10.2). Expression of theZ should only occur if RAD51 and the
RAD51 paralogue fused proteins interact, resulimdlue colouration of the colonies.
This method uses 5-bromo-4-chloro-3-inddyb-galactoside commonly known as X-Gal.
Colourless X-gal is hydrolyzed by tiegalactosidase enzyme, forming 5-bromo-4-chloro-
3-hydroxyindole. This by-product is then oxidizedsulting in an insoluble blue product,
5,5'dibromo-4, 4’-dichloro-indigo. This method alallows imaging of the plates, and due
to its sensitivity enables detection of low levefsB-galactosidase activity (Lehninget

al., 1993).

5.3.4.3 To test for B-galactosidase activity using a “Yeast B-
galactosidase assay kit”

In the second method, tifiegalactosidase activity was determined quantititivsing a
yeast B-galactosidase assay kit from Pierce. The kit wesduto detect and quantify
transcriptional activation of th-galactosidase gene to examine the extent of any
interactions between RAD51 and the RAD51 paraldgsed proteins. The same kit was
used for all the analyses, and all required sahstizvere provided and used according to
manufacturer’'s instructionsp-galactosidase activity was assayed by measurimg th
cleavage of the lactose like compound ONRGi{rophenyl$-D-galactopyranoside) by
the B-galactosidase enzyme to produeritrophenol.o-nitrophenol is an insoluble yellow
precipitate and its generation was quantified cspphotometry at an absorbance of 420
nm. The measurement pfgalactosidase activity considers the optical dgrudithe cells,
the amount of cells used, and time of incubationth& reactions using the following

equation:
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(1000 x Absorbance 420 nm) + (t x V x OD 620nm)

where t is the assay reaction time (in minutes) \énsl the volume of culture used in the
assay (in ml). The enzymatic reaction time variepethding on the levels of thg
galactosidase expression. The cell volume and tyewdi also affect thef-galactosidase
activity units. This information allows quantifican of thep-galactosidase activity within

each co-transformant, and comparisons are easiigdaut.

5.4 Results for yeast two-hybrid assays

To examine the interactions between all the contlwna of T. bruceiRAD51 and the four
RAD51 paralogues, each corresponding ORF was clamedthe two yeast two-hybrid
vectors (pHybLex/Zeo and pYesTrp2; Invitrogen) whigere described in Section 5.3.1
and Section 5.3.2. This should allow expressioaaah full length protein as an N terminal
fusion with the LexA-DNA binding domain from pHybk&eo, or with the V5-NLS -B42
activating domain from pYesTrp2. All pair-wise comdtions of pHybLex/Zeo-RAD51
and the pHybLex/Zeo-RAD51 paralogue vectors weren tlto-transformed intds.
cerevisiaeL40 cells with the pYesTrp2-RAD51 and pYesTrp2-R#Dparalogue vectors
(Materials and Methods, Section 2.4.6). Two indeleen co-transformants of each pair-
wise combination were analysed, and named X anésya negative control, each of the
pHybLex/Zeo-RAD51 and the pHybLex/Zeo-RAD51 paralegvectors were co-
transformed with the empty activator vector pYe&I(gV). If V5-NLS-B42-RAD51 or
V5-NLS-B42-RAD51-paralogue fusions act as intexattilependent activating domains
the reporter genes are transcribed, i.e. the repgenes should remain silent if there is no

interaction, unless the LexA fusions act as aabrsathemselves.

Following selection for the presence of the twotees; western blots were performed to
test for expression of both LexA and V5-NLS-B42idus in the transformants prior to

examination of their interaction by histidine awophy and3-galactosidase activity.

5.4.1 Yeast two-hybrid analysis with LexA-RAD51 as the
DNA-binding domain fusion

To begin examining potential interactions, RAD51sviiast used as the “bait” (expressed
as a LexA fusion) and its interactions assayed W51 and the RAD51 paralogues as
the “prey” (expressed as V5-NLS-B42 fusions). Tathis, pHybLex/Zeo-RAD51 was co-
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transformed with pYesTrp2-RAD51, pYesTrp2-RAD51-3pYesTrp2-RAD51-4,
pYesTrp2-RAD51-5 and pYesTrp2-RAD51-6; see Matsreahd Methods, Section 2.4.6.
As a negative control, pHybLex/Zeo-RAD51 was alsetransformed with empty vector
pYesTrp2. Two independent co-transformants (X and were analysed for each
combination to determine if the LexA-RAD51 fusiorofein was expressed as well as the
V5-NLS-B42-RAD51 fusion and the V5-NLS-B42-RAD51rpbbgue fusion proteins, (see
Figure 5-4). To do this, cell extracts were preddrem each of the co-transformed cells,
and the proteins were separated on a 10 % SDS-Pg&€bEThe proteins were then
transferred to a nylon membrane and probed with goé-Lex IgG anti-serum (Santa
Cruz) at a 1:1000 dilution and detected with aoitggG-HRP anti-serum (Santa Cruz) at
a 1:5000 dilution (Figure 5-4A). The blot was ttetnpped and reprobed with mouse anti-
V5 IgG anti-serum (Invitrogen) at a dilution of 0@ and detected with anti-mouse 1gG-
HRP anti-serum (Sigma) at a 1:2500 dilution (Figbh4B).

In all the co-transformants, a protein of the expeécsize for the LexA-RAD51 fusion was
detected (72 kDa) by the anti-LexA anti-serum (IFgg6-4). This LexA-RAD51 fusion

was absent in the untransform8d cerevisiad_40 wildtype cell extract. Proteins of the
expected sizes of RAD51 and the four RAD51 paradsgaxpressed as V5-NLS-B42
fusions were also detected by the anti-V5 antitserit is unclear why the apparent
expression or reactivity of the V5-NLS-B42-RAD51#4sion is much greater than the

others, but is must be pointed out that no loadomgrols were performed.

wt RSl R-3 R5 R6 R- 4
XY X Y XY X Y X Y D

72

— 52

Figure 5-4: Western analysis of LexA-RAD51 expressin with V5-NLS-B42-RAD51 and the RAD51
paralogues inS. cerevisiae L40 co-transformants.

Two co-transformants (X and Y) expressing LexA-RADd&nd each V5-NLS-B42 fusion of RAD51 (R51),
RAD51-3 (R-3), RAD51-5 (R-5), RAD51-6 (R-6) or RADSl (R-4) are shownFigure 5-4A: Protein
extracts from the co-transformants, and from thieamsformedS. cerevisia¢ 40 cells (wt) were separated
by SDS-PAGE, blotted and probed with anti-LexA a#ium.Figure 5-4B: The blot was then stripped and
reprobed with anti-V5 anti-serum. The inferred sizd the proteins (kDa) are between 52 and 66 kba a
shown. The predicted sizes of the fusion polypegstidre as follows: LexA-RAD51: 72 kDa and V5-NLS-
B42 fusions- RAD51: 52 kDa, RAD51-3: 66.5 kDa, RADRS: 57.7 kDa, RAD51-5: 53.6 kDa and RAD51-
6: 62.4 kDa. The fusion of V5- NLS-B42 adds 12 ldval the fusion of LexA adds 32 kDa to the proteins.
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To examine interactions, the histidine auxotropbégt twas first used and showed that
RAD51 interacts with itself as revealed by the clg@wth on the plates lacking histidine
and containing 15 mM 3’ aminotriazole (Figure 5-B).contrast, there was no evidence
that RAD51 interacts with any of the other RAD5Xgbagues in this system, as there is an
absence of growth in all these co-transformantsdasons discussed in Section 5.3.4.1. To
ensure that the cultures of each co-transformamné wiable, a positive control plate was
used. The cultures were plated on media conta@liriye essential amino acids, including
histidine. As histidine was provided, all the inatad cultures grew as small circular
colonies. This plate was then used in the X-gtdrfiift assay, see Figure 5-6.

Figure 5-5: Histidine auxotrophy analysis of LexA-RAD51 with V5-NLS-B42-RAD51 and the V5-NLS-
B42-RAD51 paralogues.

Figure 5-5 shows growth or absence of growth of the LexA-RAD&sion with V5-NLS-B42-RAD51 and
each V5-NLS-B42-RAD51-paralogue fusion on mediugkiag histidine. The two co-transformants (X and
Y) are shown for LexA-RAD51 with each combinatioh\Mb-NLS-B42 fusion [Labelled: RAD51 (R51),
RAD51-3 (R-3), RAD51-5 (R-5), RAD51-6 (R-6) or RADE! (R-4)]. As a negative control, the LexA-
RADS51 expression vector was co-transformed withptfiesTrp2 vector (empty vector: EV). The platesehav
three different concentrations of histidine inhabjt3’ aminotriazoleFigure 5-5A: 5 mM, B: 10 mM,C: 15
mM.

The histidine auxotrophy test was performed attléage and the plates in Figure 5-5
were part of multiple experiments. It is noteworthwat the L40 strain has a mutation in
ADE2 gene and as a result cannot produce phosphorérsyimidazole carboxylase.
This carboxylase is a requirement of the adenimesyithetic pathway converting 5'-
phosphoribosyl-5-aminoimidazole to 5’-phosphoridgsaminoimidazole-4-carboxylate
(Rolfes, 2006; Ugolini & Bruschi, 1996). As a resuhe L40 strain is auxotrophic for
adenine, as mentioned in Section 5.3.3 and additicadenine to the medium is required
for growth of the wildtype and co-transformants. &ccumulation of 5’-phosphoribosyl-5-
aminoimidazole in the yeast cell results in a pied/pigment, which is clearly seen in
Figure 5-5C.

In order to verify the results of the histidine atmophy testf-galactosidase activity was
analysed. As a positive control for the histidinxatrophy test, the cultures of each co-
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transformant were plated on media containing a#l éssential amino acids, including
histidine. These colonies were then analysed usiag<-gal filter lift assay (see Material
and Methods, Section 2.10.2). In the transformaptessing LexA-RAD51 and V5-NLS-
B42-RAD51, there was a clear colour change fronk gon blue in the X-gal filter lift

assay, confirming self-interaction of RAD51 (FiguBe6). No such evidence fdj-

galactosidase activity was seen in any of the ottarsformants, or in the control cells
expressing only LexA-RAD51. These results are tast with the histidine auxotrophy

assay.

Figure 5-6: X-gal filter lift analysis of LexA-RAD51 with V5-NLS-B42-RAD51 and the V5-NLS-B42-
RADS51 paralogues.

As a positive control for the histidine auxotropiegt, the cultures of each co-transformant (X apdvi¥re
plated on medium containing all the essential amaicids. These transformants were then analysed tisin
X-gal filter lift assay. LexA-RAD51 was co-expredsavith each combination of V5-NLS-B42 fusion
[Labelled: RAD51 (R51), RAD51-3 (R-3), RAD51-5 (B;5RAD51-6 (R-6) or RAD51-4 (R-4)]. As a
negative control, the LexA-RAD51 expression veat@s co-transformed with the pYesTrp2 vector (empty
vector: EV). Interactions are identified by a colahange from pale pink to blue, wheegalactosidase
expression was induced fromeaZ reporter gene.

Finally, the interaction of LexA-RAD51 with the MSLS-B42 RAD51 and V5-NLS-B42
RADS51 paralogue fusions were quantified by meagutine -galactosidase activity in the
lysate of the co-transformants, using the ydghgtlactosidase assay kit by Pierce (see
Materials and Methods, Section 2.10.3). As a negationtrol, the LexA-RAD51
expression vector was co-transformed with the pYj@aVector (empty vector: EV). The
results of this are shown in Figure 5-7 and agamahstrate RAD51 self interaction, and
no other interaction between RAD51 and any of tA®BR1 paralogues. Only in the two

co-transformants (X and Y) expressing LexA-RAD5H a/b-NLS-B42-RAD51 were the
levels of theB-galactosidase higher than the control expressihgleexA-RADS1.
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Figure 5-7: Quantification of B-galactosidase activity of LexA-RAD51 with V5-NLS-B2-RAD51 and

the V5-NLS-B42-RAD51 paralogues.

B-galactosidase activity was analysed for cells esging the LexA-RAD51 fusion with V5-NLS-B42-
RADS51 and each V5-NLS-B42-RAD51-paralogue fusiomgghe yeasp-galactosidase assay kit by Pierce.
The measurement @fgalactosidase activity considers the generatiomrmfrophenol which was quantified
by spectrophotometry at an absorbance of 420 nno. ifdependent co-transformants (X and Y) are shown.
As a negative control, the LexA-RAD51 expressioctoe was co-transformed with the pYesTrp2 vector
(empty vector: EV). The values represent the mehithiee independent experiments with the 95 %
confidence intervals indicated by error bars.

This yeast two-hybrid analysis indicates that thereself-interaction between RAD51

molecules, which is consistent with published d&tam other eukaryotes, such as
mammals (Bensoat al, 1994; Schilcet al, 2000)

5.4.2 Yeast two-hybrid analysis with LexA-RAD51-3 a s
the DNA-binding domain fusion

The next protein used as the “bait” was RAD51-3 dsdnteractions were assayed with
RAD51 and the RAD51 paralogues as the “prey”. Thetar pHybLex/Zeo-RAD51-3,
expressing RAD51-3 as a LexA fusion, was co-tramséal intoS. cerevisiad.40 cells
with pYesTrp2-RAD51, pYesTrp2-RAD51-3, pYesTrp2-RBD4, pYesTrp2-RAD51-5
and pYesTrp2-RAD51-6, expressing RAD51 and the RRP&ralogues as V5-NLS-B42
fusions (see Materials and Methods, Section 2.488).before, two independent co-
transformants were analysed for each LexA-RAD51dn (X and Y) in combination
with V5-NLS-B42-RAD51 and the V5-NLS-B42-RAD51 pérgue fusions. Figure 5-8A
shows the western blot analysis of the co-transémits) demonstrating that each expressed
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a protein of the predicted size of LexA-RAD51-3 (@Ba) detected by the anti-LexA anti
serum. This LexA-RAD51-3 fusion was absent in tmtransformedS. cerevisiad 40
wildtype cell extract. Proteins of the expectecaesinf the V5-NLS-B42 fusions to RAD51
and the RAD51 paralogues were also detected bgrttid/5 anti-serum (see Figure 5-8B).

Figure 5-8: Western analysis of LexA-RAD51-3 expresson with V5-NLS-B42-RAD51 and RAD51
paralogues inS. cerevisiae L40 co-transformants.

Two co-transformants (X and Y) expressing LexA-RAE® and each V5-NLS-B42 fusions of RAD51
(R51), RAD51-3 (R-3), RAD51-5 (R-5), RAD51-6 (R-6y RAD51-4 (R-4) are showrkigure 5-8A:
Protein extracts from the co-transformants, andnftbe untransforme®. cerevisiad 40 cells (wt) were
separated by SDS-PAGE, blotted and probed withlaaxA anti-serum.Figure 5-8B: The blot was then
stripped and reprobed with anti-V5 anti-serum. Tiferred sizes of the proteins (kDa) are shown. The
predicted sizes of the fusion polypeptides are dlovis: LexA-RAD51-3: 86.5 kDa and V5-NLS-B42
fusions- RAD51: 52 kDa, RAD51-3: 66.5 kDa, RAD515%.7 kDa, RAD51-5: 53.6 kDa and RAD51-6:
62.4 kDa. The fusion of V5- NLS-B42 adds 12 kDa #ralfusion of LexA adds 32 kDa to the proteins.

The results of the histidine auxotrophy test toneixe interactions are shown in Figure 5-
9, and reveal growth of the co-transformants e)gangsboth LexA-RAD51-3 and each of
V5-NLS-B42-RAD51-4 and V5-NLS-B42-RAD51-6 on mediacking histidine. This

result indicates that RAD51-3 interacts with RADSland with RAD51-6. The absence of

growth of the other co-transformants indicates tR&D51-3 does not interact with
RAD51, RAD51-5 or with itself in this system.
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Figure 5-9: Histidine auxotrophy analysis of LexA-RAD51-3 with V5-NLS-B42-RAD51 and the V5-
NLS-B42-RAD51 paralogues.

Figure 5-9 shows growth or absence of growth of the LexA-RAEBfusion with V5-NLS-B42-RAD51 and
each V5-NLS-B42-RAD51-paralogue fusion on mediugkiag histidine. The two co-transformants (X and
Y) are shown for LexA-RAD51-3 with each combinatiohV5-NLS-B42 fusion [Labelled: RAD51 (R51),
RAD51-3 (R-3), RAD51-5 (R-5), RAD51-6 (R-6) or RADS! (R-4)]. As a negative control, the LexA-
RAD51-3 expression vector was co-transformed with pYesTrp2 vector (empty vector: EV). The plates
have three different concentrations of histidinkiliitor, 3' aminotriazoleFigure 5-9A: 5 mM, B: 10 mM,

C: 15 mM.

As for LexA-RAD51, the histidine auxotrophy assdyLexA-RAD51-3 interaction was
verified by assaying for thf-galactosidase activity, firstly by the X-gal liftssay (see
Figure 5-10), and secondly by quantifying fhigalactosidase activity in the yeast lysates
(see Figure 5-11). A strong colour change from pinklue was seen in the LexA-RAD51-
3:V5-NLS-B42-RAD51-4 co-transformant in the X-galtdr lift assay (Figure 5-10),
indicative of a relatively stable interaction. Thevas also evidence for a weak interaction
between the LexA-RAD51-3 and V5-NLS-B42-RAD51-6 fioned by colour change
from pink to pale blue. No other interaction betwéexA-RAD51-3 and V5-NLS-B42-
RAD51, V5-NLS-B42-RAD51-3 or V5-NLS-B42-RAD51-5 cloube detected with this

assay.
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Figure 5-10: X-gal filter lift analysis of LexA-RAD51-3 with V5-NLS-B42-RAD51 and the V5-NLS-
B42-RAD51 paralogues.

As a positive control for the histidine auxotropegt, the cultures of each co-transformant (X apdv¥re
plated on medium containing all the essential amaicids. These transformants were then analysed tsin
X-gal filter lift assay. LexA-RAD51-3 was co-expeesl with each combination of V5-NLS-B42 fusion
[Labelled: RAD51 (R51), RAD51-3 (R-3), RAD51-5 (B;5RAD51-6 (R-6) or RAD51-4 (R-4)]. As a
negative control, the LexA-RAD51-3 expression vecims co-transformed with the pYesTrp2 vector
(empty vector: EV). Interactions are identified hBycolour change from pale pink to blue, whére
galactosidase expression was induced frdatZreporter gene.

These weak and strong interactions were confirmgdgbantitatively measuring-
galactosidase activity. The LexA-RAD51-3:V5-NLS-BRAD51-4 co-transformants
displayed ~5-6 fold greatei-galactosidase activity than the LexA-RAD51-3 essm
control. The LexA-RAD51-3:V5-NLS-B42-RAD51-6 co-trsformants also displayed an
increase off-galactosidase activity, but this was only ~3 fhigher than the control (see
Figure 5-11). The data also confirm that RAD51-8slaot interact with RAD51, RAD51-
3 or RAD51-5 in the yeast two-hybrid system.
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Figure 5-11: Quantification of p-galactosidase activity of LexA-RAD51-3 with V5-NLSB42-RAD51
and the V5-NLS-B42-RAD51 paralogues.

B-galactosidase activity was analysed for cells esging LexA-RAD51-3 fusion with V5-NLS-B42-RAD51
and each V5-NLS-B42-RAD51-paralogue fusion using yleast-galactosidase assay kit by Pierce. The
measurement di-galactosidase activity considers the generatioo-mitrophenol which was quantified by
spectrophotometry at an absorbance of 420 nm. hidepiendent co-transformants (X and Y) are shown. As
a negative control, the LexA-RAD51-3 expressionteeavas co-transformed with the pYesTrp2 vector
(empty vector: EV). The values represent the mefithee independent experiments with the 95 %
confidence intervals indicated by error bars.

The results of all three assays are therefore stamj showing an interaction between
RADS51-3 and RAD51-4, and an interaction between BA3 and RAD51-6.

5.4.3 Yeast two-hybrid analysis with LexA-RAD51-4 a s
the DNA-binding domain fusion

RAD51-4 was the next LexA fusion to be expressetksd for interactions with RAD51
and the other RAD51 paralogues. As before, all-w#e combinations of pHybLex/Zeo-
RAD51-4, expressing LexA-RAD51-4, and pYesTrp2-RAD&nd the four pYesTrp2-
RAD51 paralogue vectors expressing V5-NLS-B42 fasjovere co-transformed int®.
cerevisiaelL40 cells (see Materials and Methods, Section62.4n this case, the LexA-
RAD51-4 fusion appeared to act as a transcripti@activator, independently of the V5-
NLS-B42 fusions. This is illustrated in Figure 5AL2which show theB-galactosidase
activity of LexA-RAD51-4 co-transformed with V5-NLB42-RAD51 and the V5-NLS-
B42-RAD51 paralogue fusions. In all cases, inclgdwvhere LexA-RAD51-4 is expressed

alone, very high levels dgf-galactosidase activity were detected (~15-30 fotgher than
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in the previous LexA-RAD51 and LexA-RAD51-3 expeents, which showed ~200 units
of B-galactosidase activity; Figure 5-7 and Figure Sdspectively).

However, there was an apparent decreagegaflactosidase activity when LexA-RAD51-4
was co-expressed with V5-NLS-B42-RAD51-3. It is ceivable that this indicates that
LexA-RAD51-4 was bound by V5-NLS-B42-RAD51-3 in Heeconditions, sequestering
the protein and resulting in less LexA-RAD51-4-naed auto-induction of transcription
by the B42 domain of the RAD51-3 fusion. To tesistihypothesis, three further
independent co-transformants expressing LexA-RAB5and V5-NLS-B42-RAD51-3
were analysed (Figure 5-12B). In this case no appatecrease if-galactosidase activity
was observed compared with LexA-RAD51-4 co-tramsfnt with empty V5-NLS-B42
vector. This suggests that the potential interacti@s not reproducible. Furthermore, the
auto-induction catalysed by the full length RADS5p#events interpretation of potential

interactions in this yeast two-hybrid analysis.
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Figure 5-12: Quantification of p-galactosidase activity of LexA-RAD51-4 co-expresdewith pYesTrp2,
V5-NLS-B42-RAD51 and each V5-NLS-B42-RAD51-paralogaifusion

B-galactosidase activity was analysed for cells esging the LexA-RAD51-4 fusion with V5-NLS-B42-
RAD51 and each V5-NLS-B42-RAD51-paralogue fusiosaged using the yeaBtgalactosidase assay Kkit.
Figure 5-12A shows the auto-induction of the LexA-RAD51-4 fusiwith the V5-NLS-B42-RAD51 and the
V5-NLS-B42-RAD51 paralogue fusions. As a negatieateol, the LexA-RAD51-4 expression vector was
co-transformed with the pYesTrp2 vector [Labelled: Empty vector]. As a further control, the LexA-
RAD51-4 expression vector alone was analysed [lathelexA-RAD51-4]. The plot shows the values
representing the mean of three independent expetimeith the 95 % confidence intervals indicated by
error barsFigure 5-12B shows the auto-induction of LexA-RAD51-4 co-trasfied with the pYesTrp2
vector (EV) and three independent LexA-RAD51-4:VESNB42-RAD51-3 transformants (A-C).
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One possible reason for the auto-induction by L&MD51-4 is that the sequence of the
N terminus of RAD51-4 is rich in acidic amino acesidues; previous studies have shown
that acidic sequences with no homology to protem=ded elsewhere in the yeast genome
can act as transcription activators (Ma & Ptashi®87b). To test this and to see if
RAD51-4 interactions could be mapped, DNA encodivgC and N terminal fragment of
the RAD51-4 protein were cloned into pHybLex/Zeasé&d on the domains mapped in the
human Rad51 paralogues (Millet al, 2004). Milleret al., (2004) showed by yeast two-
hybrid analysis, that the N terminal domain and lihker region of HsRad51B were
required for interaction with the HsRad51C. Thehatd also showed that the N terminal
domain of HsRad51B without the linker region couldt interact with HsRad51C.
Although highly speculative, and at present thenea direct evidence that the functions of
the T. bruceiand mammalian Rad51 paralogues are the same, areeome similarities
between the species. For instance, both grouparalqgues have been shown to function
in HR, and also have been shown to interact as lexep (Massort al.,2001; Liuet al.,
2002; Section 5.4 & Section 5.6 of this chapteherke are also potential Walker A and B
boxes in both sub-sets of proteins, which allowseaeduction of different domains from
their relative positions (Milleret al, 2004; Proudfoot & McCulloch, 2005a). The
hypothesis behind making the truncations of the BAA protein was based on the
findings of Miller et al,, 2004, with the aid of their predicted ribbongtam and model of
topology of the HsRad51 paralogues. The N termimagment of RAD51-4 encompassed
the first 151 amino acids, which included a puatN terminal domain as well as the
predicted helix-hairpin-helix linker region (Proodt & McCulloch, 2005a; Figure 5-13).
It was this region of the HsRad51B that was necgdsa binding to HsRad51C (Milleet

al., 2004). If the interacting domain is similar tetmammalian Rad51B paralogue and if
the LexA-RAD51-4 N terminal fragment did not autwuce, this truncation would allow
interpretation of interactions with the other RADpdralogues. The C terminal fragment
of RAD51-4 encompassed the amino acids 94 to 4B&hnagain included the predicted
helix-hairpin-helix linker region and the C termirdomain with the predicted Walker A
and B boxes (Figure 5-13). It was this region o thsRad51C that was necessary for
binding to HsRad51B, HsRad51D and XRCC3 (Mikéral, 2004). This could also act as
a control, if LexA-RAD51-4 N terminal domain wasosim to interact with one or more of
the RAD51 paralogues, and the LexA-RAD51-4 C teahimbomain did not interact and
did not auto-induce, it could be deduced that therdshinus of the proteins is required for

interaction, like the mammalian paralogue, HsRad51B
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Figure 5-13: A comparison of the RAD51 paralogue miteins highlighting the N and C terminal amino
acid sequence domain used for truncation of RAD51-4

This alignment shows the predicted positions of Wialker A and B domains (A and B), and the helix-
hairpin-helix (h-H-h) linker region. Also highlightl are the regions used for the RAD51-4 truncatiexA-
RAD51-4 N terminal domain is indicated with the Wroarrow (1-151 amino acids) and the LexA-RAD51-4
C terminal domain is indicated with the green ar(®4-423 amino acids). Reprinted with permissiannfr
Oxford Journals, Proudfoot & McCulloch (2005a), Mic Acid Researc83, pp 6909.

To this end, the coding sequence for the N termofuRAD51-4 (from 1-453 bp) was
PCR-amplified using primers N-TermR51-4 For and &fR51-4 Rev (see Materials and
Methods, Section 2.4.1, Table 2-1). The resultiGRAragment (453 bp) was then cloned
into pHybLex/Zeo using thEcoR andPst sites, creating a LexA fusion to the first 1-151
amino acids of RAD51-4, as shown in Figure 5-14e Tdoding sequence for the C
terminus of RAD51-4 (from 282-1272 bp) was PCR-afigal using primers C-TermR51-
4 For and C-TermR51-4 Rev (see Materials and Meth8éction 2.4.1, Table 2-1). The
990 bp PCR-amplified fragment was then cloned ipHybLex/Zeo using th&coR and

Pst sites.
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Figure 5-14: Diagram showing the LexA fusions witlthe RAD51-4 truncations.

The completdexAgene is part of the pHybLex/Zeo vector and allewgression of a fusion protein with the
LexA DNA-binding domain. LexA has 202 amino acitte N-terminal domain of RAD51-4 has 151 amino
acids and the C-terminal domain of the RAD51-4 3% amino acids.

To determine if these fusions activated the exjwassf lacZ and HIS3 genes, each
construct, LexA-RAD51-4-N term and LexA-RAD51-4-€riin, was co-transformed with
the V5-NLS-B42 empty vector. Two co-transformanteach (X and Y) were examined.
Both thep-galactosidase activity measurement (Figure 5-h8)hastidine auxotrophy tests
(Figure 5-16) showed that the truncations of RA@Sere also auto-inducers, resulting
in equivalent levels of induction compared to th# flength RAD51-4. The basis of this
induction is unclear, but may reside in the 57 an@nids that overlap the two truncations.

