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Abstract

Successful repair of DNA double strand breaks is crucial; failure of which can lead to
tumourigenesis including breast/ovarian cancer. BRCA2 (breast cancer susceptibility protein
type 2) and RAD51 from different specie interact in a process called homologous
recombination (HR) during the repair of such kind of insults to DNA. BRCA2 being a large
protein molecule has different sites of interaction for other proteins like DMC1 (disruption of
meiotic control 1). In the present study, we have purified a distinct region in human BRCA2
close to DMC1 binding site which has been shown to undergo CDK (cyclin dependent
kinase) based phosphorylation in our kinase assays. Characterization involving dynamic light
scattering, limited proteolysis and circular dichroism spectroscopy techniques revealed this
region to be mostly disordered. We have also attempted the successful purification of DMC1
(different from the previous method of its purification) employing C-terminus of DMC1 as
binding partner for increased solubility. Further studies included the characterization of
Trypanosoma brucei BRC repeats (TbBRC) and Rad51 interaction. We observed no
interaction of Trypanosoma brucei Rad51 (TbRad51) with its BRC repeats upto 7 BRC
repeats based on our in vitro pull down assays. The comparison of human RAD51 and
TbRad51 structures highlighted critical differences of residues at hydrophobic cavities for the
binding of phenylalanine from BRC repeat. We predicted that TbBRC repeats, collectively,
might have WD-40 β-propeller structure. The purification of Trypanosoma brucei 7 BRC
repeats rendered this protein highly soluble and stable based on circular dichroism
spectroscopy which also revealed the protein having poly-proline structure, a characteristic of
unordered proteins. Moreover, we have predicted multiple phosphorylation sites in TbRad51
and compared them with other eukaryotic Rad51 orthologues to get insights into a possible
regulatory mechanism for Rad51.
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Nature has blessed cells with DNA repair mechanisms, which are there to remove or to

tolerate pre-cytotoxic, pre-clastogenic and pre-mutagenic DNA lesions in an error-free, or in

some cases, error-prone way. Damages to DNA repair can provoke hypersensitivity to DNA-

damaging agents and accumulation of mutations in the genome leading to the development of

cancers and different metabolic disorders (Hakem, 2008). The importance of DNA repair can

be understood by DNA repair deficiency and genomic instability syndromes, which

are characterized by cancer incidence and multiple metabolic alterations. In humans up to

130 genes have been identified that are associated with DNA repair. Knowledge of various

DNA repair pathways and the proteins responsible for the repair of damage to DNA is

critical to provide new insights towards drug discovery and therapies for various cancers.

Around sixty years before the structure of DNA (Watson and Crick, 1953) was

revealed, and a lot has been done to uncover its properties and functions. Later it came to be

known that the stability of DNA is important to its normal functioning so now DNA repair

has become one of the most interesting and exciting topics in modern biology. The first

overview of many proteins involved in the surveillance of the genome came after sequencing

of the human genome under human genome project (Lander et al., 2001; Venter et al.,

2001). Although there has been many genes reported as tumor suppressor genes or related to

DNA repair but not all of them has been characterized yet as to their function. DNA-repair

genes can be divided into groups such as genes involved in signaling and regulation of DNA

repair and the rest associated with distinct repair mechanisms such as direct damage reversal

(Mishina et al., 2006), base excision repair (BER) (David et al., 2007), mismatch repair

(MMR) (Li, 2008), nucleotide excision repair (NER) (Reardon and Sancar, 2005) and DNA

double-strand break (DSB) repair (Donovan and Livingston, 2010).

Since DNA double strand break is the most toxic of all types of damages to DNA so

research is centered on understanding the mechanisms of DNA double strand breaks which

are non-homologous end joining (NHEJ) and homologous recombination. At the heart of

homologous recombination is the interaction between BRCA2 protein and RAD51

recombiase enzyme which are quite conserved among different species from prokaryotes to

eukaryotes (Pellegrini et al., 2002). The interaction is possible via conserved BRC repeats

and an un-related C-terminal region of BRCA2 (Davies and Pellegrini, 2007; Thorslund et

al., 2010). Recently, a distinct region in BRCA2 was found to be responsible for the
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interaction with meiotic recombinase DMC1, the meiotic homologue of RAD51 (Thorslund

et al., 2007). However still it is unclear how DMC1 interacting domain of BRCA2 behaves.

The loss of function of proteins important for homologous recombination is known for

tumourigenesis. In parasites such as Trypanosoma brucei (T. brucei), homologous

recombination is functional to provide antigenic variation (Proudfoot and McCulloch, 2005)

for the different phenotypes of surface glycogens; creating immunity towards different toxic

compounds.

Mutations in genes responsible for DNA repair can lead to the development of tumors

and various hereditary diseases characterized by complex metabolic alterations. Cytostatic

drug resistance in tumour cells can be attributed to DNA repair genes and their corresponding

proteins (Helleday, 2010). The field of DNA repair is expanding very rapidly and there is a

need to understand the molecular mechanisms responsible for the control of DNA repair and

its machinery. Although much data concerning the understanding how these repair pathways

work has been generated but still there are flaws that can be filled by structure function

analysis of the proteins responsible for these pathways. Understanding the role of various

proteins involved in such repair pathways is crucial to uncover and troubleshoot the insults to

DNA that ultimately lead to tumourigenesis.

BRCA1 and BRCA2 are the breast cancer susceptibility genes whose germ-line

mutations predispose carriers mainly to breast cancer but also to various other cancers (Liede

et al., 2004). Approximately 50-30% of the cases of inherited breast cancer are due to

mutations in either BRCA1 (first breast cancer susceptibility gene) or BRCA2 (second breast

cancer susceptibility gene) that accounts for 5-10% of breast cancer cases in total. In a study

on 1,342 patients with invasive ovarian cancer, the frequencies of BRCA mutations were

found to be higher in the women of Italian (43.5%), Jewish (30%) and Indo-Pakistani

ancestry (29.4%) (Zhang et al., 2011). Most tumors linked to breast cancer susceptibility

protein type 1 (BRCA1) and breast cancer susceptibility protein type 2 (BRCA2) undergo

loss of hetrozygosity (Walsh et al., 2008) so these genes are termed as tumor suppressors. On

the basis of their targeted role in maintaining the genomic integrity, they have also been

classified as ''caretakers of the genome''. Although there is a lot to do to uncover the precise

biochemical role of the BRCA1 and BRCA2 gene products; there are reports proving both of

them as DNA repair and transcriptional control proteins (Siervi et al., 2010). The inability of
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BRCA2 to be precisely translocated to nucleus better explains why most of the mutations

in BRCA2 are non-functional as truncation mutations usually result in unstable protein.

There are about three billion base pairs in the human genome that code for around 30,000

genes, are continuously being attacked by endogenous reactive metabolites, therapeutic drugs

and a plethora of environmental mutagens that challenge its integrity. So it is obvious that

the stability of the genome is under continuous stress.

The present study is focused to get insights into mechanism underlying homologous

recombination with the following objectives:

1. Purification and characterization of hBRCA2N2266-K2370 and hBRCA2N2266-E2429

domains.

2. Purification of human DMC1.

3. Purification and protein-protein interaction studies on BRC repeat and Rad51 from

Trypanosoma brucei.
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Chapter 2

Review of Literature
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This chapter presents a detailed account of mechanisms employed by the cells to repair

different kinds of damages to DNA. Many of the repair proteins involved and how they co-

relate each other to mediate or alter the activities in the cell are also described in this chapter.

Later, we will focus more on mechanism of homologous recombination repair and its

proteins from different specie specially humans, plants and Trypanosomas. The interest

towards understanding such mechanisms is expanding in the scientific community and more

and more data is being generated with every passing day which throws light on its

importance.

2.1 DNA repair pathways

2.1.1 Direct repair

There are many types of damages to DNA which are repaired without the expulsion of a base

or nucleotide such as one of the most mportant O-alkylated lesions is O6-alkylguanine that

accounts for less than 8% of total alkylations (Beranek, 1990; Christmann et al., 2003). Due

to alkylation such as O6-methylguanine (O6MeG) and O6-ethylguanine there occur GC → AT 

transition mutations that provide the main source of mis-repairing after alkylation. O4-

methylthymine is another type of pre-mutagenic alkylation lesion, which is induced,

however, in minor amounts (<0.4%). In Escherichia coli (E. coli), induction of four genes,

Alka, Alkb, Aidb and Ada (Sedgwick and Lindahl, 2002) provide resistance to alkylating

agents with Ada being involved in the repair of O6MeG. However, in human cells O6-

methylguanine–DNA methyltransferase (MGMT; also known as ATase, AGT, AGAT), a

homologue of E. coli protein Ada, can repair O6-alkylation lesions in a single-step reaction.

The human MGMT gene is located at the chromosome locus 10q26, and contains one

non-coding and four coding exons that code for a protein of 207 amino acids having a

molecular weight of 24 kDa (Tano et al., 1990; Wood et al., 2001). MGMT-deficient cells

are unable to repair O6MeG that is why they are sensitive to alkylating agents (Day et al.,

1980; Kaina et al., 2007; Yarosh et al., 1983). It has been observed that MGMT knockout

mice are viable but they show a higher frequency of spontaneous tumours and sensitivity

towards alkylating agents (Tsuzuki et al., 1996). Other proteins such as photolyases

are involved in DNA-damage reversion and they belong to the photolyase/cryptochrome

family (Sancar, 2004) and are monomeric enzymes of 55–70 kDa molecular mass. These
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enzymes contain two non-covalently bound chromophores. Photolyases are able to revert

photoproducts and cyclobutane pyrimidine dimers (CPDs). These enzymes have been found

in bacteria, Saccharomyces cerevisiae (S. cerevisiae ), Xenopus laevis (X. laevis),

Drosophila melanogaster (D. melanogaster) and several plants but are absent in higher

mammals, including Homo sapiens (H. sapiens) (Carell et al., 2001). Although in humans,

protein homologues to photolyases have been reported. In fact they are not involved in DNA

repair but they are seemed to be targeted for the regulation of the circadian rhythm.

2.1.2 Base excision repair

Almost all the cells contain a class of enzymes to counter act lesions repaired by BER. The

purpose of BER is to remove DNA-damaged bases that can be recognized by specific

enzymes like DNA glycosylases. BER is responsible majorily for the repair of oxidised DNA

bases that can arise spontaneously within the cell, during inflammatory responses, or as a

result of exposure to exogenous agents that include ionising radiation (IR) and long-wave

ultra violet (UV) light (David et al., 2007; Maynard et al., 2009; Weinfeld et al., 2001).

DNA alkylation created by endogenous alkylating species and exogenous carcinogens such

as nitrosamines is also a possible source of DNA lesion repaired by BER (Fu et al., 2012).

Other compounds such as various anticancer drugs like DTIC and temozolomide induce

alkylation lesions that are repaired by BER (Goellner et al., 2011).

This repair mechanism efficiently removes lesions from the DNA such as

incorporated uracil, N-alkylated purines (7-methylguanine, 3-methyladenine, 3-

methylguanine) fragmented pyrimidines, 8-oxo-7, 8-dihydroguanine (8-OxoG), thymine

glycol and many others (Liu and Wilson, 2012). The oxidized purine 8-OxoG is highly

mutagenic because it mispairs with adenine. N- Alkylpurines cause spontaneous hydrolysis

of the N-glycosylic bond, creating apyrimidinic (AP)/apurinic sites, which are one of the

most frequent (>104 formed per day per cell; Lindahl, 1990) and lethal (Loeb and Preston,

1986) lesions. DNA glycosylases recognize and remove damaged or incorrect (e.g. uracil)

bases by hydrolyzing the N-glycosidic bond (Scharer and Jiricny, 2001). Eleven different

glycosylases have been found in mammalian cells which have different substrate specificities

and modes of action. The insertion of the first nucleotide is independent of the chemical

structure of the AP site. DNA ligases I and III ligate the gaps (Tomkinson et al., 2001). In
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the vicinity of Ligase I are PCNA and Polβ (Prasad et al., 1996; Srivastava et al., 1998). p53

plays an important role in the regulation of BER by stimulating direct interaction with APE

and Polβ in vitro.