Nevertheless, this was not dissected further analuation of the LexA-RAD51-4

interactions by yeast two-hybrid cannot be intetigute
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Figure 5-15: Auto-induction of the LexA-RAD51-4 C ad N termini truncated fusions co-expressed
with pYesTrp2 (EV) assayed using the yeagt-galactosidase assay Kkit.

B-galactosidase activity was analysed for cells esging LexA-RAD51-4 C and N termini truncated fusio
co-expressed with the pYesTrp2 vector expressimg \6B-NLS-B42. Auto-induction was apparent for both
the independent co-transformants (X and Y) for L&XAD51-4 C and LexA-RAD51-4 N termini truncated
fusions. As a control, the LexA-RAD51-4 expressi@ttor alone showed auto-induction [Labelled LexA-
RAD51-4]. The plot shows the values representirgrhean of three independent experiments with he 9
% confidence intervals indicated by error bars.

Figure 5-16: Auto-induction of the truncated LexA-RAD51-4 C and N termini truncated fusions co-
expressed with pYesTrp2 (EV) assayed by histidineuaotrophy.

Figure 5-16 shows the growth of the LexA-RAD51-4 C and N terabifusion without a V5-NLS-B42
fusion protein, on medium lacking histidine. Twalépendent co-transformants (X and Y) are shown for
each of the LexA-RAD51-4 C and N termini truncatesions. The plates have three different concdntiat

of histidine inhibitor, 3’ aminotriazoldéigure 5-16A:5 mM, B: 10 mM,C: 15 mM.
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5.4.4 Yeast two-hybrid analysis with LexA-RAD51-5 a s
the DNA-binding domain fusion

The fourth protein expressed as a LexA fusion tan@re interaction was RAD51-5. The
pHybLex/Zeo-RAD51-5 construct was generated by R@#lification of the RAD51-5
ORF using the primers R51-5 For and R51-5 Rev [daterials and Methods, Section
2.4.1, Table 2-1). This fragment was then clondgd pHybLex/Zeo using flankinéd\pa
and Sal sites (Figure 5-13). This strategy resulted ifraane shift, and therefore meant
that the LexA and RAD51-5 ORFs were out of framie Slirected mutagenesis was
carried out to rectify this: an extra nucleotide (#as added to thApal site, resulting in
disruption of theApd restriction site, which allowed possible mutateldnes to be
screened. This also resulted in correction of thené shift, making the RAD51-5 ORF in

frame with LexA; the corrected construct was vedfby DNA sequencing.

pHybLex/Zeo-RAD51-5 expressing a LexA-RAD51-5 fusiowas co-expressed with
pYesTrp2-RAD51 and pYesTrp2-RAD51 paralogues asNVS-B42 fusions inS.
cerevisiaeL40 cells (see Materials and Methods, Section62.4Two independent co-
transformants were analysed for each combinatiorai(d Y). LexA-RAD51-5 fusion
expression was verified by western blotting usimg-BexA anti-serum (Figure 5-17A)
and the appropriately sized V5-NLS-B42 fusions wévend to be expressed in the
cognate co-transformants by detection with antiavi-serum (Figure 5-17B).

EV R51 R3 RS R6 R4

I ——— |06

+——52

Figure 5-17: Western analysis of LexA-RAD51-5 expwision with V5-NLS-B42-RAD51 and RAD51
paralogues inS. cerevisiae L40 co-transformants.

Two co-transformants (X and Y) expressing LexA-RAES and each V5-NLS-B42 fusion of RAD51
(R51), RAD51-3 (R-3), RAD51-5 (R-5), RAD51-6 (R-6y RAD51-4 (R-4) are showrFigure 5-17A:
Protein extracts from the co-transformants werasdpd by SDS-PAGE, blotted and probed with ankA_e
anti-serum. The predicted size of LexA-RAD51-5 i8.67 kDa. The negative control (EV) shows a
pHybLex/Zeo empty vector transformant and indicdtes predicted size of the non-fused LexA: 32 kDa.
Figure 5-17B: The blot was then stripped and reprobed with aBtiaviti-serum. The inferred sizes of the
proteins (kDa) are shown. The predicted sizes ef ftision polypeptides are as follows: V5-NLS-B42
fusions- RAD51: 52 kDa, RAD51-3: 66.5 kDa, RAD5158%.7 kDa, RAD51-5: 53.6 kDa and RAD51-6:
62.4 kDa. The fusion of V5-NLS-B42 adds 12 kDa.
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The histidine auxotrophy test showed no evidencdrémscriptional activation when the
LexA-RAD51-5 fusion was co-expressed with V5-NLSZBRADS51 or any of the V5-
NLS-B42-RAD51 paralogues (Figure 5-18). The lack aifservable interaction was
confirmed by assaying fdi-galactosidase activity, using both the X-gal filtdét assay
(Figure 5-19) and measuring thealactosidase activity in cell lysates (Figure(-2

Figure 5-18: Histidine auxotrophy analysis of LexARAD51-5 with V5-NLS-B42-RAD51 and the V5-
NLS-B42-RAD51 paralogues.

The diagram shows growth or absence of growth eflLittaxA-RAD51-5 fusion with V5-NLS-B42-RAD51
and each V5-NLS-B42-RAD51-paralogue fusion on mediacking histidine. The two co-transformants (X
and Y) are shown for LexA-RAD51-5 with each combio@a of V5-NLS-B42 fusion [Labelled: RAD51
(R51), RAD51-3 (R-3), RAD51-5 (R-5), RAD51-6 (R-6f RAD51-4 (R-4)]. As a negative control, the
LexA-RAD51-5 expression vector was co-transformethuwhe pYesTrp2 vector (empty vector: EV). The
plates have three different concentrations of diis#i inhibitor, 3’ aminotriazolefFigure 5-18A: 5 mM, B:

10 mM,C: 15 mM.

Figure 5-19: X-gal filter lift analysis of LexA-RAD51-5 with V5-NLS-B42-RAD51 and the V5-NLS-
B42-RAD51 paralogues.

As a positive control for the histidine auxotropegt, the cultures of each co-transformant (X apdvi¥re
plated on medium containing all the essential amaicids. These transformants were then analysed tisin
X-gal filter lift assay. LexA-RAD51-5 was co-expeesl with each combination of V5-NLS-B42 fusion
[Labelled: RAD51 (R51), RAD51-3 (R-3), RAD51-5 (R;5RAD51-6 (R-6) or RAD51-4 (R-4)]. As a
negative control, the LexA-RAD51-5 expression vectms co-transformed with the pYesTrp2 vector
(empty vector: EV). Interactions are identified bBycolour change from pale pink to blue, whére
galactosidase expression was induced frdatZreporter gene.
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Figure 5-20: Quantification of B-galactosidase activity of LexA-RAD51-5 with V5-NLSB42-RAD51
and the V5-NLS-B42-RAD51 paralogues.

B-galactosidase activity was analysed for cells esging the LexA-RAD51-5 fusion with V5-NLS-B42-
RADS51 and each V5-NLS-B42-RAD51-paralogue fusiomgghe yeasp-galactosidase assay kit by Pierce.
The measurement @fgalactosidase activity considers the generatioo-ufrophenol which was quantified
by spectrophotometry at an absorbance of 420 nno. ifdependent co-transformants (X and Y) are shown.
As a negative control, the LexA-RAD51-5 expresswector was co-transformed with the pYesTrp2 vector
(empty vector: EV). The values represent the mefthee independent experiments with the 95 %
confidence intervals indicated by error bars.

Since the western analysis shows that the LexA-RAB3usion is detectably expressed,
as are the V5-NLS-B42-RAD51 and the V5-NLS-B42-RADEaralogues fusions (Figure
5-17), the lack of reporter gene expression issimaply explained by poor expression or
rapid degradation of the proteins. These resulty mdicate that RAD51-5 may not
interact with any other proteins as a “bait” instlaissay. It may of course be the case that
the LexA-RAD51-5 fusion is not localised to the laws, or the fusion cannot bind to the
DNA. It could also be the case that the fusion &xA causes incorrect folding of the
RAD51-5 protein, disrupting the interaction bindisites. Nevertheless, these results may
indicate that RAD51-5 does not interact with thieeo®. bruceiRAD51 paralogues.

5.4.5 Yeast two-hybrid analysis with LexA-RAD51-6 a s
the DNA-binding domain fusion

Finally, RAD51-6 was used as the “bait” for intdran analysis. The pHybLex/Zeo-
RAD51-6 was co-transformed with all pair-wise condiions of pYesTrp2-RAD51 and

each of the pYesTrp2-RAD51 paralogues i8tocerevisiad.40 cells (see Materials and
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Methods, Section 2.4.6). As before, two independmatransformants (X and Y) were
analysed for expression of the LexA-RAD51-6 fusaond for the cognate V5-NLS-B42-
RAD51 or V5-NLS-B42-RAD51 paralogue fusions (Figute2l). LexA-RAD51-6
expression in each co-transformant was identifédittough weak, a band of the predicted
size (~83 kDa) was detected using anti-LexA antinse The V5-NLS-B42 fusions to
RAD51 and to the RAD51 paralogues were also readdiected, using anti-V5 anti-

serum.

wt R51 R-3 R-5 R- 6 R-4
X Y X Y X Y X Y X Y
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Figure 5-21: Western analysis of LexA-RAD51-6 expwision with V5-NLS-B42-RAD51 and RAD51
paralogues inS. cerevisiae L40 co-transformants.

Two co-transformants (X and Y) expressing LexA-RABG and each V5-NLS-B42 fusion of RAD51
(R51), RAD51-3 (R-3), RAD51-5 (R-5), RAD51-6 (R-6y RAD51-4 (R-4) are showrFigure 5-21A:
Protein extracts from the co-transformants, andtfier untransformed. cerevisiad 40 cells (wt) were
separated by SDS-PAGE, blotted and probed withlaaxA anti-serumFigure 5-21B: The blot was then
stripped and reprobed with anti-V5 anti-serum. Tiferred sizes of the proteins (kDa) are shown. The
predicted sizes of the fusion polypeptides are dlevis: LexA-RAD51-6: 82.4 kDa and V5-NLS-B42
fusions- RAD51: 52 kDa, RAD51-3: 66.5 kDa, RAD51&/.7 kDa, RAD51-5: 53.6 kDa and RAD51-6:
62.4 kDa. The fusion of V5-NLS-B42 adds 12 kDa #mlfusion of LexA adds 32 kDa to the proteins.

The histidine auxotrophy test revealed no eviddocéranscriptional activation when the
LexA-RAD51-6 fusion was co-expressed with V5-NLSZBRAD51 or the other V5-
NLS-B42-RAD51 paralogues (Figure 5-22). This nagatesult was confirmed using
with the X-gal filter lift assay (Figure 5-23) t@tctp-galactosidase activity and was also

confirmed by quantification off-galactosidase activity in the lysates of the co-

transformants (Figure 5-24).
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Figure 5-22: Histidine auxotrophy analysis of LexARAD51-6 with V5-NLS-B42-RAD51 and the V5-
NLS-B42-RAD51 paralogues.

Figure 5-22 shows growth or absence of growth of the LexA-RABBfusion with V5-NLS-B42-RAD51
and each V5-NLS-B42-RAD51-paralogue fusion on mediacking histidine. The two co-transformants (X
and Y) are shown for LexA-RAD51-6 with each combio@a of V5-NLS-B42 fusion [Labelled: RAD51
(R51), RAD51-3 (R-3), RAD51-5 (R-5), RAD51-6 (R-6f RAD51-4 (R-4)]. As a negative control, the
LexA-RAD51-6 expression vector was co-transformethuwhe pYesTrp2 vector (empty vector: EV). The
plates have three different concentrations of diis#i inhibitor, 3’ aminotriazolefFigure 5-22A: 5 mM, B:

10 mM,C: 15 mM.

Figure 5-23: X-gal filter lift analysis of LexA-RAD51-6 with V5-NLS-B42-RAD51 and the V5-NLS-
B42-RAD51 paralogues.

As a positive control for the histidine auxotropiegt, the cultures of each co-transformant (X apdv¥re
plated on medium containing all the essential amaicids. These transformants were then analysed tisin
X-gal filter lift assay. LexA-RAD51-6 was co-expeesl with each combination of V5-NLS-B42 fusion
[Labelled: RAD51 (R51), RAD51-3 (R-3), RAD51-5 (B;5RAD51-6 (R-6) or RAD51-4 (R-4)]. As a
negative control, the LexA-RAD51-6 expression vecims co-transformed with the pYesTrp2 vector
(empty vector: EV). Interactions are identified hBycolour change from pale pink to blue, whére
galactosidase expression was induced frdatZreporter gene.

Western analysis showed the LexA-RAD51-6 fusiomesectably expressed, as are the
V5-NLS-B42 fusions in the co-transformants (Fig6r21). It was previously shown that
LexA-RAD51-3 interacted with V5-NLS-B42-RAD51-6 (8®n 5.4.2). It therefore is
surprising that the reciprocal experiment, usingA-®RAD51-6 fusion as the “bait” and
the V5-NLS-B42-RAD51-3 fusion as the “prey” did notgveal any interaction. One
possible explanation is that the C terminal fumabih.exA to RAD51-6 inhibits the site of
interaction between RAD51-6 and RAD51-3. Anotheplaration is that one or both of
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the fusion proteins may not be localised to theleusc V5-NLS-B42-RAD51-3 fusion is
the largest of the fused proteins at 86.5 kDa art nibt activate transcription in
combination with any of the other LexA fusion piog It is also possible that the B42
domain might be unable to recruit RNA polymeraseemwliused to RAD51-3 or when
RAD51-6 is bound to the RAD51-3.
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Figure 5-24: Quantification of p-galactosidase activity of LexA-RAD51-6 with V5-NLSB42-RAD51
and the V5-NLS-B42-RAD51 paralogues.

B-galactosidase activity was analysed for cell esgirgy the LexA-RAD51-6 fusion with V5-NLS-B42-
RADS51 and each V5-NLS-B42-RAD51-paralogue fusiomgghe yeasp-galactosidase assay kit by Pierce.
The measurement @fgalactosidase activity considers the generatiomrmfrophenol which was quantified
by spectrophotometry at an absorbance of 420 nno. ifdependent co-transformants (X and Y) are shown.
As a negative control, the LexA-RAD51-6 expressiector was co-transformed with the pYesTrp2 vector
(empty vector: EV). The values represent the mefthee independent experiments with the 95 %
confidence intervals indicated by error bars.

5.5 Introduction to the raising of anti-RAD51 and

anti-RAD51 paralogue anti-sera

The section above attempts to determine ifthéruceiRAD51 paralogues interact with
each other using yeast two-hybrid analysis. Th@sagd that RADS1 interacts with itself
and RAD51-3 interacts with RAD51-4 and RAD51-6, shno other interactions between
RAD51 and the RADS51 paralogues were identified.oder to confirm that these
interactions occurin vivo, and possibly to identify other interactions, co-
immunoprecipitation was carried out. To this endti-aera were raised against RAD51

and the RAD51 paralogues which were then used-imoaunoprecipitation analysis from
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T. bruceicell extracts. To describe this, Sections 5.5.8.505 below discuss the way these

anti-sera were generated, tested and purified.

The anti-sera were raised against C-terminal 10 I8-tdgged recombinant variants of
RAD51 and each of the RAD51 paralogues. This maifon was carried out by Dr Chris
Stockdale, and involved cloning each ORRR&D51 RAD51-3 RAD51-4 RAD51-5 and
RAD51-6 into the pET51b vector (Novagen), which allowedression of the fusion
proteins InE. coli BL21-rosetta2 (Novagen). Figure 5-25A shows a Cawieastained
SDS-PAGE gel of the different C-terminal HIS-taggedteins after their purification by

nickel column chromatography.

Each of these purified proteins were quantified @edt to Scottish National Blood
Transfusion Service, Edinburgh for injection intdéfetent host animals for collection of
total anti-serum. Rabbit was used to raise antirseagainst the RAD51 and RAD51-4
recombinant proteins, sheep was used to raisesanim against RAD51-3, chicken was
used to raise anti-serum against RAD51-5, and e used to raise anti-serum against
RAD51-6.
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Figure 5-25: C-terminal HIS-tagged and N-terminal G5T-tagged recombinant RAD51 and the four
RADS51 paralogues proteins

Figure 5-25A: Coomassie stained SDS-PAGE gel of an exampleeotéiparated purified proteins used to
raise the anti-sera. Each protein was tagged WwahQ-terminal HIS: Labelled RAD51 [51], RAD51-3 [3]
RAD51-4 [4], RAD51-5 [5] and RAD51-6 [6]. This 10 MIS tag fusion added 2.5 kDa to RAD51 and the
RADS51 paralogues. The predicted sizes of the fupimteins are RAD51-HIS: 42.5 kDa; RAD51-3-HIS: 57
kDa; Strepll-RAD51-4-HIS: 54.6 kDa; RAD51-5-HIS: 44kDa; and RAD51-6-HIS: 52.9 kD&igure 5-
25B: Coomassie stained SDS-PAGE gel of an example o$eparated purified proteins used to purify the
anti-serum. N terminal GST tagged proteins wergllito beads and used in an affinity column, tofpu
the anti-RAD51 and anti-RAD51 paralogue anti-s@tisis GST tag fusion added 26.3 kDa to RAD51 and
the RADS51 paralogues. The predicted sizes of temifuproteins are GST-RAD51: 66.3 kDa; GST-RAD51-
3: 80.3 kDa; GST-RAD51-4: 73.8 kDa; GST-RAD51-5:.%kDa; and GST-RAD51-6: 76.7 kDa. These
Figures were provided by Dr Chris Stockdale.
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For anti-sera purification, N-terminal GST-taggedtpins were purified. Each ORF of the
RAD51 paralogues were cloned into pGEX-4T3 (Amenshand proteins purified fror.
coli BL21-rosetta2 (Novagen) by Glutathione Affinity ®@matography; this work was
completed by Dr Chris Stockdale. Figure 5-25B shtivesCoomassie stained SDS-PAGE
gel of an example of the separated GST-tagged igairiproteins. These GST-tagged
proteins were coupled to beads using Amino-Linke(€) and were then used as an
affinity column for purification of the anti-serd@he affinity columns were made by Dr

Chris Stockdale. Once made, the affinity column stased at £C until required.

5.5.1 Anti-RADS51 anti-serum purification

Specificity of the rabbit RAD51 anti-serum was asead first. To do this, the RAD51 anti-
serum was used to probe all of the GST-tagged RARB#H RAD51 paralogue
recombinant proteins (see Figure 5-25B). For thisoncentration of 2 ng:* of each
purified GST-tagged recombinant protein was sepdran a 10 % SDS-PAGE gel. The
proteins were transferred to a nylon membrane aobtledl with the rabbit anti-RAD51
anti-serum (at a dilution of 1:500) and then detdawith anti-rabbit IgG-HRP (Molecular
Probes) anti-serum (at a 1:5000 dilution). Figw268 shows the western blot that was
generated. The GST tag adds 26.3 kDa to the si¥A@f51 and the RAD51 paralogue
proteins. The black arrow indicates the predictee sf the GST-RAD51 protein (66.4
kDa). A very pronounced smear was seen in the ¢amtaining GST-RAD51, possibly
because of degradation of the recombinant protduore likely, the anti-RAD51 serum
bound to cross-contaminating proteins fr@&n coli during the GST-tag purificatioras
absolute purification is doubtful. These contamisamould also be targeted by the rabbit
antibodies. Nevertheless, no bands of the predisitezs in the other lanes for the GST-
tagged RAD51-3, RAD51-4, RAD51-5 or RAD51-6 proteimere seen, indicating that the
anti-RAD51 anti-sera did not bind to the GST-taggeAD51 paralogues. Next, the
specificity of anti-RAD51 anti-serum was testediagbwhole cell protein extracts from
bruceicells. This was done by separating the extractetkjprs from wildtype bloodstream
stage Lister strain 427 and from bloodstream s&g@.2rad51 homozygous mutant (-/-)
on a 10 % SDS-PAGE gel; see Materials and Meth&dstion 2.6.2.1 for protein
extraction details and Section 2.6.3 for westemwttinlg. The generation of thed51-/-
was described in McCulloch & Barry (1999) and Cleapt (Section 4.1). The separated
extracts were then transferred to a nylon membnahieh was probed with the rabbit anti-
RAD51 anti-serum (at a dilution of 1:500) and theetected with anti-rabbit IgG-HRP
(Molecular Probes) anti-serum (at a 1:5000 dilutieigure 5-26B. Figure 5-26B shows a
band of the predicted size of RAD51 in the wildtygedl extract of 40.5 kDa, whilst this
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band is absent in thrad51 -/-protein extract. The blot shows a non-specificssfreactive
band slightly larger than the predicted RAD51 band.
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Figure 5-26: Western analysis showing the speciftgi of the anti-RAD51 anti-serum.

Figure 5-26A: Western blot shows the separated GST-RAD51 and-B&&D51 paralogue recombinant
proteins probed with anti-RAD51 anti-serum. [LabdllRAD51 (51), RAD51-3 (3), RAD51-4 (4), RAD51-
5 (5), and RAD51-6 (6)]. The GST tag adds 26.3 kD®AD51 and the RAD51 paralogues. The predicted
sizes of the fusion proteins are GST-RAD51-3: 8D&, GST-RAD51-4: 72 kDa, GST-RAD51-5: 67.9 kDa
and GST-RAD51-6: 76.7 kDa. The black arrow indisatee predicted size of the GST-RAD51 protein of
66.4 kDa.Figure 5-26B: Western blot shows protein extract from wildtypet)(and rad51 homozygous
mutant (-/-)T. bruceicells probed with the anti-RAD51 anti-sera. Thecklarrow indicates the predicted
size of native RAD51 (40.5 kDa). The size markeesiadicated for both blots.

As this cross-reactive band may have interfered fuitther analysis, antibody purification
from this anti-serum was performed. To do this, ghefied GST-RAD51 protein (Figure
5-25) was coupled to beads using Amino-link (Pigmkich were then used as an affinity
column. Approximately 4 ml of anti-serum were addedthe GST-RAD51 affinity
column, and incubated for 1 hour to allow the &ADP51 antibodies to bind to the GST-
RAD51 (see Materials and Methods, Section 2.7.R8js Was then washed thoroughly with
PBS, with unbound or weakly bound proteins discardethe flow-through. The purified
anti-RAD51 antibodies were then eluted from the &8¥D51 bound beads using 100
mM glycine-HCI (pH 2.7) solution, in fractions of®)ml. The protein concentration of
each fraction was calculated using the Bradfordngfieation method (Biorad). The
glycine from the elution buffer was then removedtfioy pooling the fractions with the
highest amount of protein, then adding to an Edeao-10 DG column (Bio-Rad),
allowing capture of the proteins and re-elutionansuitable buffer, sterile PBS. The

proteins were eluted from the column in 1 ml of PB#s elution step was repeated seven
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more times. The protein concentrations in thesktdrgctions were again quantified using
the Bradford method. The fractions with the mosit@n were pooled and concentrated to
a final volume of approximately 0.8 — 1.0 ml usi¥gaspin columns (Sartorius) and

quantified again (Bio-Rad).

The affinity purified anti-RAD51 anti-serum was theised to probe the wildtype and
rad51 -/- protein extracts. For a direct comparison, two 10S®S-PAGE gels were
equally loaded with protein extracts from wildtypleodstream stage cells (wt) aratl51

-/- cells (-/-). The separated proteins were thensteared to a nylon membrane. One
membrane was probed with the unpurified rabbit-BAD51 anti-serum (at a dilution of
1:250) and the other was probed with the affinityifeed anti-RAD51 anti-serum (at a
dilution of 1:50) and both were detected with aabbit IgG-HRP (Molecular Probes)
anti-serum (at a 1:5000 dilution). Figure 5-27 shdlese western blot analyses: Figure 5-
27A shows the protein extracts probed with the wifipd anti-serum; in this blot, there
was the same banding pattern seen in Figure 5-8@6ealivhere there was a non-specific
band of around 45 kDa, slightly larger than the RAlband. Figure 5-27B shows the
protein extracts probed with the affinity purifiadti-serum. The purified antibody did not
bind to the non-specific band of approximately 4Bak but, surprisingly did bind to
another protein of approximately 60 kDa. Removaltltd non-specific binding to the
protein running at approximately 45 kDa was impatitas this could cause masking of the
RAD51-anti-serum binding to the RAD51 paraloguet@irg as they are all of a similar
size, ranging from 40-55 kDa. Since bands of tizis are not seen, it is likely that the anti-

RAD51 anti-serum does not cross-react with the RApParalogues.
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Figure 5-27: Western analysis showing the speciftgi of the unpurified and affinity purified anti-
RADS51 anti-serum.

Proteins extracted from wildtype bloodstream fomtisc(wt) andrad51-/- (-/-) cells were separated on two
10 % SDS-PAGE gels and the proteins were thenfaemsl to a nylon membrangigure 5-27A: shows the
membrane probed with the unpurified anti-RAD51 -@etium.Figure 5-27B: shows the membrane probed
with the affinity purified anti-RAD51 anti-serum.oh figures show the predicted band of RAD51 at
approximately 40 kDa, and the size markers areaidd for reference.

5.5.2 Anti-RAD51-3 anti-serum purification

The next anti-serum to be analysed was the shegRAD51-3 anti-serum. Firstly, the
anti-serum was used to probe the GST-tagged RADBIRADS1 paralogue recombinant
proteins. Approximately 2 ngl™* of each purified GST-recombinant protein was saigalr
on a 10 % SDS-PAGE gel (see Figure 5-25B). Theeprstwere then transferred to a
nylon membrane and probed firstly, with the sheepuuified anti-RAD51-3 anti-serum
(at a dilution of 1:1000) and secondly, detectethvanti-sheep 1gG-HRP (Santa Cruz)
anti-serum (at a 1:5000 dilution; Figure 5-28A).eTpredicted size of the GST-RAD51-3
fusion is 80.8 kDa, and the black arrow in Figur283\ shows the predicted location of
the GST-RAD51-3, amongst considerable cross-raactidhis analysis shows that anti-
RAD51-3 anti-serum bound specifically to the GSTBPBA -3 recombinant protein, while
no other bands of the predicted size for GST-RADB$,T-RAD51-4, GST-RAD51-5 or
GST-RADS51-6 were detected in these lanes.

Next, the specificity of the anti-RAD51-3 anti-sarwas tested against whole cell protein
extracts fromr. bruceicells: wildtype BSF strain 427 protein extracts &8F strain 427

rad51-3 homozygous mutant (-/-) protein extracts. The aoted proteins were separated
on a 10 % SDS-PAGE gel then transferred to a nyh@mbrane. The membrane was
probed with the unpurified anti-RAD51-3 anti-ser(au a dilution of 1:1000) and detected
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with anti-sheep IgG-HRP (Santa Cruz) anti-seruma(dt:5000 dilution). Figure 5-28B
does not show any distinct band of the predicteeé &if RAD51-3 (54.5 kDa) in the
wildtype protein extract (wt), compared with thad51-3 -/- protein extract. The
predominant reaction was to a non-specific croastiee band of ~80 kDa in both cell

extracts, and so affinity purification of the asirum was required for further analysis.
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Figure 5-28: Western analysis showing the speciftgi of the anti-RAD51-3 anti-serum

Figure 5-28A: Western blot shows the separated GST-RAD51 and-B&D51 paralogue recombinant
proteins probed with anti-RAD51-3 anti-serum. [Léde& RAD51 (51), RAD51-3 (3), RAD51-4 (4),
RAD51-5 (5), and RAD51-6 (6)]. The GST-tag adds32kDa to RAD51 and the RAD51 paralogues. The
predicted sizes of the fusion proteins are GST-RAD®.3 kDa, GST-RAD51-4: 72 kDa, GST-RAD51-5:
67.9 kDa and GST-RAD51-6: 76.7 kDa. The black arhoglicates the predicted size of the GST-RAD51-3
protein of 80.8 kDaFigure 5-28B: Western blot shows protein extracts from the wipetywt) andrad51-3
homozygous mutant (-/4). bruceicells probed with the anti-RAD51-3 anti-serum. Titeck arrow indicates
the predicted size of RAD51-3 (54.5 kDa). The simgkers are indicated for both blots.

As a result of the poor specificity of the anti-RBD3 anti-serum, affinity purification was
performed to improve the antibody’s specificity.iwas carried out in a similar manner
to that described above for the anti-RAD51 antuser(see Section 5.5.1 and Materials
and Methods, Section 2.7.2). The purified GST-RA35(rotein (described in Figure 5-
25B) was coupled to beads which were then usea adfiaity column. Approximately 5
mis of anti-RAD51-3 anti-serum were added to theTf RAD51-3 affinity column. The
column was washed thoroughly, and then the antibway eluted from the beads. The
fractions with the most protein were pooled andcemtrated to approximately 8@0to 1
ml. The affinity purified anti-RAD51-3 anti-serumas then used to probe the wildtype and
rad51-3 -/-protein extracts. Figure 5-29 shows the affinityifeed anti-RAD51-3 anti-
serum (at a dilution of 1:10) used to probe prowitracts from wildtype BSF (BS) and
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rad51-3 -/-cells (-/-); anti-serum binding was detected watiti-sheep 1gG-HRP (Santa
Cruz) anti-serum (at a 1:5000 dilution). Affinityipfication greatly improved specificity
to endogenous. bruceiRAD51-3 as there was a band of the predicteddizbe protein
(54.5 kDa) that was only seen in the wildtype eott@nd was absent in tmad51-3 -/-

mutant. At this anti-serum dilution, significanbes-reactivity was also seen.
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Figure 5-29: Western analysis showing the speciftgi of the affinity purified anti-RAD51-3 anti-serum.
Proteins extracted from wildtype bloodstream st@f®) andrad51-3-/- mutant cells (-/-) were separated on
a 10 % SDS-PAGE gel. The proteins were transfelednylon membrane and then probed with the affini
purified anti-RAD51-3 anti-serum at a dilution afl@. The predicted size of RAD51-3 (54.5 kDa) amel t
size markers are indicated.

5.5.3 Anti-RAD51-4 anti-serum purification

Rabbit anti-RAD51-4 anti-serum was next analysetest its specificity and see whether
or not it bound to RAD51-4. To this end, the unfied anti-serum was used to probe
against the GST-tagged RAD51 and RAD51 paralogaenmnbinant proteins. As before,
approximately 2 ngl™ of each purified GST-recombinant protein was saigaron a 10
% SDS-PAGE gel. The separated proteins were tla@sferred to a nylon membrane and
probed with the unpurified rabbit anti-RAD51-4 as¢éirum (at a dilution of 1:250), and
detected with anti-rabbit 1I9gG-HRP (Molecular Probasti-serum (at a 1:5000 dilution;
Figure 5-30A). The predicted size of the GST-RADbfltsion is 62 kDa, and in Figure 5-
30A the black arrow indicates the predicted locatd the GST-RAD51-4 protein. The
western blot indicates that the anti-RAD51-4 aetusn binds to the GST-RAD51-4
recombinant protein. It was also clear that thei-semtum bound to proteins of
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approximately the same size as GST-RAD51-4 in t8Bd-®AD51, GST-RAD51-5 and
GST-RAD51-6. These non-specific bands are appraeinghe same size in all the lanes
and are not the predicted sizes of GST-RAD51, GBDRL-5 and GST-RAD51-6 (66.3
kDa, 67.9 kDa, and 76.7 kDa respectively), sugggsthe anti-serum recognises Bn

coli-derived protein of a similar size to the GST-RABbIn these purifications.

The specificity of rabbit anti-RAD51-4 anti-serumasv next tested against whole cell
protein extracts fronT. bruceicells: wildtype BSF strain 427 protein extracts &tF
strain 3174.2rad51-4 homozygous mutant (-/-) protein extracts. The gatn@m and
confirmation of thisrad51-4 -/-mutant was described in Chapter 3, Section 3.218i®
thesis. The extracted proteins were separatedldn% SDS-PAGE gel then transferred to
a nylon membrane. This was probed with the unmdifanti-RAD51-4 anti-serum at a
dilution of 1:400 and detected with anti-rabbit KHRP (Molecular Probes) anti-serum (at
a 1:5000 dilution), see Figure 5-30B. A faint bustiethct band of the predicted size of
RAD51-4 (45.7 kDa) could be seen in the wildtypetein extract (wt) compared to the
rad51-4-/-protein extract where it was absent. There was@ssiderable cross-reaction,
but this suggests the anti-serum can recognisegendosT . bruceiRAD51-4.
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Figure 5-30: Western analysis showing the speciftgi of the anti-RAD51-4 anti-serum

Figure 5-30A: Western blot shows the separated GST-RAD51 and-B&D51 paralogue recombinant
proteins probed with anti-RAD51-4 anti-serum. [Lkde& RAD51 (51), RAD51-3 (3), RAD51-4 (4),
RAD51-5 (5), and RAD51-6 (6)]. The GST tag adds32@a to RAD51 and the RAD51 paralogues. The
predicted sizes of the fusion proteins are GST-RAI#.3 kDa, GST-RAD51-3: 80.8 kDa, GST-RAD51-5:
67.9 kDa and GST-RAD51-6: 76.7 kDa. The black arnoglicates the predicted size of the GST-RAD51-4
protein of 72 kDaFigure 5-30B: Western blot shows the protein extract from wildtyjt) andrad51-4
homozygous mutant (-/4). bruceicells probed with the anti-RAD51-4 anti-serum. Titeck arrow indicates
the predicted size of native RAD51-4, 45.7 kDa. $hxe markers are indicated for both blots.
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Given the level of cross-reactive bands that weensvhen the anti-RAD51-4 anti-serum
was used to probe both the GST-tagged RAD51 and-t@&jed RAD51 paralogue
recombinant proteins, as well as the wildtype aad51-4 -/- cell extracts, affinity
purification of the anti-serum was required fortfigr analysis. This was done using the
GST-tagged RAD51-4 recombinant protein coupled ¢éads and used in the affinity
column. Approximately 4 ml of anti-RAD51-4 anti-sen was added to the affinity
column. Incubation for 2 hours at room temperaali@ved the anti-RAD51-4 anti-serum
to bind to the GST-RAD51-4 and this was then washedoughly to allow all unbound
proteins to be discarded (Materials and Methodsti@e2.7.2). The purified anti-RAD51-
4 anti-serum was then eluted from the GST-RAD51edds in fractions of 0.5 ml. The
protein concentration of each fraction was caledaind then the fractions with the most
protein were pooled and concentrated. The unpdriéied affinity purified anti-RAD51-4
anti-serum was then used to probe wildtype @utb1-4 -/-protein extracts (Figure 5-31).
The same amount of proteins extracted from wildtgwt and from bloodstream stage
rad51-4-/- cells were separated on two 10 % SDS-PAGE geld,the protein transferred
to a nylon membrane. Figure 5-3%Bows the membrane probed with the affinity pudifie
anti-RAD51-4 antibody at a dilution of 1:100 andteiged with anti-rabbit 1gG-HRP
(Molecular Probes) anti-serum (at a 1:5000 dildtigxdistinct band of the predicted size
of RAD51-4 (45.7 kDa) was seen in the wildtype pnotextract but was absent in the
rad51-4 -/-cell extract. Comparisons of the affinity purifiadti-RAD51-4 anti-serum with
the unpurified anti-serum show that the detectiber@logenous RAD51-4 is much more
distinct in the former (compare Figure 5-31B andufe 5-31A). However, there were
more non-specific bands detected by the affinityifipal anti-RAD51-4 anti-serum, and

the pronounced band just smaller than 45 kDa resdain
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Figure 5-31: Western analysis showing the speciftgi of the affinity purified anti-RAD51-4 anti-serum.
Whole cell proteins extracted from wildtype blogdsin stage (wt) andad51-4 -/- mutant cells were
separated on two 10 % SDS-PAGE gels, and thenféraed to a nylon membraneigure 5-31A: shows the
membrane probed with the unpurified anti-RAD51-fi-aarum at a dilution of 1:50@igure 5-31B: shows
the membrane probed with the affinity purified aRAD51-4 antibody at a dilution of 1:100. The piedd
size of RAD51-4 (45.7 kDa) is indicated by the Blacrow. The size markers are indicated for bottsbl

In an attempt to further purify the anti-serum aediove the detection of non-specific
proteins, another method was adopted. This metised an acetone extract Bf brucei
rad51-4 -/-cells, which do not to express the target antigénbrucei RAD51-4 (see
Material and Methods, Section 2.7.3 for the protpcAs there is no RAD51-4 in the
protein in the extract from thed51-4 -/-cells, addition of the anti-RAD51-4 anti-serum
will result in non-specific antibodies binding toefr target antigens in the total extracted
protein while the anti-RAD51-4 antibodies remainumgpound and free in the supernatant.
A total of 2 x 18 rad51-4 -/-cells were used to purify 1 ml of anti-RAD51-4 iasgtrum.
Briefly, 500 ml ofrad51-4 -/-at a density of 2 x £(cells per ml were pelleted, washed in
PBS and then washed twice with cold 100 % acetionieetween each wash the cells were
incubated on ice for 10 minutes. The final pelletsvepread on filter paper and allowed to
completely dry. After drying, the protein was pldcen an eppendorf tube and the
unpurified anti-sera was added to it. This soluticas gently mixed and incubated atGt
for 30 minutes, and then spun for 30 minutes. Témulting supernatant contains the

purified antibodies.

To test if the acetone extraction method purified &nti-serum more effectively than the
affinity purification method, thd. bruceiwildtype andrad51-4 -/-protein extracts were
separated on a 10 % SDS-PAGE gel and transferredrtglon membrane. Figure 5-32

shows the membrane probed with purified anti-seatiia dilution of 1:500. This was then
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detected using anti-rabbit IgG-HRP (Molecular Psgjbenti-serum (at a 1:5000 dilution).
Western blot analysis showed that there was a paggknt in the wildtype extract which
was absent in thead51-4 -/-cell extract and is the predicted size of RAD5148.7 kDa).
This purification method did not remove the nonesfie cross-reactive bands and was not
more efficient than affinity purification. As a rds the affinity purified anti-RAD51-4

anti-serum was used for further analyses.
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Figure 5-32: Western analysis showing the speciftyi of the purified anti-RAD51-4 anti-serum using

the acetone extraction method of total proteins frm cells not expressing RAD51-4.

Whole cell proteins extracted from wildtype bloadsim stage cells (wt) amdd51-4-/- mutant cells (-/-)
were separated on a 10 % SDS-PAGE gel, and traedfey a nylon membrane. The membrane was probed
with the purified anti-RAD51-4 anti-serum at a didun of 1:500. This anti-serum was purified usimg t
acetone extraction method. A band of the predistee of RAD51-4 (45.7 kDa) is indicated with thedk
arrow. The size markers are indicated for the blot.

5.5.4 Anti-RAD51-5 anti-serum purification

The next anti-serum to be analysed was the chiakéirRAD51-5 anti-serum. Firstly, the
polyclonal antibodies were purified from the chiokegg yolk produced. This was carried
out with the use of a Chicken IgY purification kibm Pierce (as per the manufacturer’s
instructions and see Materials and Methods, Se&idri). Once the polyclonal anti-serum
had been extracted from the egg, it was used toepitte GST-tagged RAD51 and RAD51
paralogue recombinant proteins (see Figure 5-2%R)ch purified GST-recombinant
protein was separated on a 10 % SDS-PAGE gel astemeblot analysis was carried out.
The proteins were transferred to a nylon membramk @obed with the chicken anti-
RAD51-5 anti-serum (at a dilution of 1:500) and ed¢¢d with anti-chicken IgG-HRP
(Jackson ImmunoResearch) anti-serum (at a 1:75Q@iot), see Figure 5-33A. The
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predicted size of the GST-RAD51-5 fusion is 67.%kéhd a band of the correct size was
seen in the lane loaded with GST-RAD51-5. The besad absent in the other lanes
containing GST-RAD51, GST-RAD51-3, GST-RAD51-4 aB8&T-RAD51-6, indicating
that the anti-serum was specific for RAD51-5. FegGf33B shows the anti-RAD51-5 anti-
serum used to probe tfie bruceiwildtype cell protein extract alongside brucei rad51-5
-/- mutant cell protein extract (Proudfoot & McCullo@Q05a). Again, the membrane was
probed with the anti-RAD51-5 anti-serum (at a ddaotof 1:500) and detected with anti-
chicken IgG-HRP (Jackson ImmunoResearch) anti-s€aima 1:7500 dilution; Figure 5-
33B). The western blot analysis does not show gegiic band of the predicted size of
RAD51-5 (41.6 kDa) in the wildtype (wt) comparedthwithe rad51-5 -/- cell protein
extracts (-/-). The anti-RAD51-5 anti-serum detdcte number of non-specific cross-
reactive bands in both cell extracts, and there@dfiity purification was required for

further analysis.
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Figure 5-33: Western analysis showing the speciftgi of the anti-RAD51-5 antibodies purified from
chicken eggs.

Figure 5-33A: Western blot shows the separated GST-RAD51 and-B&D51 paralogue recombinant
proteins probed with anti-RAD51-5 anti-serum. [Lédd& RAD51 (51), RAD51-3 (3), RAD51-4 (4),
RAD51-5 (5), and RAD51-6 (6)]. The GST-tag adds32kDa to RAD51 and the RAD51 paralogues as a
result the predicted sizes of the fusion protenes@ST-RAD51: 66.3 kDa, GST-RAD51-3: 80.8 kDa, GST-
RAD51-4: 72 kDa, and GST-RAD51-6: 76.7 kDa. Thecklarrow indicates the predicted size of the GST-
RAD51-5 protein of 67.9 kD&igure 5-33B: Western blot shows proteins extracted from wildtjywd and
rad51-5homozygous mutant (-/9). bruceicells probed with the anti-RAD51-5 anti-serum. Ti&ck arrow
indicates the predicted size of RAD51-5, 41.6 KDi#e size markers are indicated for both blots.

Affinity purification was performed using the sammeethod as described above (Sections
5.5.1, 5.5.2, and 5.5.3), and used GST-RAD51-5 lealipeads to bind to the anti-RAD51-
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5 anti-serum. Non-specific antibodies in the aptiusn were washed away in the flow-
through. The anti-RAD51-5 antibodies were then exlubff the beads, quantified and

concentrated.

Unfortunately, the affinity purification of the astRAD51-5 anti-serum was not effective.
The anti-serum was used to probe wildtype utb1-5 -/-protein extracts, but no specific
bands were detected of the predicted size of RADH#1.6 kDa) in the wildtype
compared witlrad51-5 -/-mutant cell extracts, when probed with 1:50 ddatof affinity
purified anti-RAD51-5. This was detected with artticken IgG-HRP (Jackson
ImmunoResearch) anti-serum (at a 1:7500 dilutioguiie 5-34).

wt <~ 1Da
— 175
— 83
— 62
— 475

— 325

— 25

Figure 5-34: Western analysis showing the speciftgi of the affinity purified anti-RAD51-5 anti-serum.
Proteins extracted from wildtype (wt) aretd51-5/- mutant cells (-/-) were separated on a 10 % -FBGE
gel. The proteins were transferred to a nylon mambrand then probed with the affinity purified anti
RAD51-5 anti-serum at a dilution of 1:50. The poteld size of RAD51-5 (41.6 kDa) is indicated by the
black arrow and the size markers are also shown.

If more time was available, one possible way ofroeming this would be to try a range of
different egg yolks. The egg yolk used here wasndkom an egg produced late after the
injection of the recombinant protein (Day 26) amdextracting the antibodies from an
earlier egg yolk may result in more specific an&b51-5 antibodies. Time constraints did
not allow this to be done. Instead, to overcomeldio& of reactivity of the anti-serum,

PTP-tagging of the RAD51-5 was performed to allawtg@in affinity purification: this is
described in Section 5.7 of this chapter.
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5.5.5 Anti-RAD51-6 anti-serum purification

The final anti-serum to be analysed was rat antbDR26 anti-serum. Like the other anti-
sera, it was important to test its specificity ame whether or not it bound specifically to
T. bruceiRAD51-6. To this end, the unpurified anti-RAD51-6tisserum was used to

probe the GST-tagged RAD51 and RAD51 paraloguembatant proteins. As before,

each purified GST-recombinant protein was separated 10 % SDS-PAGE gel, and the
proteins were transferred to a nylon membrane. Meenbrane was probed with the
unpurified anti-RAD51-6 anti-serum (at a dilutiohlo500) and detected with anti-rat IgG-
HRP (Sigma) anti-serum (at a dilution of 1:10,08@ure 5-35A). The predicted size of
the GST-RAD51-6 fusion is 76.7 kDa and a distiredativity of the anti-RAD51-6 anti-

serum to a protein of this size was seen (FiguB5A:- Lane 6), while there was no
evidence of cross-reactivity against GST-RAD51 #mel other GST-RAD51 paralogue

recombinant proteins.

Figure 5-35B shows the anti-RAD51-6 anti-serum useprobeT. bruceiwildtype andT.
brucei rad51-6 -/protein extracts. The generation and confirmatibthe BSF strain 427
rad51-6 -/-was described in this thesis (Chapter 3, Sectidt8B Both protein extracts
were separated on a 10 % SDS-PAGE gel and traedféor a nylon membrane. The
membrane was probed with the anti-RAD51-6 anti#sefat a dilution of 1:250) and
detected with anti-rat IgG-HRP (Sigma) anti-serwah g dilution of 1:10,000; Figure 5-
35B). Specific bands of the predicted size of RAB5(0.4 kDa) were not seen in the
wildtype extract compared with tlhad51-6 -/-protein extract. All bands appear instead to
be non-specific, cross-reactive bands in botheodlacts (approximate sizes of 52 kDa and

35 kDa) and affinity purification of anti-serum waesjuired for further use of the antibody.
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Figure 5-35: Western analysis showing the speciftgi of the anti-RAD51-6 anti-serum

Figure 5-35A: Western blot shows the separated GST-RAD51 and-B&D51 paralogue recombinant
proteins probed with anti-RAD51-6 anti-serum. [Lédd: RAD51 (51), RAD51-3 (3), RAD51-4 (4),
RAD51-5 (5), and RAD51-6 (6)]. This GST tag fusiadded 26.3 kDa to RAD51 and the RAD51
paralogues. The predicted sizes of the fusion pretere GST-RAD51: 66.3 kDa, GST-RAD51-3: 80.8 kDa,
GST-RAD51-4: 72 kDa and GST-RAD51-5: 67.9 kDa. Tiheck arrow indicates the predicted size of the
GST-RAD51-6 protein of 76.7 kDda&igure 5-35B: Western blot shows the separated wildtype (wt) and
rad51-6homozygous mutant (-/-) protein extracts. The blackw indicates the predicted size of RAD51-6,
50.4 kDa. The size markers are indicated for btdtsb

Affinity purification was completed using the sammethod as described above, (Section
5.5.1, 5.5.2. 5.5.3, and 5.5.4), and used GST-RA®Sdupled beads to bind to the anti-
RAD51-6 antibodies. This allowed the non-specifitilzodies in the anti-serum to be
washed away in the flow-through. The anti-RAD51rilzodies were then eluted off the
beads, quantified and concentrated. Similarly ahti-RAD51-5 affinity purification, the
affinity purification of anti-RAD51-6 antibodies wanot effective. Wildtype anchd51-6 -

/- cell protein extracts were separated on a 10 %-BBRGE gel, transferred to a nylon
membrane and probed with the affinity purified éRAD51-6 anti-serum (at a dilution of
1:10). Anti-rat IgG-HRP (Sigma) anti-serum (at &uton of 1:10,000) was used to detect
the primary antibody. This western blot analysited&ed no distinct bands in the wildtype
extracts compared toad51-6-/- mutant at the predicted size of RAD51-6 (~ 50 kDa)

(Figure 5-36).
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Figure 5-36: Western analysis showing the speciftgi of the affinity purified anti-RAD51-6 anti-serum.
Proteins extracted from wildtype bloodstream st@g$ andrad51-6-/- mutant cells (-/-) were separated on
a 10 % SDS-PAGE gel. The proteins were transfeiednylon membrane and then probed with the affini
purified anti-RAD51-6 anti-serum at a dilution ofl@. The predicted size of RAD51-6 (50.4 kDa) is
indicated by the black arrow and the size markersatso shown.

To overcome the fact that the anti-RAD51-6 antusercould not be used for further
analyses such as co-immunoprecipitation, a PTPethdRAD51-6 was generated, and is

described in Section 5.7.

5.6 Co-immunoprecipitation of the RAD51

paralogues

5.6.1 Principles of co-immunoprecipitation

Co-immunoprecipitation (Co-IP) is a method in whalarget protein, or other antigen, is
precipitated from a cell extract using specificilamdiies that recognise the target protein or
antigen. This technique involves immobilising thgedfic antiserum, and incubating it
with cell extract. This allows binding of the prist@r antigen from the cell extract solution
to the specific antibodies. As a result the antissenot only immobilises the target protein
or antigen but can also isolate other proteins witich it interacts, as long as the complex
is maintained in the cell extract. This method imes coupling the anti-serum to Protein
A, Protein G beads or gel matrix, and allowing Hloeind anti-serum to bind to its target

antigen along with any protein or protein compleagached to the target antigen.

For the analysis, approximately 1-2 mg of extragieatein was prepared from wildtype
cells and thead51 paralogue homozygous mutant cells. A gentle metifodhole cell
protein extraction was performed to avoid disruptihe protein interactions; first the

nuclear content was extracted, this was then poweitd the proteins extracted from the
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non-nuclear material (see Materials and Methodsti&e2.6.2.2 for protocol). Briefly, the
cells were grown to a density of 2-3 x®1fer ml, pelleted, washed twice with PBS and
frozen quickly using dry-ice and stored at <D until required. The frozen pellets were
resuspended in hypotonic lysis buffer, incubatedoenfor 20 minutes, vortexed for 30
seconds and pelleted at 80@xor 2 minutes to collect the nuclei. The supemataas
retained and stored on ice. The pelleted nucleewesuspended in nuclear extract buffer
and incubated on ice for 20 minutes. The retaingoesatant was added back to the
reaction and the cell debris was removed by a ifegation at 20,000 x for 20 minutes

at 4 °C. This supernatant contained protein extractedn fithe entire cell and was

quantified and used in the co-IP analyses.

The Profoundl co-immunoprecipitation kit (Pierce) was used fog to-IP analyses here.
The analysis was performed in a 1.5 ml eppenddré twwith the advantage that all spins
can be completed in a table top centrifuge. Thidikks the antibody using an “antibody
coupling gel” to a gel matrix, with the retentioh tbe anti-serum after the final elution
step. This aids the analysis, as other methodg¢isatt in elution of the anti-serum along
with the proteins may have the proteins of intereasked by the light or heavy chains of
the antibody. The protein extract was added taatitébody-coupled-resin, incubated for 2
hours at room temperature, and then washed tholpugth the wash buffers provided.
The protein bound to the anti-serum was then elafédhe antibody-coupled-resin in

fractions. These fractions were then analysed ksteve blot.

Section 5.5 above describes the affinity purificatof the RAD51 and RAD51 paralogue
anti-sera. It was concluded that only the affiptyified anti-RAD51-3 and anti-RAD51-4
anti-sera could be used in co-immunoprecipitation-(P) analyses. The lack of specific
reaction by the anti-RAD51-5 and anti-RAD51-6 as#ra prevented their use.

5.6.2 Co-immunoprecipitation using the affinity pur ified
anti-RAD51-3 anti-serum

To perform the co-IP analyses, 4QQ of the affinity purified anti-RAD51-3 anti-serum
was added to the antibody-coupled-resin. This veeedor two independent tests. For one
analysis, approximately 1.5 mg of protein extraaswwrepared from wildtype bloodstream
stageT. brucei Lister 427 cells and fromad51-3 -/- cells. The co-IP analysis was
conducted using the manufacturer’s instructioner@®) and is described in the Materials
and Methods, Section 2.11. Figure 5-37 shows thstese blot of the input protein extract
from wildtype andrad51-3-/- cells, the final wash from the wildtype celteact, and the
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three eluted fractions (E1, E2, E3). The membraas probed with sheep anti-RAD51-3
anti-serum (at a dilution of 1:10) and detectechgsanti-sheep IgG-HRP (1:5000). The
Pierce West Femto was used in these experimentshwh a maximum sensitivity
chemiluminescent substrate; as a result there igx@ease in the background of non-
specific binding. There is a clear band in the type of 50.4 kDa in size, compared to the
rad51-3-/- mutant.

E1l El-/- E2 E2-- E3 E3--

Figure 5-37: Western analysis of the eluates follang the co-immunoprecipitation using affinity
purified anti-RAD51-3 anti-serum.

Affinity purified RAD51-3 anti-serum was used torfiem a co-IP from wildtype (wt) anthd51-3 -/-(-/-)
cells. The input from the wildtype amdd51-3 -/-mutant cells, the final wash of the beads comajrthe
wildtype cell extract (FW) and the eluted fractidrem the co-IP were separated on a 10 % SDS-PASE ¢
and were then transferred to a nylon membrane. Wags probed with sheep anti-RAD51-3 anti-serum. E1,
E2 and E3 are the eluates of the co-IP from thdtyple cells. E1-/-, E2-/- and E3-/- are the eluatiethe co-

IP from therad51-3 -/-cells.

As there was a clean band of the correct sizearsétond fraction, the rest of the eluates
from the co-IP of the wildtype amad51-3 -/-cells were loaded onto a 10 % SDS-PAGE
gel in triplicate (~30 % of remaining second fraa)i. The proteins were then transferred
to a nylon membrane, and this was cut into threehEmnembrane was probed with the
affinity purified rabbit anti-RAD51 anti-serum (atdilution of 1:10), the affinity purified
sheep anti-RAD51-3 anti-serum (at dilutions of ):80d the affinity purified rabbit anti-
RAD51-4 anti-serum (at a dilution of 1:1000). Thesere detected using IgG-HRP anti-
sera for each species, anti-rabbit (1:1000) or-slmdep (1:5000). Figure 5-38 shows the
results of this using the second eluted fractiamfithe co-IP. Figure 5-38A shows these
fractions probed with anti-RAD51-3 anti-serum, destoating that the RAD51-3 was
present in the eluate from the co-IP of wildtype bbsent from thead51-3 -/- mutant.
When the eluate was probed with anti-RAD51-4 aetus (Figure 5-38B) it was shown
that RAD51-4 was also present from the co-IP framwildtype cell extract, but not from
therad51-3 -/-mutant cell extract. Anti-RAD51 anti-serum was ugegrobe the fraction,

RAD51 was not detected in the elutant from the Raf either wildtype cell extract or
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rad51-3 -/; and therefore indicating RAD51 interaction witAB51-3 was not observed
(data not shown). The analysis confirms that indluted fraction, RAD51-3 and RAD51-
4 were both present indicating that these proteitesact inT. bruceiwhile RAD51 was

absent.

wt  3-/-
A
Probed with Probed with
anti-RADS51-3 anti-RAIDS51-4
anti-serum anti-serum

Figure 5-38: Western analysis following the co-immuooprecipitation using affinity purified anti-
RAD51-3 anti-serum.

Affinity purified RAD51-3 anti-serum was used torfmem a co-IP from wildtype antad51-3 -/- T. brucei
bloodstream stage cells. Eluted fractions fromabeéP were separated on a 10 % SDS-PAGE gel and wer
then transferred to a nylon membrakfégure 5-38A: Western blot of one fraction from the co-IP from
wildtype (wt) andrad51-3 -/- (3-/-) cells when probed with anti-RAD51-3 antis&. Figure 5-38B:
Western blot of one fraction from co-IP of wildtyfpet) andrad51-3 -/-(3-/-) cells when probed with the
affinity purified anti-RAD51-4 anti-serum.