2.1.3 Mismatch repair

Lesions such as base mismatches that occur in the DNA because of spontaneous and induced

base deamination, methylation, oxidation and replication (Umar et al., 2004) constraints are

removed by mismatch repair (MMR) mechanism (Diaz and Jiricny, 2012; Modrich and

Lahue, 1996; Umar and Kunkel, 1996). MMR targets base mismatches such as G/T (arising

from deamination of 5-methylcytosine), A/C, G/G, and C/C (Fang and Modrich, 1993).

MMR repairs spontaneously occurring base mismatches and chemically induced DNA

lesions such as 1,2-intrastrand (GpG) cross-links and alkylation-induced O6-methylguanine

paired with cytosine or thymine (Duckett et al., 1996). MMR deficiency causes hereditary

nonpolyposis colorectal cancer (HNPCC) syndrome that illustrates the role of MMR in

maintaining genomic integrity and reducing mutation load (Aaltonen et al., 1993; Watson

and Lynch, 1993).

The mismatch repair system has been extensively studied in E. coli (Kunkel and Erie,

2005; Schofield and Hsieh, 2003). The mismatch correction process depends on MutSα 

complex that recognize mismatches and chemically modified bases (Kunkel and Erie,

2005). MutSα complex has two components; MutS homologous proteins MSH2 (Fishel et

al., 1993; Lamers et al., 2000; Leach et al., 1993) and MSH6 (also known as GT-binding

protein, GTBP; Palombo et al., 1995). In fact MMS can utilize a nick on any side of the

mismatch (Matson and Robertson, 2006; Robertson et al., 2006b). Phosphorylation

plays an important role for the regulation of the activity of MutSα complex (Christmann et

al., 2003). The mismatch repair proteins MSH2 and MSH3 also interact with each other to

form a complex called MutSβ. Thus, the specificity of MutSα complex is towards base–base 

and insertion/deletion mismatches (Umar et al., 1994), whereas the purpose of MutSβ is to 

repair insertion/deletion mismatches only (Genschel et al., 1998; Kantelinen et al., 2010;

Palombo et al., 1996). Presently, it is not clear how MMR discriminates between the parental

and the newly synthesised DNA strand in most bacteria and eukaryotes but it is well

understood for E. coli where DNA adenine methylase (Dam) methylates the template strand



9

so this way it is discriminated from new strand. It is supposed that the daughter strand is

identified by non-ligated single-strand breaks (SSB) arising during replication (Genschel and

Modrich, 2003). When MutS encounters a mismatch, it associates with heterodimeric

complex MutL that consists of MLH1 and PMS2 repair proteins (Bellacosa, 2001; Li and

Modrich, 1995; Nicolaides et al., 1994; Papadopoulos et al., 1994). MutL can be called as

the matchmaker protein (Hsieh and Yamane, 2008). DNA on both sides of the mismatch is

threaded through the MutS-MutL complex forming a DNA loop. Exonuclease I performs the

excision of the DNA strand containing the mispaired base (Genschel et al., 2002) and the

new synthesis is done by Polδ (Longley et al., 1997). In prokaryotes, the MutS-MutL

complex is a homodimer while in eukaryotes it is a heterodimeric complex which is an

apparent difference (Modrich, 2006).

All eukaryotic cells contain proteins which resemble structurally and functionally to

bacterial MutS and MutL proteins. Mutations in such human genes cause inherited cancer

susceptibility syndromes that demonstrates the importance of DNA repair system to cell

survival. It is still unclear whether MMR is inducible by genotoxic stress or not.

2.1.4 Nucleotide excision repair

Disruption of proteins involved in the base excision repair pathway can lead to diseases such

as Xeroderma pigmentosum (XP) which is characterized by higher sensitivity to sunlight and

cancer predisposition (Shuck et al., 2008). This repair mechanism is used by the cells to

repair the damages in the DNA such as photolesions [(6-4) photoproducts (6-4PPs),

cyclobutane pyrimidine dimers (CPDs)] induced by UV light, large chemical adducts

generated from exposure to aflatoxine and benzo[α]pyrene intrastrand cross-links (Friedberg, 

2001; Hanawalt, 2001; Mullenders and Berneburg, 2001). DNA lesions repaired by NER can

cause large distortions in the helical structure of the DNA. There are about 30 proteins

involved in NER. Cells defective in NER belong to different complementation groups such

as Xeroderoderma pigmentosum C which is encoded by a gene XPC and recognizes many

bulky DNA adducts. NER identifies certain DNA lesion by XPC–HR23B and RPA–

XPA complexes.

The UV-induced 6-4PPs are recognized by XPC–HR23B complex (Hey et al.,

2002) but this complex does not recognize CPDs, 8- oxoguanine or O6-methylguanine
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(Kusumoto et al., 2001). Contrary to XPC–HR23B complex the RPA–XPA complex

recognizes 6-4PPs and DNA treated with cisplatin (Burns et al., 1996; Hey et al., 2002;

Vasquez et al., 2002). Following recognition of the lesion, the transcription factor TFIIH that

consists of different proteins (GTF2H1, GTF2H2, GTF2H3, GTF2H4, XPB, XPD, CDK7,

CCNH and MNAT1) is recruited to the site of DNA damage. XPC–HR23B complex recruits

TFIIH to the site of damage (Yokoi et al., 2000) where TFIIH unwinds DNA by its helicase

subunits XPB (Schaeffer et al., 1993) and XPD (Schaeffer et al., 1994). After the formation

of an open complex, the excision of the lesion follows two incisions (Evans et al., 1997b)

made at defined positions by XPG (Coin et al., 2007; Habraken et al., 1994; O'Donovan et

al., 1994) and XPF–ERCC1 (Enzlin and Schärer, 2002; Sijbers et al., 1996) complex at 3'

and 5' respectively. Later, Polδ, Polε and DNA ligase I perform gap filling and ligation at the 

lesion. Genetic disruptions in nucleotide excision repair genes in humans give rise to various

serious diseases.