5.6.3 Co-immunoprecipitation using the affinity pur ified
anti-RAD51-4 anti-serum

As the affinity purified anti-RAD51-4 anti-serum wapecific toT. bruceiRAD51-4 and
had only a few cross-reactive bands, co-IP analysesscarried out using the Profolnd
co-immunoprecipitation kit (Pierce) as before (M@tls and Methods, Section 2.11).
Briefly, a total of 35Qug of the affinity purified anti-RAD51-4 anti-seruwas added to the
antibody-coupled-resin. Again, this was done in ldage for two independent tests.
Approximately 1.5 mg of protein extract from wilge cells was added to the antibody-
coupled-resin. The same amount of extracted prétem therad51-4 -/-mutant cells was
added to the other antibody-coupled-resin. The gioa and confirmation afad51-4 -/-

mutant was completed and described in this th€digfter 3, Section 3.2.3).
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Figure 5-39 shows the input protein extract frondtype (wt) andrad51-4-/- (-/-) cells,
the final wash (W) from the wildtype cell extraaehd two eluted fractions (E1, and E2)
were loaded onto a 10 % SDS-PAGE gel. The proteme then transferred to a nylon
membrane and probed with rabbit anti-RAD51-4 aetism (at a dilution of 1:500). These
were detected using anti-rabbit IgG-HRP (1:5000)e Pierce West Femto, a maximum
sensitivity chemiluminescent substrate, was usedh&se experiments. Use of this
chemiluminescent substrate increases the non-gpeduaifding in the wildtype and
homozygous cell extracts, as well as increasindgp#iukground at the top of the membrane.
As a result there is not a clear input band of 4Da in the wildtype compared to the
rad51-4/- cell extract because of the non-specific chemihescence. Despite this, there
Is a distinct band in the eluted fractions of thelle from the wildtype which is the correct

size of 40.5 kDa and is not present in the co-thftherad51-4 -/-cells.

wt 4~  El  El4 E2 E2/ W
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Figure 5-39: Western analysis of the eluates follang the co-immunoprecipitation using affinity
purified anti-RAD51-4 anti-serum.

Affinity purified RAD51-4 anti-serum was used torfogem a co-IP from wildtype (wt) anchd51-4 -/-(-/-)
cells. The input from the wildtype andd51-4 -/-mutant cells, the final wash of the beads contgirthe
wildtype cell extract (W) and the eluted fractidnsm the co-IP were separated on a 10 % SDS-PAGE ge
and were then transferred to a nylon membrane. Wasthen probed with rabbit anti-RAD51-4 anti-seru
E1l and E2 are the eluates of the co-IP from thdtypk cells. E1-/- and E2-/- are the eluates ofddéP
from therad51-4 -/-cells.

Using the affinity purified anti-RAD51-4 anti-seragual amounts of the first eluted
fraction from the co-IP of the wildtype anald51-4 -/-cells were loaded in triplicate onto a
10 % SDS-PAGE gel with each separated by a sizé&kenailhe proteins were then
transferred to a nylon membrane and the membranmtouthree parts. Each part of the
membrane was probed with a different affinity pedfanti-sera: rabbit anti-RAD51 anti-
sera, sheep anti-RAD51-3 anti-sera and rabbit RAD51-4 anti-sera (at a dilution of
1:10, 1:50, 1:1000 respectively) as described abave were then detected using the IgG-
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HRP anti-sera for each species, anti-rabbit andsheep (at a dilution of 1:1000 and
1:5000 respectively). Figure 5-40A shows the restithe co-IP analysis when the eluted
fraction was probed with the affinity purified afiRAD51-3 antibody. This demonstrates
that when the anti-RAD51-4 anti-serum was usedréaipitate RAD51-4, RAD51-3 was
also present in the eluate indicating that RADShtdracts with RAD51-3. Figure 5-40B
shows the same fractions probed with anti-RAD5In#l-serum, demonstrating that the
RAD51-4 was present in the eluate from the co-IRItype cells while absent from the
rad51-4 -/-mutant. Again, when the eluate from the co-IPithfez wildtype cell extract or
rad51-4 -/-was probed with anti-RAD51 anti-serum, no detdetélands were seen (data
not shown), and indicate that RAD51 was absent fileencomplex. These results confirm
that in the eluted fraction from the wildtype, RADS and RAD51-4 were both present.

wt 4/ wt 4-/-
A =

Probed with Probed with
anti-RADS51-3 anti-RAIDS51-4
anti-serum anti-serum

Figure 5-40: Western analysis following the co-immuooprecipitation using affinity purified anti-
RAD51-4 anti-serum.

Affinity purified RAD51-4 anti-serum was used torfoem a co-IP from wildtype antad51-4 -/- T. brucei
bloodstream form cells. Eluted fractions were sateat on a 10 % SDS-PAGE gel and were then traesferr
to a nylon membrané&igure 5-40A: Western blot of one fraction from co-IP of wildtypst) andrad51-4 -

/- (4-/-) cells when probed with anti-RAD51-3 antrs®. Figure 5-40B: Western blot of one fraction from
co-IP of wildtype (wt) andad51-4 -/-(4-/-) cells when probed with the affinity purifienti-RAD51-4 anti-
serum.

5.7 PTP-tag purification of protein complexes

5.7.1 Principles of PTP-tag purifications

The PTP-tag purification is a novel way of proteurification using a modified Tandem
Affinity Purification (TAP) tag (Schimansket al, 2005b). The TAP-tag contains two

immunoglobulin (IgG) binding domains 8taphylococcus aureysotein A (Prot A) and a
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calmodulin binding peptide (CBP) separated by at¢ob etch virus (TEV) protease site
(Kelly et al, 2007; Puiget al, 2001; Figure 5-41). The TAP-tag method allows
purification of the protein of interest and asstiproteins by fusion of the protein to the
tag, expression of the tagged protein in the reguaell line and purification of the protein
or proteins in non-denaturing conditions. The Guakldesigned the PTP-tag by replacing
the calmodulin binding peptide with the Protein fiit@pe (Prot C), see Figure 5-39. The
PTP-tag contains the immunoglobulin (IgG) bindingmain of Staphylococcus aureus
protein A and the human Protein C separated byactm etch virus (TEV) protease site
(Schimansket al, 2005a).

CBP TEV Prot A Prot A
w - B R -
ProtC TEV Prot A Prot A

ere -0 LT -

Figure 5-41: Schematic diagram showing the TAP-tagnd PTP-tag.

The Protein A (Prot A) and calmodulin binding pepti(CBP) epitopes of the original TAP-tag are ghti
blue, the TEV protease site is black, and spacguesees are grey. In the PTP-tag, the Protein & @r
epitope is depicted in dark blue. Reprinted withrnission from Elsevier: Schimanskit al. (2005b),
Eukaryotic Cell, pp 1944.

In consecutive steps, PTP-tagged protein purificais carried out as follows, see Figure
5-42. Firstly, the tagged protein is bound to Ig&adbs or matrix via the Protein A epitope
and multiple washes ensure that unbound proteinsd@aminants) are removed, and the
protein of interest and possible interactors remiliext the protein or protein complexes
are then released from the IgG and Protein A bgvege with the TEV protease. These
released proteins are then bound to anti-Protebe&tls and washed again. The proteins
were released from the beads using an EDTA bufied were eluted three times
(Materials and Methods, Section 2.12 for the profjod’he eluate was then run on a 10 %
SDS-PAGE gel and probed with anti-PAP anti-serunicividetects the ProtA and anti-

ProtC anti-serum which detects the ProtC.
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Figure 5-42: Overview of the PTP-purification straiegy.

In consecutive steps, PTP-tagged protein purificatias performed as follows: In the first affingglumn,
the tagged protein is bound to IgG beads via tla¢eifr A (ProtA) epitope. Washes ensure that contants
(C) are removed. The protein(s) are then releasad the IgG bead and Protein A by cleavage withTieg
protease (indicated by the scissors). In the seeffimity column, the released protein(s) are theand to
anti-Protein C beads and washed again. The punifietkin(s) are released from the beads using aRAED
buffer. Reprinted with permission from Elsevieruget al.(2007), Method24, pp 219.

5.7.2 Generation of the PTP-tagged RADS51 paralogue

constructs

5.7.2.1 Generation of the PTP tagged RAD51-5 constr  uct

To generate a C-terminal PTP-tagged RAD51-5 cocist@48 bp of the 3’ end of the
RAD51-5 ORF was cloned into the pC-PTP-vector (Schimaretkial, 2005a). This
fragment ofRAD51-5was PCR-amplified using the 51-5 Cterm PTP forwamd reverse
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primers (see Materials and Methods, Section 2%ahle 2-1), which had the enzyme
restriction siteApa andNotl on the forward and reverse primers respectivtelyacilitate

the cloning into the vector (see Figure 5-43). Ocloaes were confirmed and sequenced,
the construct was linearised using a unique reésmicenzyme site in the middle of the
cloned fragment oRAD51-5 Nsil. This was then transformed into wildtype bloodatn
stage Lister 427T. brucei. Recombination of the construct should occur inbe t
endogenouRAD51-5locus. This resulted in the whole ORF becoming@ntnally fused
with the PTP ORF, as well as insertion of the tesise cassette for selection, in this case

neomycin (Neo; see Figure 5-43).

pC-RAD51-5-PTP-Neo

[ TAG el Neo e
vector

Apal Notl
32H 74
TG _——j——m—

insertion of C
targeting
sequence Nsi |
recombination =

C_ -_TEG_
genome after .
jntegration _—m*i_ _

Figure 5-43: Diagram showing design and use of the-terminal PTP vector for RAD51-5 tagging at its
endogeneous locus

A fragment from 326 bp to 1174 bp of tRAD51-50RF was cloned into the pC-PTP-vector ushpgl and

Notl restriction enzyme sites. This was then linearissing aNsil site and transformed into wildtypE.
bruceicells. Green arrow: selectable resistance casgblt®m; G418 resistance); Red arrow: targeted open
reading frameRAD51-5 Diagram adapted from Kellgt al., 2007.

5.7.2.2 Confirmation of the PTP tagged RAD51-5in T . brucei

OnceT. bruceiRAD51-5PTP transformants had been selected by G418 resist@nae
concentration of 2.5.mI™, the genomic DNA was extracted and a PCR-amplitina
check was carried out to confirm that the consttat integrated into th&AD51-5
endogenous locus. This was carried out using adawrimer which anneals with the 5’
end of theRAD51-50RF and a reverse primer which anneals in the mioidthe PTP tag:
namedRAD51-5For and PTP-Cterm Check Rev, respectively (seehdds and Methods,
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Section 2.4.1, Table 2-1). The total length of Ragis 506 bp and the PTP-Cterm Check
reverse primer anneals at position 222 bp fronbthend. Figure 5-42 shows the results of
the PCR-amplification from two negative controlefigmic DNA extracted from wildtype
untransformed cells (Figure 5-42, Lane 1), and pXDBR1-5-PTP-Neo plasmid DNA
(Figure 5-44, Lane 2)], and two transformed G4ldstant clones (Figure 5-44, Lane 3
and 4). This figure confirmed that the PTP tag imhelgrated into the endogendd&D51-

5 locus: theRAD51-50RF is 1174 bp in length, and the amount of thE B ORF PCR-
amplified is 222 bp, so the total fragment siz&396 bp, which is consistent with the size

of the product observed.

kb

30—
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Figure 5-44: PCR-amplification to check PTP-tag in¢gration into the RAD51-5 allele.

PCR-amplification was carried out using a forwarohner which bound to the 5’ end of tRAD51-50RF

and a reverse primer which bound to the middldhefRTP tag, namea®AD51-5For and PTP-Cterm Check
Rev primers respectively, to confirm that the P&a@ thad integrated into the endogenous loclBAID51-5

DNA extracted from two G418 resistant positive sfmnmants was used as template for the PCR reaction
(Lane 3 and 4). Genomic DNA extracted from wildtypstransformed cells (Lane 1), and plasmid DNA
from the original construct: pC-RAD51-5-PTP-Neo Ifea?) was used as negative controls.

One of the clones analysed in Figure 5-44 (Lane& chosen for further analysis. The
cells were grown to a density of approximately 3R cells per ml, in 25 ml of HMI-9,
lysed and the extracted proteins were separatedldh% SDS-PAGE gel. These proteins
were then transferred to a nylon membrane and prokth anti-PAP antibody conjugated
to HRP (Roche) at a dilution of 1:1000. The PTP-agsed to RAD51-5 adds 19 kDa
resulting in a total RAD51-PTP size of 61 kDa. Fg®-45 shows the whole cell lysate
probed with the anti-PAP antibody, revealing a bahthe expected size. This confirms
the PCR-amplification analysis and suggests thaD®A5 has been successfully tagged
with PTP.
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Figure 5-45: Western analysis to confirm the integation of the PTP-tag into the endogenous RAD51-5
locus.

The transformed PTP-RAD51-5 cells were lysed aedetttracted proteins separated on a 10 % SDS-PAGE
gel. These proteins were then transferred to annytfembrane and probed with anti-PAP antibody
conjugated to HRP. The PTP tag fused to the RADLE. kDa in size, and can be seen below the &2 kD
marker band.

5.7.2.3 Generation of the PTP-tagged RAD51-6 constr  uct

To overcome the lack of specificity of the anti-RBD6 anti-sera which could not be used
for co-immunoprecipitation analysis (see Sectiob.5, PTP-tagging oRAD51-6 was
attempted. To generate an N-terminal PTP-tagged AR the whole ORF dRAD51-6
was cloned into the pN-PTP-vect®®tAD51-6was PCR-amplified using 51-6 Nterm PTP
forward and reverse primers (see Materials and MithSection 2.4.1, Table 2-1). These
primers hadNotl and Kpnl enzyme restriction sites, on the forward and rese
respectively, and were used to clone the fragmmatot the vector, see Figure 5-46. The
fragment ofRAD51-60RF cloned into the vector pN-PTP was from 4 bp428 bp. This
pN-PTP-RAD51-6-Puro construct was confirmed by seging and linearised using a
unique restriction enzyme site in the middleRAD51-6 Bcll. The linearised construct
was transformed into the heterozygdR&D51-6mutant, which had onRAD51-6allele
disrupted with a blasticidin resistance cassettee (Chapter 3, Section 3.5.3).
Recombination of the construct into the intactlal®f RAD51-6should result in the intact
ORF becoming N-terminally tagged with PTP, with @ntion via selection for the

resistance cassette for puromycin, see Figure 5-46.
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Figure 5-46: Diagram showing design and use of an-términal PTP vector for RAD51-6 tagging at its
endogeneous locus.

A fragment ofRAD51-6(from 4 bp to 1428 bp of the ORF) was cloned ith® pN-PTP vector usiniyot
andKpnl restriction enzyme sites. This was then linearigsing aBcll restriction site and transformed into
T. brucei RAD51-6+/- cells. Green arrow: selectable resistanceet&sspuromycin (Puro); Red arrow:
targeted open reading franiRAD51-6 Diagram adapted from Kellt al (2007).

5.7.2.4 Confirmation of PTP tagged RAD51-6 in T. br ucei

A selection of PTP-RAD51-6 clones that were resista puromycin were analysed to
confirm integration of the PTP-tag. Genomic DNA wadracted from the clones and
PCR-amplification was carried out. As a positivatcol, the whole ORF of RAD51-6 was
PCR-amplified using the RECA2 StartORF-For and REENJORF-Rev (see Materials
and Methods, Section 2.4.1, Table 2-1). Figure SHdws the PCR products of one PTP-
RAD51-6clone. Two fragments were obtained because the FAP51-6construct was
transformed into th&®AD51-6+/- cell line, which had onRAD51-6allele disrupted with
blasticidin resistance cassette (Chapter 3, Se@is13). This resulted in a larger product
as the resistance cassette added approximatelp@5@ the disrupted region (Figure 5-
47, Lane 1: 1685 bp fragment). The smaller fragmenhe size of the intadRAD51-6
allele (Figure 5-47, Lane 1: 1435 bp fragment).ndsihe same extracted genomic DNA
and the PTP-Nterm check For and RECA2 EndORF-Reneps, PCR-amplification was
carried out to check if the PTP tag integrated thiBRAD51-6endogenous locus. Figure
5-47, Lane 2 shows the fragment obtained, configniimat the RAD51-6-PTP-tag was

present.
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Figure 5-47: PCR-amplification to check PTP-tag in¢gration into the RAD51-6 allele.

The genomic DNA was extracted from one puromycsistant clone and PCR-amplification analysis was
carried out to confirm that the PTP-tag had integtainto theRAD51-6allele. Lane 1 shows the PCR-

products obtained when using RECA2 StartORF-ForRBEEA2 EndORF-Rev primers. Lane 2 shows the
PCR product when PCR-amplification was carriedwusihg a forward primer which bound to the 5’ end of
the PTP tag and a reverse primer which bound t&'tead of the ORF of RAD51-6.

The protein extracts from this N-PTP-RAD51-6 clamel the C-RAD51-5-PTP clone (as a
control) were separated on a 10 % SDS-PAGE gel thed transferred to a nylon

membrane (Figure 5-48). The membrane was probddanmii-PAP antibody conjugated to

HRP (Roche) at a dilution of 1:1000. The PTP tagetuto the N terminus of RAD51-6

adds 19 kDa, resulting in a total PTP-RAD51-6 sitapproximately 70 kDa. Figure 5-48

shows this western blot where a band of the predicize of PTP-RAD51-6 can be

detected. Although there is non-specific bindingapproximately 83 kDa in both the

protein extracts from the N-PTP-RAD51-6 and C-RAEBERTP clone, a band of the

correct size of C-RAD51-5-PTP (~61 kDa), althougnf, can be detected. This western
blot also confirms the PCR-amplification result asbdows that the PTP-RAD51-6

predicted size of 69.4 kDa was present in proteiraets from the transformed clone.
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Figure 5-48: Western analysis showing the PTP-tagyy of RAD51-6 by probing the cell lysate with
anti-PAP antibody.

Western blot analysis was carried out to confirat the PTP-tag fusion of RAD51-6 was correct. Laras

the PTP-RAD51-6 cell extract and Lane 2 has the BAB-PTP cell extract. Both extracts were separated
on a 10 % SDS-PAGE gel and transferred to a nylembrane. This was then probed with anti-PAP
antibody conjugated with HRP (at a dilution of 100). The bands at the predicted sizes of PTP-RA®H1.-

~ 70 kDa (Lane 1) and PTP-RAD51-5 of ~ 61 kDa (Lahare indicated.

5.7.3 Attempt to recover protein complexes by PTP
purification

Once PTP-tagging was confirmed, an attempt to yWRAD51-5-PTP was performed.
Five litres of 3 x 10 cells per ml of RAD51-5-PTP cell culture were p&dd and the
proteins were extracted as before for the co-IRyarsa(see Section 5.6 and Materials and
Methods, Section 2.6.2.2). The PTP-tagging putifice of RAD51-5-PTP was then
carried out, see Figure 5-40 which shows an overwé each step of the purification
strategy. The IgG beads were equilibrated in theeco buffers and protease inhibitors
were added (see Materials and Methods, Sectionf@ridetails). A total of 4 ml of protein
extract from the RAD51-5-PTP cells was added to Itp@ beads (Invitrogen) and
incubated at 4C for two hours. This allowed the RAD51-5-PTP pimtgarget protein) to
bind to beads via the Protein A epitope (ProtA)eAthe incubation, the flow-through was
collected and the column was washed, to ensureathebntaminants were removed. The
RAD51-5-PTP and possible associated protein(s) iretnaund to the IgG matrix. The
RAD51-5-PTP was then released from the IgG beadsPaotein A by TEV protease
cleavage. To do this, 200 units of TEV proteaseewasided to the beads and incubated
overnight at 4°C. After 16 hours, the flow-through containing RAD5-ProtC was
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collected and then bound to anti-Protein C affimitgtrix (Roche). This second affinity
column was allowed to incubate at°@ for two hours, and then allowed to settle. The
flow-through was collected. The matrix was washefibte the proteins were released from
the beads using an EDTA buffer. The RAD51-5-Protd any associated proteins were
eluted.

The flow-throughs, washes and elutant from the RABHTP purification were
electrophoresed on two 10 % SDS-PAGE gels (Fige48,9 anes 1-9). On one gel, the
proteins were stained with Coomassie blue (Figud®A), and the other gel, the proteins
were transferred to a nylon membrane. The Coomassieed gel (Figure 5-49A) shows
that the majority of proteins were in flow-througbm the first IgG affinity column and
that the following washes did not contain dete&abhounts of protein. The western blot
was first probed with anti-PAP-HRP anti-serum (atilation of 1:750) which detects the
ProtA (Figure 5-49B). This blot showed that thegoral protein extract contained a band
of the predicted size of RAD51-5-PTP (~ 61 kDa)g(ffe 5-49B, Lane 1), while in the
first flow-through this band was not detected (Fegg6-49B, Lane 2). The RAD51-5-PTP
band was also absent in the following washes (Eigu49B, Lane 3-4). No other bands
were detected in Lanes 5-9; this is expected ad B\-protease cleavage results in the
ProtA remaining bound to the IgG matrix in the e¢ohy while releasing the RAD51-5-
ProtC and any associated proteins (Figure 5-49Be159). This membrane was stripped
and re-probed with anti-ProtC-peroxidase anti-seliatna dilution of 1:3000; Roche)
which detects the ProtC (Figure 5-49C). Unexpegtdtiere was no detectable band of the
correct size in the RAD51-5-PTP protein extractl(«®a), while there was considerable
cross-contaminant bands in the extract and initeeflow-through (Figure 5-49C, Lane 1-
2). There was also no detectable RAD51-5-Protthénfinal eluate (Figure 5-49C, Lane
9). The western blot shown in Figure 5-47C indisdteat the anti-ProtC antibody is not
specific and can not detect the RAD51-5-PTP proteure to time constraints, it was not
possible to attempt to re-purify RAD51-5-PTP andPFRAD51-6.
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Figure 5-49: Coomassie stain and western blot of 6hRAD51-5-PTP purification.

Two 10 % SDS-PAGE gels were electrophoresed; eadhtte same solution loaded into the corresponding
lanes as follows: Lane 1: RAD51-5-PTP protein ettrbane 2: Flow-through from the first IgG affipit
column. Lane 3: First wash of the IgG affinity coln. Lane 4: Final wash of the 1gG affinity coluntrane

5: Flow-through after the TEV-protease cleavagael @: First wash of the anti-ProtC affinity coluniane

7: Third wash of the anti-ProtC affinity column.nea8: Final wash of the anti-ProtC affinity coluntane

9: The eluateFigure 5-49A: shows the Coomassie stain of one of the gégsire 5-49B: shows the western
blot of the transferred proteins probed with amiPPHRP (at a dilution of 1:750)igure 5-49C: The
membrane was stripped and reprobed with anti-Ppat©xidase (at a dilution of 1:3000).
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5.8 Possible co-expression of RAD51-3 and
RAD51-4

During the course of testing the specificity of thgpurified and affinity purified anti-sera,
it was found that RAD51-4 was absent in ttael51-3 -/- mutant protein extracts. In
contrast, RAD51-3 was present in tlael51-4 -/-mutant protein extracts. This experiment
was repeated three times, and the results are simokigure 5-50. The wildtypead51-3 -

/- andrad51-4 -/-cell extracts were quantified using the Bradfordhod (Bio-Rad), and
50 ug.mi* of each protein extract was separated on a 10 %BBGE gel. These proteins
were transferred to a nylon membrane and probel afiinity purified anti-RAD51-4
anti-serum at a dilution of 1:1000 (see Section3.5The RAD51-4 was detected with
anti-rabbit anti-serum at a dilution of 1:5000 (Maollar Probes). The result of this analysis
iIs shown in Figure 5-50A where the wildtype extraontains a distinct band of the
predicted size of RAD51-4 (45.7 kDa) which was detectable in the two homozygous
mutant cell linesrad51-3 -/-andrad51-4 -/- This membrane was stripped by incubation
with stripping buffer (Pierce) for 30 minutes, awdshed twice in PBS-Tween20 for 30
minutes. The blot was reprobed with affinity pwedianti-RAD51-3 anti-sera at a dilution
of 1:10 (see Section 5.5.2) and was detected wmitigsheep anti-serum at a dilution of
1:5000 (Santa Cruz). Figure 5-50B shows that RABS4-present in both the wildtype
andrad51-4 -/-cell extracts, since there was a detectable batiieqoredicted size of the
protein (54.5 kDa). As expected the RAD51-3 bang afsent in thead51-3 -/-protein
extract (Figure 5-50B).

A Wt 3-/- 4-/- B wt 3o/ 4-/-
[ =
— 1D ] — — —
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Figure 5-50: Western analysis showing possible coqgession of RAD51-3 and RAD51-4.

Western blot analysis was carried out to confirmab-expression of RAD51-3 and RAD51-4. 8ml™* of
protein extract from wildtypead51-3 -/-andrad51-4 -/-cells were separated on a 10 % SDS-PAGE gel and
transferred to a nylon membramégure 5-50A: shows the membrane when probed with anti-RAD5ht4 a
serum. This was stripped and reproldeidure 5-50B: shows the blot when probed with anti-RAD51-3 anti-
serum. The size markers, the predicted size of RAD¥5.7 kDa) and RAD51-3 (54.5 kDa) are indicated
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There are two possible explanations for this reshitst, is that RAD51-4 was not
expressed in thead51-3 -/-mutant cell line. The second is that RAD51-3 iguiesd for
the stabilisation of RAD51-4 in the cell. RT-PCR1aification and Northern analysis can
be used to determine whether RAD51-4 is transcribatierad51-3 -/-mutant cell line.
This will not conclusively prove that RAD51-4 isafrslated and therefore not expressed.
Another experiment to determine co-expression woeldo analyse thRAD51-3 -/-/+re-
expressor cell line for the reappearance of RAD51-4

5.9 Summary

The results described in this chapter aim to idnlie interactions between tfie brucei
RAD51 paralogues. It has been shown that the mamm&ad51 paralogues and yeast
Rad51 paralogues complex with one another. Thenmimenmalian Rad51 paralogues have
been shown to form two distinct complexes, with &te51 paralogue, Rad51C in both
complexes (Liwet al, 2002b; Massoet al, 2001b). The two yeast Rad51 paralogues have
also been shown to interact with one another (Hayal, 1995; Johnson & Symington,
1995). Members of each mammalian and yeast comp{®CC3-Rad51C and Rad55
respectively, have been shown to interact with Rgéayset al, 1995; Liuet al, 2002b).
As a consequence of these findings in other systémgs predicted that one or more
proteins from theT. brucei RAD51 family would interact with each other. Sinttee
number ofT. bruceiRAD51 paralogues is similar to that of higher eykées, there was
also the potential for more than one complex of BADparalogues. Three approaches
were taken to examine if, or whicf, brucei RAD51 paralogues interact: yeast-two

hybrid, co-immunoprecipitation, and epitope taggiighe RAD51 paralogues.

Using both the yeast-two hybrid and co-immunopriéaiion methods, it has been shown
that RAD51-3 and RAD51-4 interact with one anotfdrese two methods provide strong
evidence of an interaction between RAD51-3 and RBB5n vivo. Yeast-two hybrid
analysis has also shown that RAD51-3 and RAD51térawct. It is noteworthy that this
interaction was weaker than the interaction sedwdsn LexA-RAD51-3 and V5-NLS-
B42-RAD51-6. However, the reverse was not seenh& d¢omplimentary two-hybrid
analysis where LexA-RAD51-6 and V5-NLS-B42-RAD51-ffisions showed no
interaction. This may be because the interactionna$ as robust in this system.
Nevertheless, substantial interaction between RABZINd RAD51-6 was observed in
comparison to the negative control. These resully mdicate that, like the mammalian
model, two distinct complexes are formed in brucej with one RAD51 paralogue,

RAD51-3, involved in both complexes. It may alsothe case one complex is formed
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involving all three proteins, RAD51-3-RAD51-4-RAD®L Further analysis is required to
define whether or not thE. bruceiRAD51 paralogues function as multiprotein complexes

It is widely accepted that Rad51 interacts witlelftsforming a nucleoprotein filament on
DNA (Bensonet al, 1994). Yeast-two hybrid analysis also confirmbdtttheT. brucei
RADS5SL1 interacts with itself. In contrast, no otlteractions were found between RAD51
and any of the RAD51 paralogues using yeast-twaitiydmalysis. It has been shown in
Chapters 3 and 4 of this thesis (Sections 3.4744 &nd 4.5) that RAD51 foci formation is
decreased in the homozygous mutants of all the RABaloguestad51-3 -/5 rad51-4 -

/-, rad51-5 -/; andrad51-6 -/ Therefore, it is unlikely that RAD51 does noteiretict with
any of the RAD51 paralogues, though it is possibiey influence RAD51 function
through an unknown intermediate factor. It is cavagle that the RAD51 paralogues do
interact with RAD51, even though the analyses usaeé failed to show interaction. It is
possible, for instance, that such interactionsvaeak, or only occur in the context of
damaged DNA.
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Chapter 6. A luciferase assay to
analyse homologous

recombination in T. brucel
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6.1 Introduction: Transformation efficiency to

analyse homologous recombination rate

To date, analysing the efficiency of homologousnabination (HR) inT. bruceihas been
performed primarily by a transformation efficienagsay by the McCulloch group. This
method evaluates the ability of the parasite toeogol HR by measuring the rate of
integration of a construct containing an antibio@sistance marker flanked by sequences
that target specific sites of tie bruceigenome. The advantage of this approach is that a
defined set of targets can be analysed. In mosisc#ise resistance cassette is flanked with
the intergenic processing flanks surrounding dhte@bulin gene, which allows integration
into theBa-tubulin array and expression of the drug resistagene (Conwagt al, 2002b;
Hartley & McCulloch, 2008; McCulloch & Barry, 199®roudfoot & McCulloch, 2005a,;
Proudfoot & McCulloch, 2005b). This method has alseen used to examine the
transformation efficiency of differenRAD51 paralogue mutant cells compared with
wildtype cells (including in Chapter 3, Section .3,43.7.3 and Chapter 4, Section 4.4 of
this thesis). These studies demonstrate that @tiegrof the drug resistance gene is under
genetic control and consistent with the reactiandpdriven by HR. It has also been shown
that the reaction efficiency is determined by ektehsequence homology between the
construct and a single specified target sequena agnsistent with it being driven by
HR (Barnes & McCulloch, 2007; Bell & McCulloch, 28D

In this thesis, to measure the transformation iefficy, a linearised piece of DNA
containing the ORF for phleomycin resistanB&K), flanked withpa andaf intergenic
regions, was transformed intd. brucei cells by electroporation (see Materials and
Methods, Section 2.8.3). If HR can occur, the tangeregions of th¢da andaf} intergenic
flanks enable the phleomycin resistance cassetiatégrate and express from the-
tubulin array (see Figure 6-1), and as resultct#ibs become resistant to phleomycin. The
tubulin genes are arranged as a tandem array erhatinga andf genes with a basic
repeat length of ~3.7 kb. It is thought that tHisster has up to 18 repeats inl. brucei
strain 427 (Berrimart al, 2005; geneDB, 2009) and disruption of entubulin gene of
the array does not appear to affect the growthaat@orphology of the cells. It has also
been shown that the construct is very predominamitggrated by HR (Barnes &
McCulloch, 2007).
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Figure 6-1: Transformation efficiency assay

A linearised piece of DNA containing an antibioté&sistance gene ORF, in this case encoding phléamyc
resistance (BLE) flanked 3o andof intergenic regions, is transformed ifobruceicells. If homologous
recombination can occur, the flanks allow the tasise cassette to integrate into fhe tubulin array,
replacing an alphaoj tubulin ORF (blue box). This allows expressiontieé phleomycin resistance gene

(BLE).

Despite the validity of this approach, it measutemsformation rather than directly
measuring intra-chromosomal or inter-chromosomebmeination, and may be prone to
experimental fluctuation. Transformation rate maydffected by many factors including
DNA concentration, transformation conditions (forample: fluctuations in delivering
voltage during electroporation) and the growth leé tells (for example: mutants in HR
also have an increase in population doubling tiniehas been shown that. brucei
recombination efficiency is dependent on the sintyleof the sequence of the targeting
regions (Barnes & McCulloch, 2007). In additionjstimethod uses a relatively non-
physiological substrate; the construct is a smalkar, non-replicative, non-transcribed
piece of DNA that is not coated with chromatin andst pass through the cell and nuclear
membrane to be recombined. The fact that the astsis linear causes this to be an
artificial means of testing recombination, as theleoule ends may be viewed as double
strand breaks (DSB) which may not always be thiehethat induces recombination. The
antibiotic selection may also influence the numifetransformants recovered. In separate
experiments in this thesis, for instance, transéirom efficiency was approximately 4 fold
higher for the wildtype cells analysed in Chaptef(S&ction 3.4.3 and Section 3.7.3)

compared to the same cell line analysed in Chap{8ection 4.4).

An alternative system has been developed to meascoebination ifl. bruceiby Horn
and colleagues. This system uses controlled expres$ a nuclease, $cé (Glover et al,
2007). IScd is a rare cutting endonuclease and, when exmtéssavo, a DSB will result
at the ISce site. After induction of the expression of I-S@id DSB formation, the cells
are allowed to recover, and are measured. The mgppf the survivors provides
information regarding the rate and pathway of remioiation. Again, however, this cannot
analyse the natural rates of HR, or other recontimingathways inl. brucej as it relies

on a specific DSB initiation. The objective ofglghapter of the thesis was to develop an
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alternative assay to test for HR rates and pathwaysbrucej one which is more relevant
physiologically and adaptable for different purpose

6.2 Principles of marker constructs to measure

homologous recombination

One method of analysing the rate of HR in a noeeieleassay systerwas described by
Swobodaet al (1994). The system enabled visualisation of aitramosomal HRevents
throughout the whole life-cycle dirabidopsis thalianay histochemical staining of the
whole plant The systemused a disrupte@-glucuronidase (idA) gene as a genomic
recombination substrate. Twf@-glucuronidase gene fragments sharing a region of
sequence homology were integrated intoAhéhalianagenome. The homologous regions
were positioned in the same orientation to onelarads direct repeats (see Figure 6-2A:
Schuermannet al, 2005) and were separated by a hygromycin phosgpisierase
resistance marker. If a recombination event ocdjtires two gene fragments would form a
functional B-glucuronidase ORF by recombining the homologougores of the gene
fragments (Swobod&t al, 1994). This assay system, called the GUS asskyyeml
quantitative and precise localisation of the recoration event by showing functionft
glucuronidase with addition of its substrate, 5rbos4-chloro-3-indoly glucuronide (X-
Glu) (Swobodeet al, 1994).

This system was modified to detect any HR eventwiing tissues ofA. thaliana(Fritsch

et al, 2004) by using the firefly luciferase gene (LU& the reporter instead of the
glucuronidase gene. This system contained two fesagsnof the luciferase gene and, like
the GUS assay, each fragment had homologous opartapegions, see Figure 6-2B.
Although Figure 6-2B uses the GUS assay to reptdabensystem, the principle was the
same for the LUC assay. The two homologous fragsnemdre positioned as inverted
repeats relative to one another. If HR occurred,résult would be a functional luciferase
gene. To detect recombinants, the plants were sgrajth luciferin, and bioluminescence
was observed (Fritsatt al, 2004).
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Figure 6-2: Intra-chromosomal homologous recombinabn reporter constructs with direct and
indirect repeats.

Both constructs consist of two inactive fragmentsaaaeporter gene, thg-glucuronidase gene. The gene
fragments are GU’ and U’S, which share the homalsggequence, U’. During homologous recombination a
strand exchange event can occur, which resultdénproduction of the functional reporter ge@)S
Figure 6-2A: shows the recombination event (indicated by tldeXerequired when the homologous regions
are orientated as direct repeats to one anotheultireg in the deletion of the sequence betweentwte
fragments. Figure 6-2B: shows the recombination event required when thmdhmgous regions are
orientated as indirect repeats, resulting in thaeseovation of the intervening sequence. Reprintét w
permission from Elsevier: Schuermagtral. (2005), Trends in Geneti@d, pp 176.

In mammalian cells, similar constructs have beadus assay for HR. Piere¢ al.(1999)
used two modified non-functional GFP genes: onedratiSce endonuclease site and two
in-frame stop codons within the ORF and the othEP®vas truncated at the 5’ end. The
GFP genes were oriented as direct repeats and segarated with a puromycin N-
acetyltransferase geneStéd when expresseth vivo, caused a DSB at theSké site
(Pierceet al, 1999). The authors showed by flow cytometry #vgbression of Bce in
wildtype transfected cell lines produced fluoresme(Pierceet al, 1999). Therefore, the
DSB was repaired by HR between the two non-funelid@FP genes, resulting in a
functional GFP gene. It was also shown in thisgtihét a Rad51 paralogue mutaxtc3
-/-, did not produced fluorescence compared with thedtyple cells and the authors
concluded thakxrcc3 -/-mutant cells were defective in HR (Pierteal, 1999).

In other experiments using mammalian cells, digdpesistance cassettes have been used
instead of bioluminescent or fluorescent marketse puromycin N-acetyltransferase and
neomycin phosphotransferase genes have been uskdhibgoret al. (1999) and Licet al.
(2004) respectively. Both studies used two nondional resistance genes; one was

disrupted by addition of anS¢é site and the other was truncated. Expressing-thed
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endonuclease in the cells resulted in a DSB irirttegrated construct and repair produced
a functional resistance gene. The viable cellsstasst to the drug were therefore able to
undergo HR of the two non-functional drug resistagenes (Johnsaet al, 1999; Lioet

al., 2004). These studies showed that two of the mdmm&ad51 paralogues, XRCC2
and Rad51C, promote the repair of the DSB by HRr{donet al, 1999; Lioet al, 2004).

6.3 Generation of a positive control expressing

luciferase

Before generating the constructs to assay for réawation, it was necessary to confirm
that the firefly luciferase gene expressed irbruceicells can result in the production of
measurable bioluminescence similar to the obsematby Wang and colleagues (Sommer
et al, 1992). To this end, a positive control constnwess generated. This construct was
required to allow integration of the luciferase OR¥o a transcribed region of thEe
brucei genome, in particular wildtype bloodstream staghs ceister strain 427. This
construct contained the ORF of luciferase, andtioidsn S deaminaseBSD) flanked by
the Ba tubulin and actin intergenic regionBo(IR and Act IR). To generate this positive
control construct, tha IR, BSD, Act IR were cloned into the TOPO vector 2.1, ssdiin
Chapter 3, Section 3.2.2. Briefly, blasticidin (400 and the intergenic processing flanks
(Ba IR (240 bp) and Act IR (400 bp)) were PCR-amptifitom the plasmid pCP101
(Proudfoot & McCulloch, 2005a) using the primeraiblilin For and Actin Rev (see
Materials and Methods, Section 2.4.1, Table 2-1he Tresulting PCR product of
approximately 1040 bp was cloned into the TOPOw2&dtor (Invitrogen, see Materials
and Methods, Section 2.4.7), resulting in the pldsTOPOfa IR-BSDAct IR. The
luciferase ORF andp IR were then cloned into the TORI-IR-BSD-Act IR vector. To
this end, the firefly luciferase ORF was obtaineshf the pGL3-Basic vector (Promega)
and, usingXhd and Xbd sites, the luciferase ORF was digested out of Glheof IR
region was then PCR-amplified from genomic DNA frevitdtype T. bruceicells, using
the AB forward and AB reverse primers, which Bdoll and Apd restriction sites (see
Materials and Methods, Section 2.4.1, Table 2-Ejnty a three way ligation, the luciferase
ORF andap IR were cloned into TOP@ea IR-BSDAct IR using theXhd and Apd
restriction sites, with th¥ba site in between the luciferase ORF afidR fragments. The
resulting construct is as follows: TOR-IR-BSD-Act IR-LUC-af IR. Once confirmed
by DNA sequenced, the construct was then lineause&tgSad and Apal restriction sites
and transformed into wildtyp€&. bruceicells (see Materials and Methods, Section 2.1.2).

Integration of the construct should occur using tdrgeting regionspg IR andap IR)
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recombining it into th@a-tubulin array with the replacement of omé¢ubulin gene (Figure
6-3).

O 7 o o - | |

LuciferaseORF

o @00?‘\ @30?‘\ o Fo2 po?

Figure 6-3: The positive control construct allowingluciferase expression from thea-tubulin array.

The luciferase open reading frame (ORF) afeubulin intergenic regionaf-IR) were cloned with the
blasticidin resistance casset®SD and intergenic processing flani-tubulin intergenic regionpo IR)
and actin intergenic region (Act IR). This constru@s digested and linearised using restrictionyemes
Sad andApa and integrated into thgu-tubulin array.

Once electroporated, transformants were selectetyfggrowth in media containing 2.0
ug.ml* of blastidicin (Calbiochem; see Materials and Mel, Section 2.1.2). Five clones
(A-E) were then selected to assay for luciferasviac (see Materials and Methods,
Section 2.13). To do this, the cell density of ea@s counted, and using a 96 well plate,
the five transformants were serial diluted fromemsity of 1 x 10 cells in PBS to final
densities of 2 x 170 1.56 x 10 cells in a total volume of 20@. To each well, 2Qul of 1
mM of d-luciferin/PBS (Promega) was then added, iandbated at 37C for 30 minutes.
After this, the plate was removed from the incubaiiod left at room temperature for 15
minutes. Bioluminescence was then read using amd4filter (Envision). Figure 6-4

compares the bioluminescence emitted from wildtyy-transformed cells and the five

blasticidin resistant transformants.
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Figure 6-4: Bioluminescence production ifT. brucei bloodstream stage cells.

The cells from wildtype and five blasticidin resiste transformants (A-E) were serially diluted frbbm 10
cells to 7.8 x 1Bcells per ml in a final volume of 2Q0, to assay for luciferase activity. The total nuenbf
cells analysed are indicated in the box on thetrighis was carried out with the addition of theiferase
substrate, d-luciferin, and bioluminescence wassunel in relative light units.

Bioluminescence generated by luciferase was medsuran enzymatic reaction where d-
luciferin is converted to oxyluciferin and lightegs review: Viviani, 2002). All five
transformants produced bioluminescence in the poesef substrate, whereas no such
reaction was detected with the non-transformedtyplel cells. This shows that as few as
2.5 x 10 cells expressing luciferase can be detected by kghission (blue points in
Figure 6-2), since this was clearly higher than ltaekground readings for the wildtype
cells. This suggests that bruceistrain 427 is able to express luciferase from fihe
tubulin array and that such expression can be ttest low densities. This assay also
confirmed that d-luciferin is not toxic to the cells recovery of all five transformants was

possible.
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6.4 A direct repeat luciferase construct to assay

homologous recombination

6.4.1 Generation of the luciferase construct

Since the positive control construct, where thefduase ORF was expressed from flae

tubulin array, showed that bioluminescence couldiétected in bloodstream form cells, a
luciferase reporter construct to assay for HR wasegated. The first reporter construct
contained two inactive fragments of the luciferesgorter gene (see Figure 6-5E). As for
similar assays in other cells (see Section 6.&3sdhfragments contained homologous
sequence (shaded area in Figure 6-5E) at them@5aends, and were cloned in the same
orientation to one another as direct repeats.LTH@ gene fragments were separated by an

antibiotic resistance cassette, phleomy8hHE).

This construct was generated in three parts (FigeBe The first part consisted of cloning
the Bo and off tubulin intergenic regions into pBluescript. Theagment of thefa
intergenic region was PCR-amplified using primefsIB For and BA IR Rev, and the
intergenic region was PCR-amplified using prime8 R For and AB IR Rev (see
Materials and Methods, Section 2.4.1, Table 2-hesE fragments were cloned separately
into TOPO vector 2.1 (Invitrogen) and sequencedhBa andop intergenic regions were
then digested out of the TOPO vector usBad and EcoR/, and EcoR/ and Kpnl,
respectively, then cloned together into pBluescripp do this, a three way ligation
between these two fragments afdd and Kpnl digested pBluescript was performed,
which resulted in the reconstitution of &toR/ site between the two fragments. The

resulting construct was named pBluescfiptiR: ECORV: of IR (see Figure 6-5A).

The second stage required another pBluescript pdaisino which the actin and calmodulin
intergenic regions were cloned. The actin intergeagion was PCR-amplified using the
primers Actin For and Rev, and the calmodulin igésic region was PCR-amplified using
the primers Calmodulin For and Rev (see Material$ lethods, Section 2.4.1, Table 2-
1). Again these fragments were cloned separatétytire TOPO vector 2.1 (Invitrogen)
and then digested out of TOPO usiigd and EcarV for the actin intergenic region, and
EcdaRV and Xba for the calmodulin intergenic region. The fragrteewere then cloned,

using a three way ligation, into pBluescript pré-with Xhd and Xba. As a result, an

EcadRV restriction enzyme site was generated betweeivib fragments, and the construct
was named pBluescript-Act IRFEcCOR/: Cal IR, see Figure 6-5B. Next, the phleomycin
resistance ORFBLE) was PCR-amplified using the primers Bleo For &teb Rev, and
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cloned into the pBluescript-Act IREcORV: Cal IR construct. Th8LE ORF was cloned
between the actin and calmodulin intergenic prangs®gions using thEcoRV site. The
resulting construct pBluescript-Act IRBBLE: Cal IR (see Figure 6-5C) was sequenced.
Finally, the phleomycin resistance cassette conmgrithe BLE ORF, Act IR and Cal IR
processing flanks was digested out of pBluescrigtiR: BLE: Cal IR using thexhd and
Xbal restriction sites and cloned intfecdRV-digested pBluescrigie IR: EcoRV: of IR,
with the removal of theEcoRV restriction enzyme site between tfe:af intergenic
regions. The resulting construct was pBluesdsiptiR-Act IR-BLE-Cal IRuf IR (see
Figure 6-5D).

The third part of the generation of the LUC consttrinvolved the cloning of the two
putatively inactive fragments of the luciferase gerwhich contained overlapping
homologous sequence. The fragments were clonegBitescriptfo IR-Act IR-BLE-Cal
IR-af IR. The start of the luciferase ORF was PCR-anagliising the primers Start Luc
For and Rev which amplified 1064 bp of the 5’ eridche gene CUCIFE’ in Figure 6-
5E). The end of the luciferase ORF was PCR-amdlifiging the primers End Luc For and
Rev which amplified 925 bp of the 3’ end of the gdfirERASEin Figure 6-5E). 336 bp
is shared in the two fragment&E’ in Figure 6-5E). The 5’ end of the luciferase gemas
cloned using theé&Stu restriction site of the pBluescrife IR-Act IR-BLE-Cal IR0 IR
between th@a IR and Actin IR, and the orientation was confirm&ten the 3’ end of the
luciferase gene was cloned using #&l and Sadl restriction sites with the loss of the
Xbal site (indicated in red in Figure 6-5E). The réisig construct was pBluescript: IR-
LUCIFE-Act IR-BLE-Cal IR-FERASEsp IR (see Figure 6-5E).
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Figure 6-5: Generation of a direct repeat luciferas construct to assay homologous recombination.

The diagram shows the cloning strategy for theféuase constructrigure 6-5A: The fa andaf tubulin
intergenic regionspo IR andaf IR) were the cloned into pBluescriftigure 6-5B: The actin IR (Act IR)
and calmodulin IR (Cal IR) intergenic regions wefened into a second Bluescript vectbigure 6-5C:
shows the integration of phleomycin resistant dss9BLE) between the two actin IR and calmodulin IR.
Figure 6-5D: shows the integration of the phleomycin resistazassette and processing flanks, actin IR and
calmodulin IR, in between thgu IR andof IR, resulting in pBluescripfe. IR-Act IR-BLE- Cal IRap IR.
Figure 6-5E: The two luciferase fragments (5 endUCIFE; and 3’ end:FERASE have homologous
sequence (shaded aré#), were cloned into pBluescrifix IR-Act IR-BLE-Cal IR-up IR. The restriction
sites are shown arXbal in red indicates that this site has been remalgthg the cloning process.

6.4.2 Transformation of the construct into T. brucei cells

The plasmid was linearised usigad and Kpnl restriction enzymes and the DNA was
transformed into wildtypd. bruceibloodstream stage Lister strain 427 cellse fa and

ap intergenic sequences allowed integration into ffbhubulin array, replacing the
tubulin gene (Figure 6-6). The actin and calmoduhiergenic regions provide the
processing flanks for expression of the phleomyesistance gene. Transformants were
selected with 1.Qug.mI* of phleomycin. The two luciferase fragments ariried in
direct repeat and share of 336 bp of homologousesere (shaded area in Figure 6-6).
Previous work has shown that this is a sufficiemngth of sequence for HR to occur
(Barnes & McCulloch, 2007). Once transformed, pgssaf the transformants in medium

containing phleomycin ensures the fragments oflubderase gene will not recombined,
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as recombination within the luciferase gene fragsiemould result in the loss of the
phleomycin resistance gene (see Figure 6-2A).
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Figure 6-6: Integration of the luciferase constructinto the pa tubulin array.

The construct should integrate into tpe-tubulin array by homologous recombination on flaeand of
tubulin intergenic regionpg IR / af IR), replacing an alphau) tubulin gene. The actin IR (Act IR) and
calmodulin IR (Cal IR) processing flanks surrouret tphleomycin resistant ORBI(E) which allows
selection for transformants. The two luciferasegfnents (UCIFE and FERASE share 336 bp of
homologous sequences (shades).

6.4.3 Assaying for homologous recombination using t he
luciferase construct with homologous regions as
direct repeats

Two phleomycin resistant transformants (1 and 2jewanalysed. For each clone, two
passages were performed; one remained on the pydaoselection and the other without
selection. Removal of the phleomycin selection #hoallow recombination of the

homologous ends of luciferase to occur, generadirfgnctional luciferase gene whose

gene product could be detected by bioluminescence.

Initial experiments tested whether the potentiabmebination events could be detected by
PCR-amplification with primers that anneal to sewas within the boundaries of the
integrated construct: Recombine Check For and Res Materials and Methods, Section
2.4.1, Table 2-1). By analysing the sizes of theRRplified, it could be ascertained
whether or not HR had occurred (Figure 6-7). Thenpr Recombine Check For anneals
upstream of the homologous sequence at positiorbf4zf theLUC ORF and the primer
Recombine Rev Check anneals downstream of the logoa$ sequence at 1120 bp. For
the positive control, genomic DNA from clone A (seection 6.3, Figure 6-4), which had
the intact luciferase ORF integrated into fhe tubulin array, was used as a template
(Figure 6-7A and Figure 6-7D, Lane 1). The primenealing sites are 476 bp apart in the
intact luciferase ORF. Two clones (1 and 2) tramstx with thefa IR-LUCIFE-Act IR-
BLE-Cal IRFERASEup IR construct were continually passaged on phleamygenomic
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DNA from them was used as template and the reguRIGR products are shown in lanes
2, and 3 (Figure 6-7D). As recombination of theiferase homologous sequence was
prevented by phleomycin retention, the primer bigdites were further apart compared to
the positive control (Figure 6-7B), generating aduct of approximately 1980 bp. One
clone transformed with the constryit IR-LUCIFE-Act IR-BLE-Cal IRFERASEof IR
was taken off phleomycin selection (Clone 1), andsaged for three months without the
drug. After this period, genomic DNA was extractesin approximately 5 x 10cells and
PCR was performed using the same Recombine ChechkritbRev. If recombination of
the luciferase fragments occurred in this clone, BCR product obtained would be the
same size as that amplified from the positive ainfFigure 6-7C). However, the PCR
product obtained was ~ 2.0 kb, the same as theeglpassaged on phleomycin (Figure 6-
7D, Lane 4), and no PCR product was observed abg7&herefore no recombination was

detected.
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Figure 6-7: Analysing recombination of the luciferase homologous sequence by PCR-amplification.

The Recombine Check For and Rev approximate privimeling sites are indicated by the red arrows @n th
different genomic DNA templateBigure 6-7A: The positive control, where the luciferase ORiact and
integrated into theBa tubulin array.Figure 6-7B: The pa IR-LUCIFE-Act IR-BLE-Cal IRFERASEwf
construct where recombination was not allowed ke tplace, due to continuous selection of phleomycin
Figure 6-7C: The expected product, if recombination occurretivben the homologous sequences of the
luciferase fragments (FE; shaded area) after rehmmivaelection.Figure 6-7D: The gel shows the PCR
amplification products using the Recombine Check &wd Rev primers and using genomic DNA from;
Lane 1: luciferase positive control clone Aane 2 andLane 3: clones 1 and 2 passaged on phleomycin,
Lane 4: clone 1 passaged in HMI-9 without phleomycin fuoiee months.

The lack of detectable recombination could be duéé¢ low amount of DNA amplified in
this reaction, or because the spontaneous ratecofnbination is too low, or due to the
constructs inability to be recombined. To begimatlmress this, the two clones (1 and 2)
were treated with a DNA damaging agent, to incre¢hsegrobability of a DSB occurring.
These two clones contained the original constflsciR-LUCIFE-Act IR-BLE-Cal IR-
FERASEeap IR and were passaged in medium lacking phleomyoinat least three
months. A total of 1 xI0cells from each clone were then treated with MMSaa
concentration of 0.0004 % for 72 hours, genomic DN&s extracted and the PCR was
performed again using the Recombine Check For awdpgRmers. Again, this test did not
reveal any recombination events, since the resulCR products obtained were
approximately 2.0 kb is size (Figure 6-8). If redmnation had occurred, a 476 bp PCR
fragment of the size in the positive control (Fgu-7A, Lanel) would have been

detected, but was not visible, despite overloatieggel.
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Figure 6-8: Analysing recombination of the lucifer@e homologous sequence by PCR-amplification
after treatment with 0.0004 % MMS.

Clone 1 and 2, which had been passaged on nortigeletedia for three months, were treated with 040
% MMS for 72 hours. Genomic DNA was extracted frapproximately 1 x 10cells, and PCR analysis was
performed using the Recombine Check For and Rengrs.

The above result suggests that MMS-induced DNA dgndoes not increase the rate of
HR in this assay, such that functional LUC expm@sss detectable. This was analysed as
before, see Materials and Methods, Section 2.1t8ta of 1 x 10 cells were analysed and
no detectable absorbance was measured (data neh)sHomay still be the case that the
assay is not sensitive enough. As a result, a langeber of cells or large number of clonal
populations would be required to detect LUC+ recioraiits. It is also possible that more
DNA damage is required, or that a different typeDINA damage may be needed. One
possible solution could be the addition of aBcd endonuclease site to the construct,
which would produce a DSB in the sequence betweenvwo homologous regions when
the nuclease is expressedvivo (Pierceet al, 1999). This would then induce DNA repair
and increase the rate for HR within the assay Bystedeed, the work of Glovest al
(2008) suggests that the availabl8de induction system induces DSBs in nearly 100 %
of cells.

Another explanation is that the construct desigflawed, and is unable to undergo HR
repair to lead to a functional LUC gene. The stsididaere the homologous regions in the
gene fragments are in the same orientation withamogher as direct repeat, used 1.6-3.7
kb sequence separating the gene fragments (Johetsah 1999; Pierceet al, 1999;
Swobodaet al, 1994). In the construct described here (Sectidnlp only ~1.1 kb of
sequence separated the luciferase gene fragmeistshérefore possible that this sequence

length is not sufficient to allow the DNA to ‘lodyack’ for a recombination event to occur.
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To attempt to test this, a variant of the LUC camdt was generated (see Section 6.5.1
below) were the LUC fragments are orientated asried repeats, as it may considered

that less DNA looping is required to allow baseripgi during strand exchange.

6.5 An inverted repeat luciferase construct to

assay homologous recombination

6.5.1 Generation of a luciferase construct with inv erted
homologous ends

An alternative reporter construct was generatedatoing two inactive fragments of the
luciferase reporter gene with homologous sequeoestated as inverted repeats relative
to one another. In this case, these gene fragmeate separated by the blasticidin
antibiotic resistance casset&SD. This construct results in the homologous regiogiag

in the same orientation when the construct forrfmop to allow recombination of the two
homologous regions (see Figure 6-2B), which themaky requires less intervening
sequence between the LUC gene fragments.

This construct was generated by modifying the p8&tuetfo-LUCIFE-actin-BLE-
calmodulin-FERASEx made previously (see Section 6.4.3). Firstly, gideomycin
(BLE) resistance ORF was replaced with the blasticBlidleaminaseBSD resistance
ORF. This was done by digesting tAReE ORF out of the construct with flankircoRV
restriction sites (Figure 6-5E), and replacing ittMPCR-amplifiedBSD ORF. The primers
BSD For and Rev were used for this, which hadeaoRYV restriction enzyme site added
(see Materials and Methods, Section 2.4.1, Taldg dhe resulting construct checked by
sequencing and was named pBlues@ipt: UCIFE-actinBSD-calmodulinFERASEof.