2.1.5 DNA double strand break repair

Of all kind of damages to DNA, DNA double-strand breaks (DSBs) are most dangerous to

the cellular life as they can induce genotoxic effects (chromosomal breaks and exchanges)

leading to cell death (Dikomey et al., 1998; Haber, 2012; Lips and Kaina, 2001; Pfeiffer et

al., 2000; Rothkamm et al., 2003). In higher eukaryotes a single un-repaired DSB lesion in

a gene can result as the inactivation of an essential gene that can be sufficient for induction

of cell death via apoptosis (Rich et al., 2000). There are two main pathways attributed to the

repair of DSBs; homologous recombination (HR) which is error free and non-homologous

end-joining (NHEJ), an error prone pathway. Simple eukaryotes like yeast mainly rely on HR

whereas in mammals the NHEJ pathway predominates (Cromie et al., 2001; Haber, 2000)

depending upon the phase of the cell cycle. HR occurs mainly during the late S and G2

phases whereas NHEJ occurs in G0/G1 (Johnson and Jasin, 2000; Takata et al., 1998).

The phenomenon of genetic recombination is becoming popular among researchers

for the elucidation of detailed mechanism. In the past, scientists were more interested

studying the outcome of genetic crosses but recently the discoveries regarding how different

proteins interact to maintain the stability of DNA using processes that involve recombination

are one of the hot areas of research for biochemists and structural biologists.
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2.2 Homologous Recombination

Homologous recombination is critical to genomic stability in different organisms, like in S.

cerevisiae, there is present RAD52 epistasis group which contains RAD50, RAD51, RAD52,

RAD54, RAD55, RAD57, RAD59, MRE11, and XRS2 that play a major role in DNA

recombination (Bernstein and Rothstein, 2009; Liu and Heyer, 2011). Although functional

mammalian homologues are present but there exist some differences between the two

systems. For example, Rad51 protein in S. cerevisiae performs strand exchange activity but it

is non essential as compared to Rad51 whose homozygous deletion in mice leads to

embryonic lethality (Tsuzuki et al., 1996; Zhang et al., 2009). Same is the case with chicken

B-lymphocytes cell line (DT-40; Karran, 2000) where the loss of Rad51 leads to

chromosomal breaks indicating a crucial role of Rad51 in recombinational repair pathway. It

is tempting to speculate that Rad51 is required in replication fork progression through

regions of DNA secondary structure or through sites of damage. So in fact, mammalian

Rad51 forms foci at sites of post replicative chromatin after ionizing radiations (IR) and in S-

phase in undamaged cells (Tashiro et al., 2000; Miyazaki et al., 2004). Chromating

modification/relaxation and proteins such as TIP49 and BRCA2 bring Rad51 to the site of

DNA damage for foci formation which finally coats the DNA. Many Rad51 related

mammalian proteins have been reported that include Rad51B, XRCC2 and XRCC3 which

take part in HR contributing to the assurance of genomic stability (Liu et al., 1998).

Contrary to mice lacking Rad51, those with homozygous deletion of Rad54, a DNA

dependent helicase are viable. In mammalian cells the Rad51 foci do not form in the absence

of Rad54. Rad54 deficiency in embryonic stem cells, causes hypersensitivity to double strand

break inducing agents and contain defects in homologous recombination (Essers et al., 1997;

Heyer et al., 2006). One of the reasons of lymphoma, and breast cancer can be attributed to

mutations in RAD54 or its homolog RAD54B (Hiramoto et al., 1999; Matsuda et al., 1999;

Miyagawa et al., 2002). Severe defects in homologous recombination can be seen when

Rad52 is mutated as observed in S. cerevisiae whereas mutated Rad52 in mouce or chicken

DT-40 cells has modest effect on homologous recombination efficiency (Rijkers et al., 1998;

Utsumi et al., 2001). There is a possibility that higher organisms may have another Rad52

homolog but still it remains to be confirmed. So far the above discussion suggests an

important role of Rad52 in homologous recombination in mammalian system. Figure 2.1
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Figure 2.1 A model of homology directed DNA repair. Different steps of homologous recombination mediated

DNA double strand break repair are summarized alongwith key protein factors. Double stranded DNA with a

double strand break is coloured red while its homologous partner is in green which acts as a template.

presents the mechanistic description of the homologous recombination repair pathway

highlighting basic steps with important proteins interacting with each other. Rad52 interacts

and co-localizes with Rad51 in vivo and enhances Rad51 activity in vitro while binds directly

DSB induction

3ʹ end resection 

Strand invasion

Branch migration

Resolution

Non-crossover Crossover

RAD50/MRE11/XRCC2

RAD51/RAD52/RAD54

Msh2/Msh3/Pms1/Mlh1
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to double strand breaks to protect them from exonuclease activity (Haber, 1999; Wu et al.,

2008).

In contrast to yeast Rad51, the mammalian Rad51 interacts with multiple proteins

including tumor suppressor and cell cycle proteins p53, Brca1 and Brca2. Loss of interaction

with any of these proteins, leads to the generation of tumourigenic mutations. Brca1 and

Brca2 both co-localize with Rad51 while Brca2 interacts directly with Rad51 for the proper

loading and formation of Rad51 foci at sites of double strand breaks. Although the

interaction of Brca1 with Rad51 is considered to occur via Brca2 but the loss of any of these

proteins leads to hypersensitivity to DNA damaging agents causing gross chromosomal

aberrations and cell death (Boulton, 2006; Davies et al., 2001; Gudmundsdottir and

Ashworth, 2006; Hakem et al., 1997; Sharan et al., 1997).

Although a lot of efforts have been made in characterizing the functions of BRCA2 in

the process of homologous recombination but still there are flaws to complete understanding

of its role. One possibility can be that BRCA2 participates in homologous recombination by

modulating the chromatin structure (Bochar et al., 2000; Welcsh et al., 2000). There is a

possibility that BRCA1 may participate in multiple pathways of DNA double strand break

repair as revealed by its interactions with RAD50/MRE11/NBS1 (Herrero et al., 2005;

Zhong et al., 1999).

In light of above discussion, it is tempting to mention that the loss of function of

BRCA1 or BRCA2 leads to genomic instability underlying defective homologous

recombination leading to tumourigenesis. Mutations in Brca1 or Brca2 trigger a p53

mediated pathway of DNA damage response which ultimately leads to growth arrest for the

necessary repair to occur (Welcsh et al., 2000). Further, mutations in Brca1 or Brca2 are

linked to aneuploidy, chromosomal mis-segregation and defective checkpoint control (Xu et

al., 1999).

Another mammalian protein that has been linked to homologous recombination is

Ataxia telangiectasia-mutated (ATM) kinase whose deficiency is associated with

radiosensitivity, cancer predisposition and neurodegenerative syndrome- ataxia telangiectasia

(AT; Otterbein et al., 2011). Patients with AT are hypersensitive to IR and double strand

break inducing agents. AT carriers are at high risk of developing breast cancer (Hwei-Chung

et al., 2010; Khanna, 2000) as defective V(D)J recombinational intermediates account for
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lymphoma (Petiniot et al., 2000). In fact ATM kinase is involved in the activation of multiple

proteins associated with homologous recombination pathway in response to ionizing

radiations (Morrison et al., 2000). Apart from mitotic recombination, ATM is crucial for the

normal functioning of meiotic recombination as seen by ATM-deficient mice where loss of

ATM causes abnormality to normal functioning of homologous recombination (Barlow et al.,

1998). Also the phosphorylation of proteins which are directly related to homologous

recombination like BRCA1 and RPA, is dependent on ATM kinase (Khanna, 2000; Segal-

Raz et al., 2011; Shin et al., 2012). Rad51 activity is also modulated in the presence of ATM

through the activation of c-Ab1 protein tyrosine kinase. Moreover, the activation of p53,

chromatin remodeling and acetylation are major roles played by ATM which definitely

imparts a crucial role of ATM underlying homologous recombination (Iijima et al., 2008;

Khanna, 2000; Morrison et al., 2000; Saintigny et al., 1999).

Although homologous recombination plays an important role in the repair of cellular

DNA damage but it can generate genetic variation that provides a discrete purpose in the cell.

This variation can be genome-wide and contribute to longer-term natural selection. In

Trypanosoma brucei, a eukaryotic parasite causing sleeping sickness disease in sub-Saharan

Africa, homologous recombination by using Rad51 recombinase enzyme catalyzes antigenic

variation, an immune evasion strategy involving switches in variant surface glycoproteins. T.

brucei can have genetic exchange by homologous recombination in the tseste vector, and

there are reports suggesting that this occurs by meiosis (Proudfoot and McCulloch, 2006). No

doubt this explains the involvement of homologous recombination in creating antigenic

variation. The enzyme responsible for strand exchange reaction is Rad51 recombinase and

the presence of Brca2 homologue can suggest an interaction between Brca2 and Rad51 but

no reports are available yet concerning this. It will be worth doing to find out the interaction

between different BRC repeats in Brca2 and Rad51 of T. brucei. Indeed this would help as a

model to make drugs that can block the interaction between Rad51 and Brca2, a therapeutic

strategy to cope sleeping sickness disease.

Homologous pairing and strand exchange are early steps in the process of

homologous recombination which are promoted by RecA/RAD51 family of recombinases.

Human RAD51 is a small protein and its closely related homologues are present in different

organisms like in E. coli (RecA), archaea (RadA) and S. cerevisiae (Rad51) (Benson et al.,
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1994; Ogawa et al., 1993; Sung et al., 2003). Being distinct from each other in terms of their

amino acid sequences, they form nucleoprotein filaments, a structure that is the symbol of the

functionality of such recombinase enzymes. The active form of RAD51 filament which is a

right handed helical structure is supported by visualization of nucleoprotein filaments

through electron microscopy (Yu et al., 2001; Mameren et al., 2009). Another key

recombination protein RAD52 plays an important role by directly interacting with RAD51

that it enhances the specificity of RAD51 to bind ssDNA and it stimulates RAD51 mediated

strand exchange (Milne and Weaver, 1993; Nimonkar et al., 2009; Shen et al., 1996;

Sugawara et al., 2003; Thorpe et al., 2011).

The DNA double strand breaks are sensed by the cells differently in prokaryotes and

eukaryotes. In bacterial system, there is an SOS response that involves the activation of

around 20 genes encoding proteins such as RuvA, RuvB and RecA. In bacteria, the level of

RecA is increased 15-fold within 30 minutes in response to DNA damage while in

eukaryotes the upregulation of RAD51 is only twofold. Ultimately, it leads to the formation

of nuclear foci and nucleoprotein filament assembly (Courcelle and Hanawalt, 2003; Haaf et

al., 1995). There are some other proteins that also colocalize and interact with RAD51 which

include RAD52, RAD54, BRCA1 and BRCA2 (West, 2003).