In the next step, the 3’ end of the luciferase geRERASE in Figure 6-6) was removed
by digestion withSadl and Pst. This was replaced with an inverted 3" end of the
luciferase gene, which had been PCR-amplified usieg“End LUC New For” primer
with a Sadl restriction site and “End LUC New Rev” primer tia Pst restriction site
(See Materials and Methods, Section 2.4.1, Taldlg Zhis PCR product was cloned using

the Sadl and Pstl generating the construct shown in Figure 6-9.

The primer “End LUC New Rev” additionally had therdet sequence of3eé nuclease
incorporated meaning that the inducibl®de machinery designed by Glovet al. (2007),

could be used to induce a DSB, forcing a recomlminagvent to occur. The construct was
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sequenced to confirm th&JC fragment orientation, sequence and that tBed+target site
was present. Due to time constraints, this conswas not integrated or tested.
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Figure 6-9: Luciferase construct and integration itto the pa tubulin array.

Two fragments of the luciferase gene were separhjedn antibiotic resistance cassette for blasticid
(BSD, which was flanked by actin (Act IR) and calmddu|Cal IR) intergenic regions. The 5 end of the
luciferase gene is indicated hyJCIFE and the 3’ of the gene is indicated BERASE The two luciferase
fragments have homologous sequence (ShadedRigand are orientated as inverted repeats.

In order to test the role of theSed DSB induction, it will be necessary to integr#te I-
Sce regulatory machinery into LUC assay-containindlsceThe pHD1313 construct
provides integration of the tetracycline inducildgstem, while the pRP-Sce construct
provides the inducible $ce enzyme expression (Alibat al, 2005; Gloveret al, 2007).
Once the luciferase construct is integrated inte ita tubulin array (Figure 6-9), the
linearised pHD1313 and pRP-Sce can then be transfbinto the same cell line (Alibet
al., 2005; Gloveret al, 2007). Again, due to time constraints, this was ¢arried out to

completion.

6.6 Summary

The aim of this chapter was to design a constrdgchvwill allow in vivo recombination
events to be directly measureable and quantifieiole brucei An assay system similar to
ones described above (Section 6-2), will allow ldR¢ analysed in a non-selective way.

This chapter represents the first steps in devetppi novel assay for HR ih. brucei.
Although it has left more unanswered questions tt@nplete results, some positive data
has been provided. Firstly, two luciferase-baseubnter systems similar to the ones
described in Section 6-2 are valid and have beanrgéed for other model organisms. The
direct repeat variant has been transformed, bueagpnot to spontaneously yield
detectable LUC+ recombinants. It has also beenilles® express firefly luciferase ih.

bruceiwildtype bloodstream stage cells from fwetubulin array, and using the substrate
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d-luciferin, bioluminescence can be detected frodeasity of 2.5 x 10cells (see Figure
6-4). It has also shown that d-luciferin used iesth experiments is non-toxic To brucei
bloodstream stage strain 427, and that the cefisbearecovered after washing with PBS
and treatment with d-luciferin, and potentially e sorted by fluorescence activated
cell sorting (FACS).

Future experiments to develop this approach hawn lmitlined, and can include the
introduction of the ISceé machinery designed by Glovet al (2007) into the cells that
have thepo-LUCIFE-actinBSD-calmodulin-1Scd-ESAREFaf integrated into theof
tubulin array. The transformation of pHD1313 and®p8ce should allow the induction of
a DSB within the construct, using th&té site engineered between the calmodulin and 3’
end fragment oL UC. Prior to this, it would be advantageous to transfthe inverted
repeat LUC construct into wildtype cells and ask if it spomausly yield LUC+

recombinants.

If the assay can be developed to detect recombmadi number of important experiments
can be addressed. If the assay is successfululid @ envisaged that other experiments
can also be carried out to test whether or not $1&fected by, for example, a mutation in
a DNA damage repair gene. DNA damage can be eagifsured in different populations
of varying sizes. This assay has great potentia,can be adapted to measure the effect of
a number of different variables; for example, teegth of homologous sequence required
for recombination, the extent of sequence identégded, whether the genomic location
influence recombination, or whether specific chatsor stresses induce recombination. It
could also be adapted to provide a screenlfdoruceigenes that act in HR. The assay
could be used to ask whether life cycle variatitfftuences HR rate.
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7.1 Introduction

The aim of this project was to analyse the funaiohtheT. bruceiRAD51 paralogues,

RAD51-4 and RAD51-6, and to examine how all four[P®A paralogues interact in the
parasite. RAD51-4 and RAD51-6 were hypothesisedh&ve roles in homologous
recombination (HR) and DNA repair, since the presgly analysed RAD51 paralogues,
RAD51-3 and RAD51-5, were shown to function in #hesathways (Proudfoot &

McCulloch, 2005a). Botlrad51-3 -/- andrad51-5 -/- mutants display sensitivity to the
DNA alkylating agent, MMS, defects in HR, slow grtbwates relative to the wildtype
cells, and reduction in the extent of RAD51 focrnfation (Proudfoot & McCulloch,

2005a). Surprisingly, RAD51-3 but not RAD51-5 haddetectable role in antigenic
variation, with the VSG switching frequency Hd51-3 -/- mutants reduced compared
with the wildtype andRAD51-3 +/-cells whilerad51-5 -/- mutants had no significant
reduction in VSG switching frequencies (Proudfoovi&Culloch, 2005a).

To analyse the functions of RAD51-4 and RAD51-6nbaygous mutants were generated
in the T. brucei bloodstream stage using the Lister 427 transgefiains 3174.2
(McCulloch et al, 1997; McCulloch & Barry, 1999; Rudenket al, 1996). The
phenotypes of these cell lines were investigated. dEtermine if the four RAD51
paralogues interacted with each other or with RAD@dast two-hybrid analysis, co-
immunoprecipitation assays and PTP-tagging of tA®HL paralogues were performed.
The findings of these experimental approaches iareisked here. The thesis also began to
develop a novel luciferase assay to measure tieeofdt. bruceiHR. This is still in the

early stages and will not be discussed here (sept€h6, Section 6.6 for discussion).

7.2 Phylogeny of the T. brucei RAD51 paralogues

7.2.1 ldentification of the T. brucei RAD51 paralogues

One of the aims of the study of RAD51-3 and RAD56 Proudfoot & McCulloch
(2005a) was to attempt to define RAD51-independ®ebmbination pathways if.
brucet T. bruceirad51 -/- mutant cell lines showed that DNA repair, HR amdigenic
variation are significantly reduced compared to whieltype, indicating an important role
for RAD51-mediated HR in these processes (Conetagl, 2002b; McCulloch & Batrry,
1999). Nevertheless, none of these processes Wéterated in thead51 -/- mutant cells
(Conwayet al, 2002b; McCulloch & Barry, 1999), leading to thenclusion that alternate
pathways, independent of RAD51 operate. In theradessef RAD51, recombination still
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occurs by HR, though MMEJ reactions have also hesealed (Burtoret al, 2007;
Conwayet al, 2002b; Gloveret al, 2008). However, the factors that catalyse eitifer
these processes h bruceiare unknownTo this end, Proudfoot & McCulloch (2005a)
performed BLAST search analysis of thebruceigenome with the amino acid sequence
of S. cerevisiaeRad51, T. brucei RAD51 andE. coli RecA polypeptides. From this
analysis five RAD51-related genes were identifiecb(dfoot, PhD thesis). Searches using
the amino acid sequence ®f brucei RAD51 revealed three distantly related, highly
divergent proteins, named at the time RAD57, DMGiBl RECAZ2; these correspond to
the current nomenclature of RAD51-3, RAD51-4 andC®A-6 respectively. This search
also revealed a gene encoding a protein more higidyed to RAD51, which was shown
to be an ortholog of DMCL1 in other eukaryotes (Bistet al, 1992; Proudfoot &
McCulloch, 2005b). Finally, another distantly reldtRAD51-like protein encoded in the
T. bruceigenome named RECA, corresponding to RAD51-5, destified with a BLAST
search using. coliRecA amino acid sequence (Proudfoot, PhD thes5)20hough the
four distantly related RAD51-like proteins appeaibe RAD51 paralogues (see below), a
motivation for this work was that it was conceivabitat the RAD51-like genes foundTin
bruceimay retain strand exchange activity. It should bied that such a property has not
been tested to date for any of fhebruceiRAD51 paralogues, and cannot be concluded
from sequence homology.

An alignment of the amino acid sequences of ThebruceiRAD51, DMC1, and the
RAD51 paralogues was performed (Proudfoot & McGihlo2005a). Figure 7-1 shows
this alignment and highlights the considerable eoration of the two putative
recombinases, RAD51 and the meiosis-specific DMCdmpared with the greater
divergence of the RAD51 paralogues. In the coréhefsequence of RAD51 and DMC1
lies the putative nucleotide/ATP-binding domainse Walker A and Walker B motifs
(Walker et al, 1982). The Walker A and B motifs appear highlynserved in all fouf.
bruceiparalogues, with the exception of a serine (Sdtesto aspartic acid (D) mutation
in the B motif of RAD51-4 (D277), suggesting theyyrbe able to bind/hydrolyse ATP.
However, any such activity and its influence onirtianctions can only be tested by
mutagenesis or characterising the purified proteiegher of which has been done to date.
The rest of the sequence alignment suggests thhaesee outwith the Walker A and B
boxes appears to be less conserved between th#veutacombinases and the RAD51
paralogues, in particular in motifs that are cowsérbetweenT. brucei RAD51 and
DMC1, which are found in other species. One ofehmstifs is a helix-hairpin-helix (H-h-
H) motif, which is a non-sequence specific DNA bimgd site (Shao & Grishin, 2000).
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Another is a putative polymerization motif (PM), i is thought to be important in the
assembly of the Rad51 nucleoprotein filament orxXNA strand (Shiret al, 2003).

The Walker A motif binds ATP and the Walker B molifdrolyses the ATP which
releases the chemical energy, driving the straitiange reaction (Stost al, 1993). The
roles if any, of these highly conserved motifs agde vary in different eukaryotic Rad51
paralogues (Johnson & Symington, 1995; O'Regjaal, 2001; Wieseet al, 2002). The
nucleotidebinding and ATP-hydrolysis functions may also hawgportant roles in the
formationof mammalian Rad51 paralogue complexes, sincestfaand that mutation of a
highly conserved lysine residue (K113) in the Walkemotif of XRCC3was required for
Rad51C-XRCC3 (CX33yomplex formation (Yamadat al, 2004). While it was observed
that a functional Walker B motif of Rad51D was riggd for interaction of Rad51D with
XRCC2 and Rad51C (Wiess al, 2006). The complexes Rad51B-Rad51C and Rad51D-
XRCC2 have also been shown to bind to ssDNA and\dsDas well as having DNA-
stimulated ATPase activity (Braybroolet al, 2003; Lioet al, 2003; Shimet al, 2004;
Sigurdssoret al, 2001). The CX3 complex was found to bind to ssD{&rumizakaet
al., 2001) as well as to Holliday junctions (Let al, 2004; Liu et al, 2007). It was
observed that purified RAD51D possesses DNA-stitedlaATPase activity and binds to
ssDNA but not dsDNA (Braybrooket al, 2000).
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Figure 7-1: An alignment of T. brucel RAD51, DMC1 and the RAD51 paralogues.

A comparison of the amino acid sequences of RAMMMIC1 and the four RAD51 paralogues (RAD51-3,
RAD51-4, RAD51-5, RAD51-6) was performed using GlisV. Residues at a particular position witi30

% sequence identity are in black and the consemresidues are in grey between the RAD51, DMC1 ard th
RAD51 paralogues. The conserved Walker A and B fsatie indicated. The helix-hairpin-helix (H-h-H),
putative polymerization motif (PM) and structurakipnserved residues (brown circles) in RAD51 and
DMCL1 are indicated. Reprinted with the permissiamt Oxford Journals, Proudfoot & McCulloch, 2005a.

Proudfoot & McCulloch (2005a) attempted to assignctions to thel. bruceiRAD51
paralogues by phylogenetic analysis and amino aeiquence comparison with the
relatively well-studied mammalian Rad51 paralogu€able 7-1 shows the sequence
homology of theT. brucei RAD51 paralogues compared with tie sapiensRad51
paralogues, and witl. bruceiRAD51, as well as the homology between khesapiens
Rad51 andH. sapiensRad51 paralogues. These data reinforce the vietvwhde the
recombinase, Rad51, is highly conserved with 6@éftity (70.8 % similarity) betweeh
brucei RAD51 andH. sapiensRad51, the Rad51 paralogues have very low levels of
sequence identity and similarity (ranging from 8:022.8 %, and 15.9 - 33.0 %,
respectively) (Proudfoot, PhD thesis, 2005; Proati®& McCulloch., 2005a).
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Table 7-1: The percentage of amino acid sequenceeittities and similarities when theT. brucei RAD51
paralogues are compared withT. brucel RAD51 andH. sapiensRad51 and Rad51 paralogues.

The sequence identities (large font) and simiksiismall font) are shown when the amino acid sezpief
the T. bruceiRAD51 paralogues (RAD51-3, RAD51-4, RAD51-5, RADG)Lwere compared with thid.
sapiensRad51 paralogues (XRCC2, XRCC3, Rad51B, Rad51CRautb1D) using AlignX. Each of thd.
sapiensandT. bruceiRAD51 paralogues were also compared with the RABINo acid sequence of that
species (yellow shaded boxes). Adapted from Pramidf®hD thesis (2005) and Proudfoot & McCulloch
(2005a).

H. sapiens T. brucei
Rad51| XRCCZ XRCC3 Rad51B Rad51C Radj51MRAD51
RAD51 60.1 14.3 20.3 20.2 19.5 16.2 100
70.8 21.7 32 33.6 33.3 25.5 100
RAD51-3 17.7 12.4 16.3 17 22.8 10.8 17
S 27.6 19.4 27.8 26.4 33 20.3 25.9
§ RAD51-4| 155 10.9 17.4 15.8 15.7 16.4 15.6
< 29.4 18.9 28.9 28.1 25.9 275 29.1
= RAD51-5 11.3 13.5 11.8 12.1 12.2 13.5% 10.8
22.8 23 21.1 23.7 24.3 22.7 25.2
RAD51-6 16.8 8 17 14.9 15.6 11.7 15.9
23.7 15.9 26.4 25.1 27 20.1 26.3
H. sapieng 100 16.1 21 24.7 22.2 15.8
Rad51 100 24.9 33.6 37.1 33.1 27

These data reveal the difficulty in attempting tesign orthologues between the
mammalian Rad51 paralogues and fhe brucei RAD51 paralogues, meaning that
assigning function thorough sequence analysedfisulli, and could even be impossible,
due to the high diversity of the proteins. This ertihes the fact that biochemical analysis
including the interaction studies (see below),rsgeded to assign function to thebrucei

proteins, which may then clarify their relationsimtth the Rad51 paralogues from other

organisms.

7.2.2 Varied number of Rad51 paralogues in differen t
species

The recombinases, RecA, Rad51 and RadA have begaiylionserved during evolution

of the eubacteria, eukaryotes and archaea, regpgctRad51 has been identified in plants
such asArabidopsis thaliangDoutriaux et al., 19980ryza sativalshibashiet al, 2006),
fungi such assaccharomyces cerevisi@@gawaet al, 1993),Ustilago maydigBennett &
Holloman, 2001), Coprinus cinercus (Stassen et al.,, 1997), nematodes such as
Caenorhabditis elegan@akanami et al., 1998), parasitic protozoans idgLeishmania
major (McKean et al, 2001), Plasmodium falciparun{Bhattacharyya & Kumar, 2003),
and Trypanosoma brucei brucéMcCulloch & Barry, 1999), and higher eukaryotestsu
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asMus musculugCartwrightet al, 1998) andHomo sapiengBensonet al, 1994). Dmc1l
also appears to be highly conserved, though iessricted to eukaryotes (Bishag al,
1992; Doutriauxet al, 1998).

In contrast, comparisons of Rad51 paralogues athessukaryotic kingdom suggest these
proteins are highly variable in sequence and alsaumber. Most multi-cellular organisms
appear to have many Rad51 paralogues; for exatdpkgpiensandA. thalianaeach have
five Rad51 paralogues (Bleuyaet al, 2005; Massoret al, 2001b), andDrosophila
melanogasterhas four (Abduet al, 2003). Caenorhabditis elegansppears to be an
exception with only one Rad51 paralogue (Bouletral, 2002; Wardet al, 2007). The
budding yeass§. cerevisiadas two, the fission yeaSt pombéias four (Khasanoet al,
2004; Lovett & Mortimer, 1987; Martinet al, 2006; Tsutsuet al, 2001) andJ. maydis
has one (Kmieeet al, 1994; Rubinet al, 1994). Beyond the eukaryotes, RADB in
archaean speciddaloferax volcaniihas been shown to possess Rad51 paralogue like
functions (Guyet al, 2006). It is noteworthy, however, in eubactet@ttno RecA
paralogues have been found. Given that the actofifgad51, when compared with RecA
in vitro, is considerably reduced as discussed in Chap{8edtion 1.6.1) (Bensoet al,
1994; Conwayet al, 2004), it is conceivable that a more complex Rapathway exists

with the need for co-factors, such as the Rad54alpawes.

If all these proteins are true Rad51 paraloguesiesved from Rad51 by gene duplication
within the genome with the development of differimictions to that of Rad51, it remains
unclear why there is such a varied number. It maythHe case that not all the Rad51
paralogues have been identified for those specitgssmall numbers because of narrow
searches or incomplete genome sequence. Onedimdirth does not support this theory
was first noted by Proudfoot (PhD thesis, 2005)vds observed that ih. bruceiand T.
cruzi four RAD51 paralogues could be identified by BLASdarches, whereas the highly
related Kinetoplastidd.eishmania majoronly has three RAD51 paralogues (Proudfoot,
PhD Thesis). Table 7-2A shows an amino acid sequeomparison between tfie brucei
and T. cruziRAD51 paralogues, while Table 7-2B shows the saomaparison between
theT. bruceiandL. major RAD51 paralogue amino acid sequences. It is natiwahat
the RAD51 paralogues are not found adjacent to edlolr, but are in disparate loci,

suggesting they arose a long time ago.
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Table 7-2: The percentage of amino acid sequenceeittities when theT. brucei RAD51 paralogues
were compared with the predictedT. cruzi and L. major RAD51 paralogues.

The sequence identities are indicated as a pegemthen the amino acid sequence ofthéruceiRAD51
paralogues (RAD51-3, RAD51-4, RAD51-5, RAD51-6) e@ompared to the predictéd cruzi(A) andL.
major RAD51 paraloguesB). The highest sequence identity for each comparisandicated by yellow
shading, and the predictdd cruziandL. major RAD51 paralogues were named accordingly. Adaptenoh fr
Proudfoot, PhD thesis and Proudfoot & McCullocBQQ5a).

A T. cruzi
RAD51 | RAD51-3 RAD51-4 RAD51-5 RAD51-6
RAD51 | 79.9 18.1 17.1 12.8 16.7
@ |RAD51-3] 16.1 49.8 14.6 125 12.7
S |RAD51-4| 146 14.3 39.9 15.6 13.3
~ |RAD51-5 11.4 12.4 12.4 34.8 13.8
RAD51-6| 15.3 16.4 13.8 17.1 39.2
B L. major
RAD51 | RAD51-3 RAD51-4 RAD51-5 RAD51-6
RAD51 | 775 9.6 15.6 - 10
© |RAD51-3] 16.3 23.9 13.2 - 11.4
S |RAD51-4] 155 12.7 18 - 12.6
~ |RAD51-5| 9.8 7.6 12.9 - 8.7
RAD51-6| 17.2 15.1 13.8 - 21.9

Since the study by Proudfoot & McCulloch (2005a)nm@rotozoan genomes have been
sequenced, and since these represent much of uaesity in eukaryotes, it provides an
opportunity to review and update the picture of BR&D51 paralogues. Other genomes
such as those oGiardia lamblia (Aurrecoecheaet al, 2009; Morrisonet al, 2007),
Trichomonas vaginalis (Aurrecoecheaet al, 2009; Carltonet al, 2007), Entamoeba
histolytica (Loftus et al, 2005), Dictyostelium discoideum (Eichinger et al, 2005),
Leishmania(Peacocket al, 2007), Trypanosoma vivaXxSanger Institute, unpublished),
Trypanosoma congoleng&anger Institute, unpublished) alshcephalitozoon cuniculi
(Gill & Fast, 2007; Katinkeet al, 2001) have been sequenced. The genome sequdnces o
Apicomplexans such aSrytosporidium parvun{Abrahamseret al, 2004), Toxoplasma
gondii (Gajria et al., 2008)Theileria annulata(Pain et al., 2005), and the Ciliophoran
Tetrahymena thermophiléEisenet al, 2006) have also been completed. Based on this,
BLAST searches with TbRAD51 and TbRAD51-3 were gerfed, then manually
checked for Walker A and B boxes, as well as Reké&-signatures. This was done by
BLASTing the NCBI database and identifying consdri@ecA domains and hits to
RecA/Rad51 (this was completed by McCulloch, 200%) observed hits are detailed in
Table 7-3. These data confirm that the Rad51 pgual® are highly variable in number

throughout the eukaryotic kingdom. However, it istaworthy that the Euglenozoa
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especially thelrypanosomdave a large number of RAD51 paralogues, since singte
celled eukaryotes have only 1-2 paralogues.

Table 7-3: RAD51 paralogue gene numbers found in &aryotic organisms.

The table shows the status of the genome projee fange of different eukaryotes. It indicatesphesence

(+) or absence (-) of RAD51, DMC1, as well as thenber of RAD51 paralogues and RecA-like genes. The
RecA-like proteins are thought to act in DNA repand HR of mitochondrial/chloroplast DNA (Cerugti

al., 1992; Hasegawat al, 2004). (* Further discussion see text; This talées provided by Dr Richard
McCulloch)

Taxon Organism Status of | paps1| pmct | RAPSL | Reca
genome projedt paralogue
Parabasala T. vaginalis 7X coverage + + 2 -
Diplomonadida | G. intestinalis 11X coverage - 2 - -
T. brucei Complete + + 4 -
T. vivax 5X coverage + + 4 -
T. congolense 1X coverage + + 4 -
Euglenozoa T. cruzi Complete + + 4 -
L. major Complete + + 3* -
L. braziliensis Complete + + 3* -
L. infantum Complete + + 3* -
C. parvum Complete + + 2 -
Apicomplexa T. anqulatum Complete + + 1 -
P. falciparum Complete + + 1 -
T. gondii 10X coverage + + 1 -
Ciliophora T. thermophila Complete + + 1 -
Viridiplantae 0. sati_va Complete + + 5 3
A. thaliana Complete + + 5 3
Entamoebidae | E. histolytica Complete + + 1 -
Mycetozoa D. discoideum Complete + - 5 1
Microsporidia E. cuniculi Complete + - 1 -
S. pombe Complete + + 4 -
Fungi S. cerevisiae Complete + + 2 -
U. maydis Complete + - 1 -
C. elegans Complete + - 1 -
D. melanogaster Complete + - 4 -
Metazoa -
H. sapiens Complete + + 5 -
G. gallus Complete + + 5 -

This analysis confirms previous studies and shdwasfour RAD51 paralogues are present
in the TrypanosomapecieqT. brucei, T. vivax, T. congolenaadT. cruz) and that three
RAD51 paralogues are found in theishmaniaspecies (. major, L. braziliensisandL.
infantum Table 7-3). This result has lead to a numberasisfble interpretations. The first
is that all four RAD51 paralogues arose in the koptastidae by gene duplication before
the evolutionary split between th&rypanosoma species andLeishmania and
undetermined differences in the biologylafishmaniaspecies meant that RAD51-5 was
no longer needed, whereas RAD51-5 remained impoitaiunction tothe Trypanosoma

species. The second is that RAD51-5 arose by hdudene duplication ifi. brucei, T.
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vivax, T. congolensand T. cruzi after the evolutionary split of the fodirypanosoma
species from_eishmania The third reason is that RAD51-5 was not ideadifin theL.
major genome because of very low sequence identity wRDHL, and a gene encoding a

RAD51-5-like protein is, in fact, present.

The completion of the genome sequence since th& wbrProudfoot & McCulloch
(2005a), and the sequencing of furthe@ishmaniaspecies genomes, means that this can
now be answered. As a result, we believe that itis¢ fiypothesis is correct, and that
Leishmaniahas lostRAD51-5.A Leishmania“RAD51-5like” gene was identified by
looking for orthologues of the surrounding gened obrucei RAD51-5Figure 7-2 shows

a genome synteny diagram of the two regions ardbhadyenomic location of. brucei
RAD51-5andthe predicted location df. major “RAD51-5. From Figure 7-2, it is clear
that the surrounding genes are highly conservewisigo32-68 % sequence identity. In
contrast, a putative gene containing some homag(d8y8 % identity) tol. brucei RAD51-
5is present, and is also conserved in the othelLeishmaniaspecieqL. braziliensis and

L. infantum Figure 7-3).

Hypothetical
Hypothetical conserved ppg3, possible
Cysteine conjugate beta-lyase, probable Map kinase, probable
B B> BB B
-4 -4 4 4.4 [ B P P
L. Mmajor B B —>b
Chr. 33 26395 bp P =

50.3] 31.7| 71.2 13.8|13.2 68.0
64.1| 46.4| 78.0 23.8| 19.3 78.8

>
>
» 4 p P =
Hypothetical

1110017C15Rik protein
GH10149p (Fragment)
Cysteine conjugate beta-lyase, predicted Hypothetical Map kinase, predicted

RADS51-5

T. brucei
Chr. X 21167 bp

Figure 7-2: Synteny diagram between the orthologuesf the surrounding genes off. brucei RAD51-5
and L. major hypothetical protein.

The sequence identities (large font) and simikesifismall font) are shown when the amino acid sezpseof
the surrounding proteins of T. brucei RAD51-5 weoenpared with thé. major hypothetical protein.
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It is very questionable that the gene in this lmeabf the Leishmaniachromosome is a
RAD51 paralogue. The only homology is within the Walk®rbox motif, and the
Leishmania‘RAD51-5?" proteins do not possess a recognisabdkéy A box, nor do
they have RecA-RAD51-like sequence homology inrdgion around the Walker A box
which is a characteristic of a RAD51 paralogue. ISig the dissimilarity in these
Leishmania“RAD51-5? genes, that none were identified as orthologuethe genome
annotations, in contrast to all surrounding geittegappears that at one time, a RecA-like
gene was present but has diverged to have othetidus; of course, this would need to be
tested experimentally. This appears compatible Wighsuggestion that the generation of
RADS51 paralogues in the Kinetoplastida was an ancieehigvand loss o0RAD51-5is

more recent.
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Figure 7-3: An alignment of T. brucei and T. cruz RAD51-5 with the predicted “RAD51-5"amino acid
sequence of.. major, L. brazliensis, and L. infantum.

Leishmaniaproteins were identified by looking for orthologue$ the surrounding genes df. brucei
RAD51-5 The alignment shows a comparison of the amind seguences of these genes @inbruceiand

T. cruzi RAD51-5This was performed using Clustal W. Residues wi80 % sequence identity are in black
and the conserved residues are in grey. The caetséialker A and B motifs, RecA- RAD51-like sequence
homology upstream of the Walker A motif (dashe@)iand structurally conserved residues (brown es)cl
of T. bruceiandT. cruziRAD51-5 are indicated.
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Phylogenetic studies on a large number of Rad9l-fjenes, including eubacterial,
eukaryotic and archaean RAD51 homologues, orth@®@nd paralogues, has suggested
that the Rad51/Dmcl1/RadA group and the Rad51 pguwelgroup were likely to have been
generated by gene duplication that predated thergience of archaea and eukaryotes (Lin
et al, 2006). In this scenario, one copy of the Rad51X¢DiRadA group is retained in most
species, reflecting its central function. Subsegugene duplication events are then
hypothesised to have occurred early in eukaryetitugion and generated six major Rad51
paralogues which are retained in animals and pld&asiB, Rad51C, XRCC3, Rad51B,
Rad51D, and XRCC2 (Liet al, 2006). It is postulated that the evolution ofsthenultiple
Rad51 paralogues in eukaryotes was driven by thessdy to maintain the fidelity of the
genome, increasing the ability to repair damagedADdwd allowing genetic diversity
without detriment to the cell. It maybe also be dase that the many Rad51 paralogues
have evolved to support the Rad51 filament andddtee function of the other paralogue
complexes. It also appears that this diversificatmccurred in the archaea, as the
eukaryotic RAD51 paralogues may have evolved frompe related to RadB (Liat al,
2006).