2.3 BRCA2

2.3.1 Discovery of BRCA2

Mutations in different genes can cause susceptibility to breast cancer. Disruption of BRCA1

gene causes susceptibility to breast and ovarian cancers but only half of families are affected

with site specific breast cancer (Easton et al., 1993). The risk of female breast cancer due to

mutations in BRCA2 is the same as with mutations in BRCA1 but the risk of ovarian cancer

appeared to be lower while the risk of male breast cancer is substantially higher. BRCA2 was

discovered after studies on families with multiple cases of early onset-breast cancer and was

found to be present on chromosome 13q12-q13 (Wooster et al., 1994). To further identify

BRCA2; out of 46 breast cancer families at least one affected member was examined. The

results of this analysis indicated a linkage to BRCA2 and/or showed evidence against linkage

to BRCA1.
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Mutations that cause disruption of the coding sequence of the gene lead to the

truncation of the encoded protein and inactivation of its critical function. During mutational

analysis of the coding sequence of BRCA2, a sequence variant was found that was predicted

to disrupt the translation of an encoded protein in IARC 2932. This family was found to be

linked to BRCA2 and this finding led to the discovery of the presence of BRCA2 gene

(Wooster et al., 1995).

2.3.2 A mediator role of BRCA2 in DNA recombination

A mediator role of BRCA2 in RAD51 based homologous recombination in double strand

break repair of DNA has been revealed by studies of fragments of BRCA2, fusion of the

BRC repeats with DNA binding domain and analysis of the Ustilago maydis (U. maydis) and

Caenorhabditis elegans (C. elegans) Brh2 and BRC-2 respectively. The larger size of

BRCA2, insufficient solubility and difficulty in getting good expression remained a

challenge until it was successfully purified by different research groups individually in 2010

(Jensen et al., 2010; Liu et al., 2010; Thorslund et al., 2010). In vivo pull down assays

confirmed that full length human BRCA2 interacts with RAD51 and DMC1. It also bound

with yeast Rad51 but did not bind with RecA because of having least similarity with

evolutionarily distant specie. Since it was found that BRC repeats bind RAD51 but it

remained unclear how many of BRC repeats bind RAD51 within the context of full length

Brca2 protein. However the presence of Ca2+ or Mg2+ ions, nucleotide cofactors or DNA was

not required for the BRCA2-RAD51 interaction. Although BRCA2 has oligonucleotide

domains and a tower domain which can bind ssDNA or dsDNA but BRCA2 preferred

ssDNA over dsDNA as confirmed by electrophoretic mobility shift assays. Moreover,

BRCA2 protein mediates RAD51 filament formation on RPA-covered single stranded DNA

(Figure 2.2; Liu et al., 2010; Pellegrini and Venkitaraman, 2004; Seeliger et al., 2011).

It was shown that BRCA2 binds ssDNA and does not make stable complexes with

dsDNA by incubating the N-terminally Flag tagged BRCA2 with 5΄ 32P end labeled ssDNA

or dsDNA. These studies suggest BRCA2 as ssDNA binding protein (Thorslund et al., 2010).

How does BRCA2 prefer ssDNA over dsDNA is not yet understood. However, RecA binds

avidly with ssDNA but its H. sapiens homologue RAD51 can bind either ssDNA or dsDNA

with similar affinity (Benson et al., 1994; Shin et al., 2003). No doubt during homologous
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Figure 2.2 A schematic representation of the mediator role of BRCA2. (A) Intact double stranded DNA. (B)

DNA with a double strand break. (C) BRCA2 in green with its N-terminus showing BRC repeats carrying

RAD51 in blue while its C-terminus is bound at ss-ds DNA junction. ssDNA is covered with RPA in red oxide

colour. (D) BRCA2 releases RAD51 on ssDNA and protects its loading onto dsDNA, so RAD51 forms

nucleoprotein filament on ssDNA for its recombinase activity.
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recombination repair, the 3΄ ends are resected which are invaded into duplex DNA for strand 

exchange and homology search by RAD51, so the lack of specificity to bind ssDNA or

dsDNA is problematic for recombination. This suggests that a mediator is required for the

proper loading of RAD51 on ssDNA tails to make nucleoprotein filaments, the active form

for recombination.

BRCA2, in the presence of low salt concentration and adenosine triphosphate (ATP),

enhances the binding of RAD51 with ssDNA (Thorslund et al., 2010). Furthermore, BRCA2

reduces the ability of RAD51 to bind dsDNA but still no reports are available that how

BRCA2 mediates its effect and which kind of structural changes are brought in RAD51 that

modulate its activity. BRCA2 targets RAD51 to ssDNA tails that mimics the way as RAD52

loads RAD51 in both meiotic and mitotic cells in yeast (Thorslund et al., 2010; Yang et al.,

2005). However, a mediator role of RAD52 in humans has not been proposed which

implicates that BRCA2 has relegated RAD52 to a minor role in homologous recombination.

2.3.3 Multiple BRC repeats

The number of BRC repeats in Brca2 varies among different organisms like H. sapiens

contain eight BRC repeats while six are present in chicken BRCA2, four in Arabidopsis

thaliana (A. thaliana), fifteen in T. brucei whereas only one BRC repeat is present in C.

elegans and U. maydis BRCA2 homologoues (Thorslund and West, 2007; Pellegrini and

Venkitaraman, 2004). It is quite astonishing that fourteen out of fifteen BRC repeats in T.

brucei are exactly identical. However, no reports are yet available concerning their

interaction with RAD51. This will be worth doing pull down assays to find out the

interaction with RAD51 and map the number of amino acids involved.

The interaction between human BRC repeats and RAD51 has been observed through

glutathione S-transferase (GST) pull down assays. The same was confirmed through yeast

two hybrid analysis which showed that BRC1-4 interacted strongly with RAD51 while

BRC5-8 had weak interactions (Carreira et al., 2009; Carreira and Kowalczykowski, 2011).

This clearly indicates that different BRC repeats interact at different sites in RAD51. It is

important to search out BRCA2 homologues from plants as well that would help to explore

insights into diverse functions of BRCA2 underlying homologous recombination.
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2.3.4 Role of BRCA2 in Homologous Recombination

BRCA2 tumour suppressor protein maintains the genetic integrity by taking part in error free

DNA double strand break repair pathway via homologous recombination (Venkitaraman,

2002). It mediates its action via regulating the actions of RAD51 protein. Recombinases

belonging to the RecA/RadA/RAD51 family play an important role in HR by binding with

single stranded DNA formed at the site of a DSB to generate nucleoprotein filament that

interacts with homologous DNA and performs strand exchange. BRCA2 interacts with

RAD51 through a series of eight repeating motifs present in the exon 11 region of BRCA2,

called as the BRC repeats (Bignell et al., 1997; Lord and Ashworth, 2007; West, 2003).