One difficulty with the work of Linet al. (2006) is that the phylogenetic analysis
concentrated on Rad51 paralogues in vertebrateplants excluding yeasDrosophila

C. eleganswhich the authors acknowledge show less cledmotmgy, but suggest have
abbreviated Rad51 paralogue number due to geneAogkylogenetic tree incorporating
sequences from these and protozoan organismswanshad-igure 7-4 and their accession
numbers are listed in Appendix 4, Table 15 andsEgence alignment in ClustalX; tree
drawn in Treeview; McCulloch, 2009). In this anadyshe close phylogenetic grouping of
RAD51, DMC1, RecA, RadA and RadB proteins is regdinbut the Rad51 paralogues
display much greater sequence diversity. Some @fattthology detailed by Liret al.
(2006) can be seen by the grouping of HsaRAD51@ WihRAD51C (purple asterisks in
Figure 7-4), and HsaXRCC3 with AthXRCC3 and pothtiSceRad57 (blue asterisks in
Figure 7-4). Some groups are much less clear,xamele it is not obvious from Figure 7-
4 that SceRad55 and AthXrcc2 are related to HsX(ced asterisks in Figure 7-4) as
stated by Linet al. (2006). Indeed, the level of likelihood of suchir@e being accurate
when grouping the Rad51 paralogue sequences islm&ryas the bootstrap values were

typically <50 % (not shown).
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Figure 7-4: A phylogenetic tree of the Rad51 relatéproteins.
Diagram comparing the amino acid sequences of #ubRrelated proteins from prokaryotic and eukacyot

species. Rad51, Dmcl, RecA, RadA and RadB growpsighly reproducible with bootstrap values of >90
% (data not shown) and these groups are highligbyelrackets. This Figure was provided by Dr Ridhar

McCulloch, 2009.
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In light of these phylogenetic studies, defining tirthology and potential functions of the
T. bruceiproteins, RAD51-3, RAD51-4, RAD51-5, and RAD51-6, problematic. It is
unclear if these proteins arose from a very anagente duplication. Therefore should these
genes be called RAD51-like genes instead of RAD&®hIpgues? Nonetheless, many of
these proteins have clear roles in HR and DNA repaid all of thel. bruceiproteins act

in these processes (see below). Indeed, similargiipges have also been described for the
mutants ofT. bruceiRAD51 paralogues when compared with the mammadamalogues
(discussed in Chapter 4; see below). Neverthelbgesamino acid sequences of the
brucei proteins appear to have the highly conserved Watkend Walker B motifs of
RAD51 (see Figure 7-1) which are found in othercggee of Rad51 paralogues therefore
defining them as RAD51 paralogues may be correanctonal characterisation is
required to determine the extent of the RAD51 paya¢ orthology, and thereby clarify the

evolutionary history of these genes.

7.3 Roles of the T. brucei RAD51 paralogues

7.3.1 DNA repair and homologous recombination in T.
brucei RAD51 paralogue mutants

The phenotypic analyses described for@s1-4 -/-andrad51-6 -/-mutant cell lines in
Chapter 3 indicates that RAD51-4 and RAD51-6 havel@in DNA repair and HR ifi.
brucei as both mutant cell lines exhibit increased $miityi to DNA damage, defects in
HR-driven integration of plasmid constructs anduct ability to produce RAD51 foci
(see below). This analysis in conjunction with poe¢ work on RAD51-3 and RAD51-5
(Proudfoot & McCulloch, 2005a) confirm that four RAL1 paralogues are presentTn
brucei. It also indicates that perhaps there are multiptbyways of HR irl. brucej where
RAD51 and the RAD51 paralogues play central roBzsifes & McCulloch, 2007; Bell &
McCulloch, 2003; Belket al, 2004; Conwayet al, 2002a; Conwat al, 2002b; Hartley
& McCulloch, 2008; McCulloctet al, 1997; McCulloch & Barry, 1999; Proudfoot, 2005;
Proudfoot & McCulloch, 2005b). Thi vitro growth rates, as measured by population
doubling rates ofad51-4 -/-andrad51-6 -/- mutantswere significantly different from
those of wildtype and heterozygote mutant celldin& similar growth defect was also
seen for thead51-3 -/-andrad51-5 -/-mutant cell lines (Chapter 4, Section 4.2; Proatifo
& McCulloch, 2005a). Although the cause of the eage in population doubling rate is
unknown, it is probably due to increased cell desithilar to that observed in the
mammalian Rad51 paralogue mutant cell lines (Takata, 2000; Takataet al, 2001).
Sensitivity to genotoxic agents was also signifittamcreased in thead51-4 -/- and
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rad51-6 -/-mutantcell lines, indicating that treatment with DNA dagireg agents is more
detrimental to the mutants compared with the wpdtyAgain, this finding is comparable
with phenotypes seen irad51-3 -/-andrad51-5 -/- mutants (Proudfoot & McCulloch,
2005a). It is notable, however, that tlael51-4 -/-mutant cell lines were less sensitive to
phleomycin compared with the other thrBAD51 paralogue mutants (see Chapter 4,
Section 4.3). The reason for this increased resistés unknown, but it may imply that the
role of RAD51-4 in the DNA repair pathway is notascial as the roles of other RAD51
paralogues. The transformation efficienciesrad51-4 -/-andrad51-6 -/- mutants were
each significantly reduced compared with the wipdtyand corresponding heterozygous
mutant cell lines, indicating that a lack of eitli®hD51-4 or RAD51-6 affects HR. These
phenotypes are again comparable with HR ratesa1-3 -/-andrad51-5 -/- mutants
(Proudfoot & McCulloch, 2005a).

This analysis completes the work started by PraatdfoMcCulloch (2005a), and suggests
that all four RAD51 paralogue mutants have comparatively equivalenhqiypes, with
two interesting exceptions. Firstly, the numberRAD51 foci formed in response to
phleomycin. The resistance to phleomycin ofrd@b1-4 -/-mutants compared to the other
RAD51 paralogue mutants appears to be comparable witD5Afoci formation in
response to DNA-damage by phleomycin (Chapter 8ti&e 3.4.4; Chapter 4, Section
4.5). Secondly, VSG switching frequency of tfel51-5 -/- mutant cell line was not
significantly different from the wildtype and®RAD51-5 +/- cell lines (Proudfoot &
McCulloch, 2005a).

7.3.2 RADS5S1 foci formation in T. brucei RAD51 paralogue
mutants

In mammalian cells, it has been observed thatspaese to DNA damage, the percentage
of cells with detectable Rad51 foci increases ime- and dose- dependent manner (Haaf
et al, 1995; Raderschakt al, 1999). It was confirmed that the Rad51 relocttisa
occurred at the site of DNA damage and was assatiaith the ssDNA that could result
from a strand break (Raderschall al, 1999; Tashiroet al, 2000). It has also been
observed that Rad51 relocalises on the chromosafeiotic cells (Haakt al, 1995;
Plug et al, 1996; Scullyet al, 1997).T. bruceiRAD51 relocalisation to distinct sub-
nuclear foci in response to DNA damage is also mesk(Gloveret al, 2008; Hartley &
McCulloch, 2008; Proudfoot & McCulloch, 2005a). Beestudies confirm that Rad51
participates in nuclear processes which controbrrimsomal recombination and genome

integrity.
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RADS51 relocalisation into foci occurs at a redudedel in the fourT. brucei RAD51
paralogue mutants compared with the wildtype (Géragt Section 4.5). This was also
found to be the case imd51 paralogue mutant chicken DT40 cell lines (Taketaal,
2000; Takataet al, 2001). It is possible that this residual RAD5Zkdlisation in the
individual RAD51 paralogue mutants is catalysedother factors. One possibility is that
other RAD51 paralogues might act, though this nmhestinterpreted in the context of
whether the other proteins’ expression is comprechia such mutants, and whether or not
they act in stable complexes (see below). Altewedy different proteins may be involved;
one strong candidate is BRCABrca2 -/- mutant cell lines were also shown to have a
reduced capability for RAD51 foci formation, sugieg that BRCAZ2 also has a function
in RAD51 relocalisation (Hartley & McCulloch, 20083 is unclear, however, if this is a
complementary or distinct role. It has also beeggssted that residual RAD51 foci
formation may be due to a higher number of spoiasidSBs in the mutants’ genomes
compared with wildtype cells. Repair of such spoatas breaks may occur by RAD51
foci formation independent of the RAD51 paraloguéether the RAD51 paralogues
protect against gross chromosomal rearrangemertigative of spontaneous breaks, has
not been analysed. Spontaneous chromosomal abegdtave been describedTlinbrucei
brca2 -/-and chickenrad51 paralogue mutant cell lines, and could suppoi theory
(Hartley & McCulloch, 2008; Takatet al, 2001).

A small number (approximately 1-3 %) of non-treafedbrucei wildtype andRAD51
paralogue mutant cells contain observable RAD5I, fdwugh the reason for this is
unknown (data not shown; Hartley & McCulloch, 2088pudfoot & McCulloch, 2005).
These foci may be indicative of endogenous DNA dgen@pair sites, stalled replication
forks or they may represent RAD51 storage sitesi5Rdoci have also been detected in
around 9-13 % of non-irradiated irsgr¢c2 mutant) and irs1SFxfcc3 mutant) hamster
cells and a comparable portion of non-irradiatettityppe hamster cells (Tarsounesal,
2004a). These authors suggest that the requirefoietite mammalian Rad51 paralogues,
XRCC2 and XRCC3, is by-passed when the Rad51 foeiassociated with S-phase
replication (Tarsounast al, 2004a). However, such a cell cycle stage spégifias not

yet been examined ih. bruceimutant cell lines.

Surprisingly, rad51-4 -/- mutant cell lines were more resistant to one DN#ndging
agent, phleomycin, compared withd51 -/-and the otheRAD51paralogue mutants. This
result may indicate that RAD51-4 has a less importale in the DNA repair pathway
than the other proteins. One possibly, for instarscthat RAD51-4 acts as a non-essential
co-factor for the other RAD51 paralogues, such @wiging stabilisation of RAD51-3
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(discussed in Section 7.4 below). This reducedgrhigin sensitivity is mirrored in the
finding that therad51-4 -/- mutants show an increased ability to undergo RAD51
relocalisation to foci when the cells were treateth 1.0 ug.mI* phleomycin compared
with the otherRAD51paralogue mutant cell lines (treated with the saommcentration of
drug). When each mutant cell line was treated Withug.mI* phleomycin for 18 hours,
72.7 % of wildtype cells had observable RAD51 facmpared with 11 % obd51-3 -/5

17 % ofrad51-5 -/; and 15.3 % ofad51-6 -/; while in contrast, 52.7 % ofad51-4 -/-
mutant cells had observable foci. To ensure thesetresults were not due to a lack of
RAD51 expression in thRAD51 paralogue mutants, western blot analysis showatl th
each of theRAD51 paralogue mutant cell lines were expressing RAREE Chapter 4,
Section 4.5), confirming that the reduction of RADfbci was due to a defect in the
mutant cells ability to relocalise the protein.whas also shown thatad51-/- mutants
treated with phleomycin unsurprisingiyd not produce any RAD51 foci, because RAD51

is absent in these cells.

7.3.3 VSG switching observed in the RAD51 paralogue
mutants

Therad51 and RAD51paralogue homozygous mutants were all generatéuein. brucei
strain 3174.2, which allowed the VSG switching fregcies and mechanisms to be
analysed (McCulloctet al, 1997; McCulloch & Barry, 1999). Previously, it svéound
that, despite RAD51-3 and RAD51-5 having very samiloles in DNA repair, HR and
RADS51 localisation, only thead51-3 -/- mutant cells were defective in VSG switching
(Proudfoot & McCulloch, 2005). This indicated thaimilar to RAD51, RAD51-3
contributes toT. bruceiantigenic variation, during which HR is critical g@ulloch &
Barry, 1999; McCulloch & Barry, 1999). To furthexamine the role of the RAD51
paralogues ifT. bruceiantigenic variation, VSG switching frequencies loé tad51-4 -/-

andrad51-6 -/-mutant cell lines were quantified.

Therad51-4 -/-mutant cells (X-/-, Y-/-) had VSG switching frequees of 4.06 (+/- 1.57)
and 5.64 (+/- 1.8) switched variants pef &6lls per generation, respectively. Tae51-6

-/- mutant cells (X-/-, Y-/-) had VSG switching frequeees of 2.7 (+/- 1.5) and 4.9 (+/-
3.2) switched variants per 1Gells per generation, respectively. The averagesVS
switching frequency of thRAD51-4andRAD51-6heterozygote mutant cell lines was 12.6
switched variants per 16ells per generation, which was ~50 % higher thidtype cells,
which had a frequency of 8.36 switched variants]fércells per generation (See Chapter

3, Section 3.4.6 and Section 3.7.5). The reasothfsrapparent increase in VSG switching
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frequency of the heterozygote mutants compared wieh wildtype cells is unknown.
However, the VSG switching frequency of the wildtygtrain 3174.2 has been shown by
others to range from ~2-14 switched variants perchlls per generation in different
experiments (Conwagt al, 2002a; Hartley & McCulloch, 2008; McCulloat al, 1997;
McCulloch & Barry, 1999; Proudfoot & McCulloch, 2B8; Proudfoot & McCulloch,
2005b). The differences of the VSG switching fretpyeobserved between the wildtype
and heterozygote cell lines may therefore reflbet tconsiderable variation in the VSG
switching process, or in this assay. Irrespectivihig, the analysis showed that ttael51-

4 -/- andrad51-6 -/-mutants had an impaired ability to undergo VSG dhiitg, as the
frequencies with which switching variants arose time homozygous cells were
significantly lower than that of the heterozygoed tnes from which they were derived.

Compiling all of the available VSG switching datangrated by this assay suggests that
each of theRAD51paralogue mutants have, to some extent, an intpalvéity to undergo
antigenic variation compared with wildtype cellss #éhe average VSG switching
frequencies for wildtype was 7.18 (+/- 1.38d51 -/-was 0.44 (+/- 0.33)yad51-3 -/-was
1.07 (+/-0.69)rad51-4 -/-was 4.85 (+/- 1.55yad51-5 -/-was 4.47 (+/-3.17) anchd51-6

-/- was 3.79 (+/-2.05) switched variants pef &6lls per generation (Chapter 4, Section
4.6). These data suggest thati51 -/-andrad51-3 -/-mutants have a lower mean VSG
switching frequency compared with the three ofRRAD51homozygous mutantsad51-4

-/-, rad51-5 -/-andrad51-6 -/3, implying that RAD51 and RAD51-3 are central t&&
switching while the other paralogues may have eelgondary roles. For RAD51-5, it was
concluded that it does not have a role in VSG switg (Proudfoot & McCulloch, 2005a).
Similarly to RAD51-5, MRE11 was shown not to aff43G switching, even though it has
clear roles in DNA repair and HR (Bell & McCullocBQ03). The authors suggested that
MRE11 and RAD51-5 may act in early or later stagielR, which may be circumvented
in the VSG switching event, although we still haeinsight into the mechanism.

Hartley & McCulloch (2008) also suggested that gahdNA repair and HR have
different requirements to the. bruceiantigenic variation pathway during their study on
the BRCA2gene. The human ortholog ©f brucei’'sBRCA2 was shown to interact with
Rad51 via non-identical BRC repeats (ebal, 2003; Pellegriniet al, 2002).T. brucei
BRCAZ2 has an unusually large set of BRC repeats compattd other eukaryotes,
containing 14 identical BRC repeats and one nontidal, C terminal repeat (Hartley &
McCulloch, 2008). Phenotypic analyses showed Thdirucei brca2 -/mutant cell lines
are defective in DNA repair, HR and antigenic viaoia (Hartley & McCulloch, 2008). A
truncated BRCA2 was generatedTinbruceicells by deleting the 14 identical repeats but
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retained the divergent BRC repeat (Hartley & McGcii, 2008). The cell line expressing
this truncated BRCA2 polypeptide was impaired in Akepair, HR and RAD51 foci
formation (Hartley & McCulloch, 2008). However, e defects in the repair pathways
were not reflected in the VSG switching rate (Hgrt& McCulloch, 2008), which was
comparable to the wildtype. These data imply thatdne non-identical BRC repeat alone
is unable to act with RAD51 in the DNA repair patdys of T. brucej and an undefined
number of distinct BRC repeats are needed for lg fuhctional BRCA2. On the other
hand, loss of the 14 identical BRC repeats inBRECA2truncated cell line did not affect
VSG switching (Hartley & McCulloch, 2008), implyinthat the interaction between
RAD51 and the BRC repeats of BRCAZ2 is not requfoedantigenic variation. Abrca2 -

/- mutant cells are defective in VSG switching, BRGAIe in antigenic variation may
be independent of RAD51 interaction. Alternativalye HR pathway directed by RAD51
for VSG switching is distinct in its requirementsngpared with those for general repair.

For example, the length of sequence homology neetgltt be quite different.

Taken as a whole, these data suggest that VSGhemgtcs mediated by a number of the
bruceiDNA repair proteins, including full length BRCA2 AR51 and at least some of the
RAD51 paralogues, (RAD51-3, RAD51-4, RAD51-6; Primad & McCulloch, 2005a; see
Chapter 4, Section 4.6), although it is unclear hmemtral the role for RAD51-4 and
RAD51-6 are in the process. In contrast, othergunstthat act in HR and DNA repair,
such as RAD51-5 and MRE11, either do not haveairoantigenic variation or contribute
indirectly meaning that no affect on VSG switchoapn be detected by the available assay
(Bell & McCulloch, 2003; Proudfoot & McCulloch, 268). Nonetheless, it appears that
brucei utilises multiple pathways of HR and it remainshb® seen how many of these
HR/DNA repair reactions contribute to VSG switchif@pnwayet al, 2002b; McCulloch

& Barry, 1999). As yet, all of the factors involvadeach pathway are unknown.

7.4 Interactions between the RAD51 paralogues

Results of the phenotypic analyses of each ofdbeT. bruceiRAD51paralogue mutants
are highly similar with the two exceptions of lesnsitivity to phleomycin imad51-4 -/-
and a putative role for RAD51-3 in VSG switchincghi§ may suggest either that these
paralogues are involved at separate steps in a &Rwpy, or are part of a protein
complex, or complexes, involved in the pathway.r€he@e many lines of evidence in other
eukaryotes to support the hypothesis that the RpdEdlogues act as part of multi-protein
complexes. Studies with th®. cerevisiaecRad55 and Rad57 paralogues confirmed that

both contribute as a complex to the formation & Rad51 nucleoprotein filament in the
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DNA repair pathway (see Figure 1-13). For examgldhas been shown that the two
paralogues interact with one another, and that Radferacts with Rad51 (Hayst al,
1995). Another study showed that the Rad55-Rad3@rddimer functions with RPA
(DNA binding protein) to promote Rad51 pairing sD8IA in the early step of strand
exchange (Sung, 1997). Finally, the sensitivityrafi55 or rad57 mutants to ionizing
radiation was partially suppressed by the overesgioea of RAD51 (Johnson &
Symington, 1995). Double mutants raid55 andrad57 show similar and often equivalent
phenotypes to that of the singbed55 or rad57 mutants, indicating an epistatic relationship

between the two genes (Johnson & Symington, 1995).

Studies with the five mammalian Rad51 paraloguedirco formation of multi-protein
complexes, some involving Rad51, but here theseap have roles in many steps of the
Rad51-dependent DNA repair pathway. Two main studigggested that the mammalian
Rad51 paralogues form two distinct complexes, RBdR3&d51C-Rad51D-XRCC2
(BCDX2) and Rad51C-XRCC3 (CX3; see Figure 1-14)thwthe transient binding of
Rad51 (Liuet al, 2002b; Massomt al, 2001b). Biochemical analyses of purified protein
complexes have shown that both BCDX2 and CX3 coxasldind to ssDNA and cause
DNA aggregation (Massoet al, 2001a; Massost al, 2001b). As a result it was proposed
that the two complexes have similar roles to tiaheS. cerevisiadeterodimer complex
Rad55/Rad57, acting in the early stages of stragtiange through their ssDNA-binding
properties (Massonet al, 200la; Massonet al, 2001b), perhaps stabilising the
nucleoprotein filament. Interestingly, the competiteffect of RPA against Rad51 binding
to ssDNA was shown to be alleviated by the Rad5885R C sub-complex (Sigurdssen
al., 2001), and this complex was also shown to intenseakly with Rad51 (Lioet al,
2003). The BCDX2 complex also binds to nicked dyddNA, which perhaps implies a
role in the repair of DNA (Massoet al, 2001b). Analysis of purified Rad51D showed the
protein has DNA binding and ATP-hydrolytic propesti(Braybrookeet al, 2000), and
further studies indicated that Rad51D is associaiddtelomeres independent of the other
two complex proteins, XRCC2 and Rad51C (Tarsouwtasl, 2004b). From this it was
proposed that Rad51D has telomere protective #esyiperhaps preventing telomeric
attrition and fusion (Tarsounag al, 2004b). Finally, it has been proposed that Hallid
junction resolvase activity is associated with %3 complex and that Rad51C is
localised as foci in the late stages of meiotionekination, during prophase I: pachytene
and diplotene, in mouse spermatocytes @tiwl, 2007). This localisation is distinct from
the Rad51 localisation, which is mainly observedoasin the early stages of prophase I:
leptotene and zygotene (Let al, 2007). This finding, which suggests a post-syicapie

for CX3, appears to contradict the study of Taketaal. (2001), where Rad51 foci
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formation was shown to be affected tag51C andxrcc3 mutation which would imply a
function at the early step of HR. However, Eual.(2007) noted their data cannot rule out
the possibility of CX3 having dual roles in the lgaaind late stages of HR, or possibly

having distinct functions in mitotic and meioticoebination.

In summary, despite the lack of clarity in the mecroles for the yeast and mammalian
RAD51 paralogues in HR, there is considerable engdefor stable complexes and in
mammals, potentially multiple distinct complexekisTproject sought to ascertain whether
this was also true if. brucej which is highly diverged from yeast and mammhike the
yeast and mammalian Rad51 paralogudesbruceiparalogue self-interactions were not
observed by yeast-two hybrid analysis. In contfBshruceiRAD51 was found to interact
with itself. It seems likely that this is consigstewith functional and bioinformatic
prediction. RAD51 (and DMC1) act through the forroatof a nucleoprotein filament,
mediated by a polymerisation motif (Shet al, 2003). This motif is not recognisable in
any T. bruceiRAD51 paralogues, and has not been noted in aapRparalogues from
other organisms. It appears, therefore, that thal@gues interact in discrete complexes.
The study of thel. bruceiRAD51 paralogues indicated that the proteins deraut with
one another: RAD51-3 and RAD51-4 interaction wasfiomed by the yeast two-hybrid
system, while RAD51-3 and RAD51-6 were also showannteract, though somewhat
more weakly than RAD51-3 and RAD51-4. It should rimed, that the strength of the
observed interaction in the yeast two-hybrid systeay not relate to true physiological
and biochemical interaction. The relative stabilitfy the interactionsn vitro does not
always correlate with their stabiliip vivo. For example, the yeast two-hybrid interaction
between Rad55 and Rad51 is slightly stronger thahdf Rad55 and Rad57 (Hagsal,
1995; Johnson & Symington, 1995). However, expemisie such as co-
immunoprecipitation suggest the opposite ocdnrsivo, with a very stable interaction
between Rad55 and Rad57 (Sung, 1997). Nevertheles#teraction between RAD51-3
and RAD51-4 was confirmed by co-immunoprecipitatioom T. bruceicell extracts.
Yeast two-hybrid analysis could not be carried wsihg RAD51-4 as the bait protein due
to auto-induction by RAD51-4. As mentioned abovA[®1-3 and RAD51-6 were shown
to interact, although the opposite was not the cas@ no interaction was observed
between LexA-RAD51-6 and V5-NLS-B42-RAD51-3. It mde the case that this
interaction is direction dependent in yeast twofit/lanalysis. There was no observable
interaction between RAD51-5 and any other RAD5lajmgue in yeast two-hybrid
analysis. The lack of specificity of the anti-RAD51and anti-RAD51-6 anti-sera and
preliminary PTP tagging purification of these pmgedid not yield any information.
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Interestingly, analysis of protein expression levehowed that ifT. brucei rad51-3 -/-
mutants, RAD51-4 was undetectable. In contrast, BAB was readily detectable in
rad51-4 -/- protein extracts. This appears to suggest thatsthbility of RAD51-4 is
dependent on the presence of RAD51-3, but notaherse. A similar finding was shown
in human cell lines: when Rad51C was depleted ihaHeells by RNA interference, the
level of XRCC3 protein was reduced, suggesting XRECC3 is dependent on Rad51C for
its stability (Lioet al, 2004). In contrast, other known interactors ofi&ReC, (XRCC2 and
Rad51D), were not affected in the Rad51C depletdld ¢(Lio et al, 2004). Both Rad51B
and Rad51 protein levels appeared to partly reétuceay two following transfection with
Rad51C siRNA, but recovered thereafter the 48 h@lioset al, 2004). The explanation
for these findings appears to lie in the existeoicetable protein-protein interaction, and
presumably in the absence of a binding partner,rémeaining protein is targeted for
destruction, either because it folds incorrectlysotrafficked aberrantly (Lehninget al,
1993). If we assume that the mammalian dndruceiRAD51 paralogues have similar
functions, we could postulate thd@t brucei RAD51-3 and mammalian Rad51C have
equivalent roles, stabilising RAD51-4 and XRCC3spectively. In this context, it is
interesting to note thatd51-3 -/-mutant cell lines produced less DNA damage-induced
RAD51 foci thanrad51-4 -/- mutant cell lines (discussed above, Section 7.3%o,
rad51-3 -/- mutant cell lines have greater defects in HR argiGVswitching, perhaps
indicating thatrad51-3 -/-mutant cells are more compromised thanrdub1-4 -/-mutant
cells (see Chapter 4). These differences in pheeatyay simply be the result &d51-3 -

/- mutant cell lines also lacking functional RAD51ahd potentially the other paralogues).
One way of improving the understanding of the epistrelationship of the two proteins
would be to generat@d51-3 -/- rad51-4 -/double mutants and compare the phenotype to
the single mutants. If growth rate, HR, DNA damagasitivity of the double mutants are
comparable to those observed in the simg#s1-3 -/-mutant, it would demonstrate that
RAD51-3 is epistatic to RAD51-4. As discussed aboad51-3 -/-mutants produced less
phleomycin induced RAD51 foci compared with tte&l51-4 -/- mutants: 11 % of the
rad51-3 -/-mutant cells were RAD51 foci positive comparedwéR.7 % of thead51-4 -

/- mutant cells (Chapter 4, Section 4.5). If we plaseuthatT. bruceiRAD51-3/RAD51-4
and mammalian Rad51C/XRCC3 have equivalent rolgsectively, it is striking that the
pattern of RAD51 foci observed for tAe brucei RAD51paralogue mutants is similar to
that of the mammalian mutant cells. After 8 houfrggamma radiation, 8 % of chicken
DT40rad51cmutant cells had Rad51 foci, whereas approximatelble that number (16
%) had Rad51 foci in thercc3 mutants (Takatat al, 2001). These data are consistent

with the hypothesis thatad51c mutant cells are somewhat more compromised than th
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xrcc3 mutants (Takatat al, 2001), and therefore Rad51C has a more fundahretgan
DNA repair and HR.