Close to the C-terminus of BRCA2, there is an unrelated RAD51 binding site (Davies and

Pellegrini, 2007; Esashi et al., 2007; Mizuta et al., 1997; Sharan et al., 1997) that is regulated

in a cell cycle and DNA damage dependent manner (Esashi et al., 2005). Following DNA

damage, RAD51 and BRCA2 co-localize to nuclear foci (Chen et al., 1998; Scully et al.,

1997; Tarsounas et al., 2004) in a BRCA2 regulated process (Abaji et al., 2005; Yuan et al.,

1999). It is found that cells deficient of BRCA2 remain defective in DSB repair (Moynahan

et al., 2001; Turner et al., 2005; Xia et al., 2001) that highlights the importance of BRCA2 in

the phenomenon of homologous recombination.

HR performs dual cellular functions in somatic cells; such as, it maintains the

integrity of DNA while creating genetic variability in meiotic cells by DNA exchange that

leads to random combination of alleles and traits. A high expression pattern of BRCA2

during spermatogenesis in mice attributes an important role of BRCA2 in meiotic

recombination in mammalian cells. During meiosis when homologous chromosomes undergo

pairing in early prophase 1, BRCA2 localizes to synaptic chromosomes (Connor et al.,

1997). A role of BRCA2 in meiosis has been studied through viable null mouse having a

bacterial artificial chromosome carrying the human BRCA2 gene. These mice remained

infertile because they failed to progress beyond the early prophase 1 (Sharan et al., 2004).

Further confirmation of the role of BRCA2 in meiotic recombination came from the studies

on A. thaliana when Siaud et al. (2004) blocked BRCA2 function using small interfering

RNA (siRNA) and as a result it led to meiotic defects and partial sterility.
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2.4 Recombinase enzymes from different specie

In bacteria, RecA recombinase enzyme is central to homologous recombination that performs

homology search and strand exchange reactions. It is the most intensively studied of all

recombinase enzyme discovered yet. The ATPase domain of E. coli RecA organizes into a

helical filament with six monomers per turn as revealed by its crystal structure (Story et al.,

1992). For the efficient strand exchange and homology search reactions, RecA forms a

ternary complex involving ssDNA and dsDNA leading to nucleoprotein filament formation

(Tsang et al., 1985).

In eukaryotes, Rad51 is central to homologous recombination homology search and

strand exchange reactions. Nucleoprotein filament is considered to be the functional form

among E. coli RecA and mammalian and yeast Rad51 recombiases which indicates

evolutionary conservations of protein geometry and DNA structure (Benson et al., 1994;

Ogawa et al., 1993; Yang et al., 2001a). The overall topology of ATP domain in human

RAD51 as well as in RecA closely resemble as revealed by covalent interaction between

human BRC repeat 4 of the BRCA2 protein and human RAD51ATPase domain (Pellegrini et

al., 2002).

RadA protein is the archaeal homolog of RecA/Rad51 family of recombinases. It is

capable of performing strand exchange reaction in a similar fashion to that of Rad51 (Komori

et al., 2000; Miyata et al., 2000; Seitz et al., 1998; Spies et al., 2000). Sulfolobus solfataricus

(S. solfataricus) RadA is found to be present in two oligomeric states which are octameric

ring and a helical filament and that both can bind DNA (Yang et al., 2001b). The Pyrococcus

furiosus (P. furiosus) RadA forms heptameric rings that can bind to DNA to form

nucleoprotein filaments (Komori et al., 2000; Shin et al., 2003).

2.4.1 RecA

RecA, an E. coli homologue of Rad51, is a remarkable protein. For the oligomerization it

utilizes a conserve domain sequenced 25-SIMRLGE-31 (Figure 2.3) which is also conserved

among other recombinases and in BRCA2. Its involvement in homologous recombination

and repair is crucial for the normal functioning of such processes. This enzyme has a beauty

that it alone can catalyze the DNA interactions necessary for the establishment of

homologous contacts. Secondly, it promotes strand transfer between DNA molecules and
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provides a structural unit, a protein filament, within which the DNA interactions take place.

Finally, the filament provided by RecA act as sites that are bound by LexA repressor,

resulting in its proteolysis and the consequent induction of more than 20 genes that function

in the SOS response to DNA damage (Masson and West, 2001; van der Heijden et al., 2008).

For the first time it was isolated in 1960s in John Clark’s laboratory. RecA was found to be

important for homologous recombination as depicted by phenotypic affects revealed by

RecA mutants that were found to be defective in genetic recombination and showed extreme

sensitivity to both UV and X-irradiation.

Figure 2.3 Structure of E. coli RecA protein monomer (PDB 2REB; Story and Steitz, 1992). The RecA protein

is shown in rainbow colour. The RecA sequence 25-SIMRLGE-31 forms part of the interface between RecA

subunits. Residues 26-IMRL-29 are shown in stick representation. RecA residues 27-MRL-29 add an anti-

parallel β-strand to the central β -sheet of a neighboring RecA molecule, in an identical fashion to the 

interaction of BRC4 residues 1525-HTA-1527 with RAD51 in the RAD51–BRCA2 complex. Moreover, RecA

residues Ile26 and Leu29 make comparable hydrophobic contacts to those made by Phe1524 and Ala1527 of

BRC4 with RAD51.
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It was almost 20 years later of its discovery, RecA protein was purified to

homogeneity and its biochemical studies revealed the ability to bind DNA and favor DNA–

DNA interactions. The electron microscopic studies made it possible to visualize RecA–

DNA complexes that were shown to be unusual thick rod-like structures (West et al., 1980).