There is strong evidence that RAD51-3 and RAD5htdract (described as 3-4), and that
RAD51-3 and RAD51-6 interact (described as 3-6§ (Bgure 7-5). In contrast, we have
no evidence, at least to date, that RAD51-5 interagth the other paralogues. On the
basis of these data, three possible models foractien between th&. bruceiRAD51
paralogues can be proposed. One is that 3-4 anohtg@ctions form a component within
a multi-protein complex (see Figure 7-5A). This Icbeither be a linear complex with
RAD51-3 at the centre or a more circular comple4-& were found to interact. The other
model is that 3-4 and 3-6 are two distinct heteramdic complexes, independent of one
another, perhaps similar to the mammalian BCDX2@KX8 sub-complexes (see Figure 7-
5B). It is also possible that both these modelscareect (Figure 7-5), and the formation of
a larger multiprotein complex can occur containk@-6, while the two smaller sub-
complexes 3-4, 3-6 can form and function indepetigeAs discussed above, mammalian
Rad51C was also found to be part of a larger nputitein group (BCDX2), eventhough
Rad51C interacts in two functional sub-complexesid®B-Rad51C was shown to
overcome the inhibitory affect of RPA and XRCC3-Ba@ was found to have resolvase
activity. Although it is easy to see why multiplendividual interactions occur
simultaneously, the true function of this large @bem of mammalian Rad51 paralogues
(BCDX2) is unknown. The main and most plausiblesogafor the complex function is
stability, as the complex was solulite vitro while individual proteins were insoluble
(Massonet al, 2001b).in vitro assays have shown that BCDX2 binds to ssDNA, h&8 A
hydrolysis activity and stimulates Rad51 bindingDNA, but as yet the function of this

multi-protein complexn vivo has not been determined.

Irrespective of which model is true for these thiieebrucei RAD51 paralogues, the
interaction, if any, between them and RAD51 and BAI is still unclear. It may be the
case that RAD51 interaction is transient as obskemné. cerevisiadSung, 1997) and in
mammalian cells (Sigurdssat al, 2001). It is also plausible that any interactieith
Rad51 is DNA damage mediated, and to date no erpats have tested this. Yeast two-
hybrid analysis failed to find evidence that RAD®linteracts with any of the other
RAD51 paralogues, whereas there is a clear ingicahat the protein has a role in DNA
repair, RAD51 foci formation and HR (Proudfoot & Muglloch, 2005a), confirming its
definition as a RAD51 paralogue. It is intriguingat RAD51-5 was not identified in
Leishmania indicating perhaps that RAD51-5 has a specialisgel in T. bruceiand T.
cruzi, which is not required in the closely related paea
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Figure 7-5: Models of theT. brucei RAD51 paralogue interactions.

Two models for interaction of the foir. bruceiRAD51 paralogues, RAD51-3 (3), RAD51-4 (4), RAD51-5
(5), and RAD51-6 (6) predicted from the interactianalyses datarigure 7-5A: shows a multi-protein
complex formed by RAD51-3, RAD51-4 and RAD51Fégure 7-5B: shows two sub-complexes formed by
all theT. bruceiRAD51 paralogues. It has not been elucidated yetre&'RAD51 (51) fits into this model.



Rachel Dobson, 2009 Chapter 7, 254
7.5 Future goals

The results described in this thesis confirm thpadtlyesis thafl. bruceipossesses four

RAD51 paralogues, and shows that each have rolibg iR and DNA repair pathways of
the parasite. However, their precise roles in tipegbways are still unknown. Analysis of
cell cycle changes imad51 -/- and theRAD51 paralogue homozygous mutants would
determine if the slow growth phenotype is due toed cycle defect. Also analysis of

cloning survival of thead51 -/- and theRAD51 paralogue homozygous mutants would
determine if slow growth was due to cell death.

Biochemical analyses of individual, purified RADparalogues, as well complexes of two
or three paralogues, will lead the way to a bettederstanding of the function of the
proteins in theT. bruceiHR pathway. Understanding their function in thehpaty may
also help to define the paralogues of other systéthglogenetic analysis of this set of
proteins has proved difficult, and assigning onlgyl with other eukaryotes appears to be
impossible due to the sequence divergence. Biodamanalyses such as DNA binding
properties, HJ resolvase activity and DNA strandheaxige ability, would help define the

proteins in relation to the mammalian paralogues.

Analysis of the RAD51 paralogue interactions hdisdenumber of unanswered questions.
As discussed above, it is still unknown whetheséhproteins act in one large complex or
multiple smaller complexes. Yeast two-hybrid anslyf RAD51-5 and RAD51-6 did not
show interaction with any other RAD51 paraloguesdlthe purified anti-RAD51-5 and
anti-RAD51-6 anti-sera did not bind specificallyttee RAD51-5 and RAD51-6 proteins.
As a result attempts to purify the PTP-tagged RAB5And RAD51-6 were performed.
Future experiments such as tagging the endogenAl3bR and RAD51 paralogues in
procyclic cell lines may yield more conclusive esuPTP tagging has been perfected in
these cells. Using procyclic cells will also prawid large amount of extracted protein to
improve success of the assay. As a result, thisaldw mass spectrometry analysis of the
precipitated proteins and will provide a comprelvmsrepresentation of what is
interactingin vivo. Also tagging RAD51-4 and RAD51-6 with differeags such as HA or
Myc tag would enable sub-cellular localisation loége proteins in the presence of DNA-

damage.

One interesting finding, the co-stabilisation of B31-3 and RAD51-4, requires further
study and confirmation. Analysing the presence ADR1-4 by western blot in the re-
expressor of RAD51-3 in thead51-3-/- mutant will confirm co-stabilisation of the two
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proteins. Also analysing the presence of RAD51-thmre-expressor of RAD51-4 in the
rad51-4 -/- mutant will also confirm co-stabilisation. Epmtic analysis of not only these
two genes but also RAD51 and the other RAD51 pgreds, would indicate whether or
not they act on the same or multiple pathways. DoWnockout analysis, as well as
overexpression studies, would lead to a better ngtaleding of their interactions and

functions within the cell.
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Appendices

Appendix 1: RAD51-4 ORF

DNA sequence (in black) and translated amino aeglience (in blue) for RAD51-4. The

positions of the primer binding sites are markea@pured arrows.
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REX For
Start ORF For

DNA sequence (in black) and translated amino aeglisnce (in blue) for RAD51-4. The

positions of the primer binding sites are markedabipured arrows.

Appendix 2: RAD51-6 ORF

<88
-89

IF
53
>538
0§

<

236
-88

<F

> 88

z&g
—

QO

“3B

=B

Q0

“53
088

<

> 88
53

<G8

49

E <

236
<88

<§8
»88

e
>55
58
E <

56
gk

o5
= <

>
g

>3k
53
OF8)

“53

<88

97

145
193

°F 5
g
<=

-55
<58

435
€5
wE

T
E <

236
-3b

S
00
L
T
[ONU)
zZIF
T
[ON®)
o3k
[ON®)
F
T

E <

236

°§8

241

Start ORF Rev

0B 3

<+

x 88

<+

88
<58
<58
°B8

030

<
QO

2 =
—

w36
w53

<
< =

55
>3k
w3

FZ
00
B3
E <

T3k

Rmm_

289

F

F
C TTC TTC

H

\%

GIT
TT CAA GIG AAG AAG

K
AAA

T

R
CGCG
GCC

N
AAC

TTG

)
GA

T

A
T

p
CCA
ce])

Q
G
C

L
TG CA
AAC GT

T

A P
GCA CCT
CGI GGA

L
CTG
GAC

G
G GGG
C CccC

E

GA
o)

337
385
433

030

<

~ 8
-89

<+

°§8
<88

53
OFS)

“563

=H3
°35
>58

(ON®)

563
030

<

088

<

°§8

-3b

<+

~ 88

481



260

G A L E G G

G

GGTI GGT GCT CTT GAA GBC GGG T
CCA CCA CGA GAA CTT CCG ccC

AT
AAT GCC ACG
TTA CGG TGC

N

529

L
A TTA
T AAT

577

<58

E <
>
g

(ON®)

63

<58

0B 3

<
Qo

>3k
>3k
x 88

<+

<58
>53
88

<

o3k
(ONV)]
(W
[
< =

-+
[

088
QO

o356

625

673

721

8
53
=35
S@Mw

<+

<88
~58
>53
°§8

o8B
053
(ONG)

“B3d
g
E <
<

53
<G8
<88

769

817

5§
<58

.ge
T
00
T
-53
wg g
>58
88
-5E

053

<

=8
>3
=B
Smuwmw

<

<G8
<88

865

913

961

>53
>58
(ON®)

63

38

-5

<+
E <

2 =
[

88

< =
-+
[

053

= <
ST
[ONU)]

(W
[

<G8

0B 3

< -
053
(ONG)

63
-388

<+

1009

End ORF For

kifs
QO

H36

88
Smwmuw

<

053

<

°88
°B8
<58

>53
>55
E <

236

<88
=

<k
08
255

<=

B3

1057

L

S

Vv

G
GIG GGG AGTI TTG
AGA CAC CCC TCA AAC

S
TCT

A
GCA
caGr

T V
CC GTA
GG CAT

A
T

T
CT
GA

S
TCC A

T

N R W E
C CGTI TGG GAA A
TTG GCA ACC CTT TAA AGG T

M
ATG
TAC

1105



261

L

TTG AAG
AAC TTC

1153

1201

=38
»88

<

<88

QO

<88
- 88

<+
E <

>3k
~ 88
=35
=38

(ON®)
63
z&g

[

<k

63

=53

(ONU)

63

1297

C

A
CCC GCA TAT TGC
GIT GGG CGT ATA ACG

Y

P

T I I
C ACG ATA ATA
G TGC TAT TAT

R Q F
CCG CAA TT
GCC GIT

1345

|

L

Y
TCT TAT TTG A
AGA ATA AAC T

S

1393

End ORF Rev

REX Rev



262

Appendix 3: Student’s t-tests for the phenotypic an alysis of the rad51-4 -/-

and rad51-6-/- mutants

Chapter 3 describes the phenotypic analysis ofdadbl-4-/-andrad51-6 -/-mutants. To
analysis the phenotype growth doubling times, dlenavival and IC50 values for DNA-
damaging agents, transformation frequencies, anfityatp form RAD51 foci were
calculated. The means were calculated from threéependent experiments for each assay.
Unpaired, two-tailed Studentistests were carried out to compare the mean restikhd

the assays. These were done for the cell linesisigeach other to determine if there was a
significant difference. A significant differencettbxeen the results is shown byp&alue of

p < 0.05. Not significantly different results are shoas “-“. NA is not applicable. ND is
not determinable. Each cell line is described: type strain 3174.2 (wt), two independent
RAD51-4/6heterozygous mutants (X+/-, Y+/fgd51-4/6homozygous mutants (X-/-, Y-/-

) and re-expressor cell lines (X-/-/+, Y-/-/+)

1. Statistical analysis of the doubling time 0RAD51-4 mutants.

wit X+/- Y+/- X-/- Y-/- X-1-1+ Y-/-1+
wit NA - - 0.0041 | 0.0012 -
X+/- NA - 0.0063 | 0.0028 -
Y+/- - NA 0.0124 | 0.0057 -
X-/- 0.0041 | 0.0063 | 0.0124 NA - 0.0018 | 0.0016
Y-/- 0.0012 | 0.0028 | 0.0057 - NA 0.0005 | 0.0004
X-1-1+ - - 0.0018 | 0.0005 NA
Y-/I-[+ - - 0.0016 | 0.0004 - NA
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Statistical analysis of the clonal survival oRAD51-4 mutants when treated with increasing

concentrations of MMS (0.0001%, 0.0002%, 0.0003%,@004%).

0.0001 wt X+/- Y+- X-I- Y-I- XA+ | Y-l-l+
wt NA - - - - - -
X+/- - NA - - - - -
Y+- - - NA - - - -
X-/- - - - NA - - -
Y-/- - - - - NA - -
X-/-I+ - - - - - NA -
Y-I-1+ - - - - - - NA
0.0002 wt X+/- Y+- X-I- Y-I- XA+ | Y-+
wt NA - - 0.0241 | 0.0097 - -
X+/- - NA - 0.0322 | 0.0130 - -
Y+- - - NA 0.0003 | 0.0000 | 0.0298 -
X-/- | 0.0241 | 0.0322 | 0.0003 NA - 0.0027 | 0.0131
Y-/~ | 0.0097 | 0.0130 | 0.0000 - NA 0.0004 | 0.0063
X-/-I+ - - 0.0298 | 0.0027 | 0.0004 NA -
Y-I-1+ - - - 0.0131 | 0.0063 - NA
0.0003 wt X+- Y- X-I- Y-I- Xel-1+ | Y-I-I+
wt NA - - 0.0349 | 0.0420 - -
X+/- - NA - 0.0104 | 0.0256 - -
Y+- - - NA 0.0119 | 0.0164 - -
X-/- | 0.0349 | 0.0104 | 0.0119 NA - 0.0005 | 0.0001
Y-~ | 0.0420 | 0.0256 | 0.0164 - NA 0.0062 | 0.0170
X--1+ - - - 0.0005 | 0.0062 NA -
Y-/-I+ - - - 0.0001 | 0.0170 - NA
0.0004 wt X+/- Y+/- X-/- Y-/- Xef-l+ | Y-l-l+
wt NA - - 0.0165 | 0.0165 | 0.0493 -
X-+- - NA - 0.0342 | 0.0342 - -
Y+- - - NA 0.0031 | 0.0031 - -
X+- | 0.0165 | 0.0342 | 0.0031 NA ND 0.0096 | 0.0096
Y- | 0.0165 | 0.0342 | 0.0031 ND NA 0.0096 | 0.0096
X-/-1+ | 0.0493 - - 0.0096 | 0.0096 NA -
Y-I-1+ - - - 0.0096 | 0.0096 - NA
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3. Statistical analysis of the clonal survival oRAD51-4 mutants when treated with increasing

concentrations of phleomycin (0.02mg.ml™, 0.05pg, .mI* 0.075pg.ml™, 0.1pg.ml™).

0.1 wt X+/- Y+/- X-/- Y-/-
wt NA - - - -
X+/- - NA - - -
Y+/- - - NA - -
X-/- - - - NA ND
Y-/- - - - ND NA
0.025 wt X+/- Y+/- X-/- Y-/-
wt NA - - 0.0412 | 0.0306
X+/- - NA - 0.0285 | 0.0219
Y+/- - - NA 0.0347 | 0.0262
X-I- 0.0412 | 0.0285 | 0.0347 NA -
Y-/- 0.0306 | 0.0219 | 0.0262 - NA
0.05 wt X+/- Y+/- X-/- Y-/-
wit NA - - 0.0139 | 0.0132
X+/- - NA - 0.0076 | 0.0072
Y+/- - - NA 0.0141 | 0.0133
X-I- 0.0139 | 0.0076 | 0.0141 NA -
Y-/- 0.0132 | 0.0072 | 0.0133 - NA
0.075 wt X+/- Y+/- X-/- Y-/-
wit NA - - 0.0290 | 0.0290
X+/- - NA - 0.0196 | 0.0196
Y+/- - - NA 0.0011 | 0.0011
X-I- 0.0290 | 0.0196 | 0.0011 NA ND
Y-I- 0.0290 | 0.0196 | 0.0011 ND NA




Statistical analysis of the IG, values for MMS of the RAD51-4 mutants.

wt X+/- Y+/- X-/- Y-/- X-1-1+ Y-/-1+
wt NA - - 0.0120 | 0.0387 - -
X+/- - NA - 0.0063 | 0.0225 - -
Y+/- - - NA 0.0469 - - -
X-/- 0.0120 | 0.0063 | 0.0469 NA - - -
Y-/- 0.0387 0.0225 - - NA - -
X-I-1+ - - - - - NA -
Y-/-1+ - - - - - - NA
Statistical analysis of the IG, values for phleomycin of theRAD51-4 mutants.
wt X+/- Y+/- X-/- Y-/-
wt NA - - 0.0280 | 0.0499
X+/- - NA - 0.0123 | 0.0268
Y+/- - - NA - -
X-I- 0.0280 | 0.0123 - NA -
Y-I- 0.0499 | 0.0268 - - NA
Statistical analysis of the transformation efficiewies of theRAD51-4 mutants.
wt X+/- Y+/- X-I- Y-/-
wt NA - - 0.0089 | 0.0047
X+/- - NA - 0.0031 | 0.0017
Y+/- - - NA 0.0373 | 0.0207
X-I- 0.0089 | 0.0031 | 0.0373 NA -
Y-/- 0.0047 0.0017 0.0207 - NA
Statistical analysis of the VSG switching frequeneis of theRAD51-4 mutants.
X+/- Y+/- X-/- Y-/- X-/-1+
wit NA 0.0107 - 0.0285 - -
X+/- 0.0107 NA ND 0.0000 0.0001 -
Y+/- - ND NA 0.0002 0.0007 -
X-/- 0.0285 0.0000 0.0002 NA - 0.0286
Y-/- - 0.0001 0.0007 - NA -
X -I-1+ - - - 0.0286 - NA
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Statistical analysis of the doubling time oRAD51-6 mutants.

wt X+/- Y+/- X-/- Y-/- X-1-1+ Y-/-1+
wt NA - - 0.0007 | 0.0004 - -
X+/- - NA - 0.0007 | 0.0004 - -
Y+/- - - NA 0.0008 | 0.0005 - -
X-/- 0.0007 | 0.0007 | 0.0008 NA - 0.0006 | 0.0009
Y-/- 0.0004 | 0.0004 | 0.0005 - NA 0.0004 | 0.0006
X-I-1+ - - - 0.0006 | 0.0004 NA -
Y-/-1+ - - - 0.0009 | 0.0006 - NA
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Statistical analysis of the clonal survival oRAD51-6 mutants when treated with increasing

concentrations of MMS (0.0001%, 0.0002%, 0.0003%,@004%).

0.0001 wit X+/- Y+/- X-/- Y-/- X-1-1+ Y-/-1+
wt NA - - - 0.0149 - -
X+/- - NA - - 0.0101 - -
Y+/- - - NA 0.0434 | 0.0060 - -
X-I- - - 0.0434 NA - - -
Y-/- 0.0149 | 0.0101 | 0.0060 - NA 0.0081 | 0.0127
X-I-1+ - - - - 0.0081 NA -
Y-/I-[+ - - - - 0.0127 - NA
0.0002 wt X+/- Y+/- X-/- Y-I- X-1-1+ Y-I-1+
wit NA - - 0.0043 | 0.0132 - -
X+/- - NA - 0.0003 | 0.0031 - -
Y+/- - - NA 0.0000 | 0.0013 - -
X-I- 0.0043 | 0.0003 | 0.0000 NA - 0.0012 | 0.0126
Y-/- 0.0132 | 0.0031 | 0.0013 - NA 0.0061 | 0.0314
X-I-1+ - - - 0.0012 | 0.0061 NA -
Y-/I-[+ - - - 0.0126 | 0.0314 - NA
0.0003 wt X+/- Y+/- X-/- Y-/- X-1-1+ Y-/-1+
wit NA - - 0.0062 | 0.0046 - -
X+/- - NA - 0.0038 | 0.0029 - -
Y+/- - - NA 0.0403 | 0.0359 - -
X-I- 0.0062 | 0.0038 | 0.0403 NA - 0.0034 | 0.0119
Y-/- 0.0046 | 0.0029 | 0.0359 - NA 0.0029 | 0.0092
X-I-1+ - - - 0.0034 | 0.0029 NA -
Y-/-1+ - - - 0.0119 | 0.0092 - NA




0.0004 wt X+/- Y+H- X-/- Y-/- Xef-l+ | Y-+
wt NA - - - - - -
X+- - NA - - - - -
Y- - - NA - - - -
X-/- - - - NA ND - 0.0335
Y-/- - - - ND NA - 0.0335
X-/-I+ - - - - - NA -
Y-/-1+ - - - 0.0335 | 0.0335 - NA

concentrations of phleomycin (0.02g.ml*, 0.05pg.ml?, 0.075ug.mli?, 0.1p
0.025 wt X+/- Y+/- X-/- Y-/-
wit NA - - 0.0002 0.0003
X+/- - NA - 0.0010 0.0013
Y+/- - - NA 0.0000 0.0000
X-/- 0.0002 0.0010 0.0000 NA -
Y-/- 0.0003 0.0013 0.0000 - NA
0.05 wt X+/- Y+/- X-/- Y-/-
wit NA - - 0.0036 0.0036
X+/- - NA - 0.0020 0.0020
Y+/- - - NA 0.0031 0.0031
X-/- 0.0036 0.0020 0.0031 NA ND
Y-/- 0.0036 0.0020 0.0031 ND NA
0.075 wit X+/- Y+/- X-/- Y-/-
wt NA - - - -
X+/- - NA - - -
Y+/- - - NA - -
X-/- - - - NA ND
Y-/- - - - ND NA
0.1 wit X+/- Y+/- X-/- Y-/-
wt NA - - - -
X+- - NA - ND ND
Y+- - - NA - -
X-1- - ND - NA ND
Y-I- - ND - ND NA

.mih.
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10. Statistical analysis of the clonal survival oRAD51-6 mutants when treated with increasing



11. Statistical analysis of the IGy values for MMS of theRAD51-6 mutants.
wt X+/- Y+/- X-I- Y-/- X-I-1+ Y-/I-1+
wt NA - - 0.0048 | 0.0010 - -
X+/- - NA - 0.0038 | 0.0007 - -
Y+/- - - NA 0.0031 | 0.0006 - -
X-I- 0.0048 | 0.0038 | 0.0031 NA - - -
Y-I- 0.0010 | 0.0007 | 0.0006 - NA - -
X-I-1+ - - - - - NA -
Y-/-1+ - - - - - - NA
12. Statistical analysis of the 1G values for phleomycin of theRAD51-6 mutants.
wt X+/- Y+/- X-/- Y-/-
wt NA - - 0.0060 | 0.0108
X+/- - NA - 0.0101 | 0.0175
Y+/- - - NA 0.0022 | 0.0042
X-I- 0.0060 | 0.0101 | 0.0022 NA -
Y-/- 0.0108 | 0.0175 | 0.0042 - NA
13. Statistical analysis of the transformation efficiewies of theRAD51-6 mutants.
wt X+/- Y+/- X-/- Y-/-
wt NA - - 0.0220 | 0.0148
X+/- - NA - 0.0364 | 0.0265
Y+/- - - NA 0.0502 | 0.0373
X-I- 0.0220 | 0.0364 | 0.0502 NA -
Y-/- 0.0148 | 0.0265 | 0.0373 - NA
14. Statistical analysis of the VSG switching frequeneis of theRAD51-6 mutants
wt X+/- Y+/- X-/- Y-/- X-1-1+
NA - - 0.0328 - -
X+/- - NA - 0.0054 | 0.0487 -
Y+/- - - NA 0.0011 | 0.0181 -
0.0328 | 0.0054 | 0.0011 NA - -
- 0.0487 | 0.0181 - NA -
X-I-1+ - - - - - NA
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Appendix 4: Accession numbers of the RAD51 -related genes

The accession numbers for the Rad51, RecA, RaddBRad RAD51-like genes used
during the phylogenetic analysis are shown in Talleand 16. The sequences were
obtained fromTrypanosoma brucegiTbr), Leishmania majo(Lma), Trypanosoma cruzi
(Tcr), Entamoeba histolyticgEhi), Giardia lamblia (Gla), Dictyostelium discoideum
(Ddi), Toxoplasma gondi{Tgo), Plasmodium falciparun{Pfa), Crytosporidium parvum
(Cpa), Theileria annulata(Tan), Tetrahymena thermophil@l'th), Trichomonas vaginalis
(Tva), Saccharomyces cerevisigdce),Homo sapiengHsa), Arabidopsis thaliangAth),
Schizosaccharomycepombe (Spo), Drosophila melanogaste(Dme), Caenorhabditis
elegangCel), Ustiligo maydis(Uma),Encephalitozoon cunicu{Ecu),Oryza sativa(Osa),
Escherichia col(Eco), Campylobacter jejun{Cje), Neisseria gonorrhoeae (NgBacillus
subtilis (Bsu), Streptomyces lividangSli), Staphylococcus aureuéSau), Pyrococcus
furiosus (Pfu), Methanococcus jannaschiiMja), Archaeoglobus fulgidus(Afu),

Thermoplasma acidophiluac)

15. Accession numbers of thd'. brucei RAD51, DMC1 and the RAD51paralogues.

ThrRAD51 Th11.01.0360
ThrDMC1 Tb09.211.1210
TbrRAD51-4 Th11.02.4880
ThrRAD51-3 Th11.02.0150
ThrRAD51-5 Tbh10.389.1770
TbrRAD51-6 Th927.3.5230




16. Accession numbers of the RAD51-related genes

Species Accession Number
LmaRAD51 AAC16334; LmjF28.0550
LmaDMC1 LmjF35.4890
LmaRAD51-3 LmjF33.2490
LmaRAD51-4 LmjF11.0230
LmaRAD51-6 LmjF29.0450

TcrRAD51 Tc00.1047053503801.30
TcrDMC1 Tc00.1047053506885.310
TcrRAD51-3 Tc00.1047053504153.220
TcrRAD51-4 Tc00.1047053503613.30
TcrRAD51-6 Tc00.1047053508075.20
TcrRAD51-5 Tc00.1047053510123.30
EhiRAD51 63.m00157

EhiDMC1 10.m00382

EhiRAD51-3 RAD51C; 59.m00167
GlaRAD51 XP_001709425; GL50803 13104
GlaDMC1b XP_001710001; GL50803 13346
DdiRAD51 DDB0168161; DDB0217219
DdiRAd51-3 RAD51c; DDB0186043
DdiRAd51-4 xrcc3; DDB0185591
DdiRAD51-6 DDB0169470; mitochondrial
DdiRAD51-7 DDB0188824
DdiRAD51-8 DDB0217538

TgoRAD51 ToxoDB:59.m03654
TgoDMC1 ToxoDB:35.m00010
TgoRAD51-3 645.m00312

PfaRAD51 PlasmoDB:PF11 0087
PfaDMC1 PlasmoDB:MAL8P1.76
PfaRAD51-3 PFD0935¢

CpaRAD51 CryptoDB:cgd5 410
CpaDMC1 CryptoDB:cgd7_1690
CpaRAD51-3 cgd2 4070

CpaRAD51-4 cgd6_4800

TanRADS51 TA07350

TanDMC1 TAQ07075

TanRAD51-3 TA12290

TthRAD51 TTERM 00142330
TthDMC1 TTHERM_00459230
TthRAD51-3 TTHERM_ 01143840
TvaRAD51 TVAG_204070
TvaDMC1 TVAG_155030
TvaRAD51-3 TVAG 426330
TvaRAD51-4 TVAG 144570
SceRAD51 NP_011021

SceDMC1 NP_011106

SceRAD57 NP_010287

SceRAD5S5 NP_010361
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Species Accession Number
HsaRAD51 Q06609

HsaDMC1 Q14565

HsaXRCC2 043543

HsaXRCC3 043542

HsaRAD51B 015315

HsaRAD51D AAC39719
HsaRAD51C AAC39604
AthRAD51 NP_ 568402

AthDMC1 JC4092

AthRAD51C NP_566040
AthRAD51B NP_180423
AthRAD51D NP_172254
AthXRCC2 NP_ 201257
AthXRCC3 NP_851202
SpoRHP51 P36601

SpoDMC1 042634

SpoRDH55 014129

SpoRDH57 Q9UUL2

DmeRAD51 BAA04580

DmeSpnD NP_733200
DmeSpnB NP_476740
DmeRAD51C NP_610466
DmeRAD51D NP_ 573302
CelRAD51 044246 044246 _CAEEL
CelRfs-1 P34348 YK82 CAEEL
UmaRAD51 AAC61878

UmaREC2 A56244

EcuRAD51 Q8SQX0_ENCCU
EcuRAD51-2 Q8SW20 ENCCU
OsaDMC1A AAM76793
OsaDMC1B AAM76792

EcoRECA P03017

CjeRECA CAB73660

NgoRECA CAA35247

BsuRECA P16971

SIIRECA P48294

SauRECA CAG40263

PfuRADA NP_579655

MjaRADA E64408

AfuRADA 029269 RADA_ARCFU
TacRADA Q9HJ68 RADA THEAC
PfuRADB P81415 RADB_PYRFU
AfuRADB 028184 RADB_ARCFU
TacRADB Q9HJD3 RADB THEAC
MjaRADB Q57702 RADB_METJA
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