In fact these were nucleoprotein filaments, in which RecA formed a helical protein wrapped

around the DNA (Chen et al., 2008; DiCapua et al., 1982). The DNA within the filament was

found to be composed of 6 RecA monomers per helical turn and stretched to approximately

1.5 times the length of normal duplex DNA.

2.4.2 RAD51

RAD51 is the recombinase enzyme of eukaryotic origin and is central to homologous

recombination. As discussed earlier, homologues of RAD51 such as RecA in eubacteria and

RadA/Rad51 in archaea, appear to be conserved in all organisms (Eisen et al., 1999; Sung et

al., 2003). The main function and purpose of this enzyme is to catalyze the pairing and strand

exchange reaction for the transfer of sequences from an intact DNA molecule to a molecule

that has suffered a DSB. Eukaryotic organisms are unusual in that most encode multiple

Rad51-related proteins. For example, seven such proteins have been found in vertebrates

(Thacker et al., 2005) and A. thaliana (Bleuyard et al., 2005), five are present in D.

melanogaster (Vieira et al., 2003) and three in S. cerevisiae (Krogh and Symington, 2004).

Recently, a study on the family of RAD51-like genes in T. brucei have shown that it

contains six members, a repertoire more like metazoan organisms than other single-celled

eukaryotes described to date (Proudfoot and McCulloch, 2006).

RAD51 has an important role in recombination that it assembles onto single stranded

DNA as a nucleoprotein filament and performs the invasion and exchange of homologous

DNA sequences (Baumann et al., 1996; Bianco et al., 1998; Ristic et al., 2005). As a result

of loss of BRCA2 function at cellular level, the sensitivity to cross linking agents increases

due to impairment of homology directed repair of double strand DNA breaks and defects in

replication and check point control (Lomonosov et al, 2003; Moynahan et al., 2001; Yu et

al., 2000). BRCA2 is also required for RAD51 induced focus formation after exposure to

DNA damaging agents (Gospodinov et al., 2009; Tarsounas et al., 2003; Yuan et al., 1999).
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The remarkable properties of RecA in E. coli sparked a new era of the search for its

homologues from other specie like eukaryotes. Indeed it was not an easy task to find them

because the biochemical assays for recombination activities proved to be either fruitless or

the result of artifacts. Eventually, scientists were able to identify two homologues in the same

year. First one was from S. cerevisiae, which was identified as a homologue of E. coli recA.

It was called a homologue of RecA initially on the basis of its sequence homology by the

groups of Tomoko Ogawa and Francis Fabre (Aboussekhra et al., 1992; Shinohara et al.,

1992). Later, Doug Bishop and Nancy Kleckner were able to identify meiosis specific

transcripts in yeast with the help of a differential screening approach. The spore production

ability was hampered due to disruption of the genes involved in genetic recombination such

as DMC1. Although DMC1 sequence is quite similar to RecA and Rad51 but the difference

lies at the N-terminus of DMC1 as well as the extended C-terminus is present only in RecA

as observed for the homology between yeast and human DMC1 (hDMC1) with RecA. A

search for homologues of S. cerevisiae Rad51 (ScRad51) led to the identification of such

proteins from different species that include basidiomycete, X. laevis, D. melanogaster,

Coprinus cinerus (C. cinerus), mouse and humans. While in the case of DMC1 family

members, the species that have been found include Candida albicans (C. albicans; Dlh1),

Lilium longiflorum (L. longiflorum), Schizosaccharomyces pombe (S. pombe), A. thaliana,

mouse and humans. It is quite surprising that Dmc1 homologues are absent in Drosophila or

C. elegans. Now we know that RecA and Rad51 are true homoloues in terms of their

sequence homology as well as the phynotypic effects shown by these two proteins are

similar. This proves their essential roles during the process of homologous recombination

underlying genome stability.

2.5 Interaction of BRCA2 with RAD51

The first observation of the interaction between BRCA2 and RAD51 came from yeast two

hybrid studies using C-terminal region of BRCA2 as a bait for RAD51 (Sharan et al., 1997).

Further confirmation of the interaction was established by co-immunoprecipitation studies on

endogenous BRCA2 and RAD51 (Marmorstein et al., 1998). The affects of BRC repeats on

RAD51 polymerization were found using synthetic peptides corresponding to BRC3 or
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BRC4. Both resulted in the disruption of hexamers of RAD51 and blocked the nucleoprotein

filament (Davies et al., 2001).

Figure 2.4 A structure of BRCA2-RAD51 complex (PDB 1N0W; Pellegrini et al., 2002). BRC4 repeat of

BRCA2 shown in green is covalently linked to RAD51 shown in blue. BRC4 repeat inserts its Phe1524 (red)

and Phe1546 (pink) into two hydrophobic pockets offered by RAD51.

Further insights into BRC4-RAD51 complex came from the remarkable studies by

Pellegrini et al. (2002). They were able to describe the crystallographic structure of BRC4-

RAD51 complex (Figure 2.4) that BRC4 remained in continuous contact with RAD51 over a

stretch of 28 amino acids. This interaction impaired the ability of RAD51 monomers to

interact with each other leading to disruption of nucleoprotein filament formation. Although

it seems to be a disruptive function of BRC4 to release RAD51 from nucleoprotein assembly

as this structure of RAD51 over DNA is critical for homology search but it was not until an

explanation that came from Davies and Pellegrini (2007) that how this structure is stabilized
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by exon 27 region of BRCA2. This interaction is specific for the RAD51 filaments formed on

ssDNAand is lost when S3291 is phosphorylated. However, this is still not known how exon

27 affects BRC repeat interaction with RAD51.

2.6 RAD51 family of genes

Although RAD51 is the key recombinase from eukaryotes whose disruption can cause

serious damage to the proper functioning of DNA based homology search and strand

exchange reaction but there are a number of genes which are similar to RAD51 in terms of

their sequence homology and identity. They are given the names as RAD51 family of genes.

The RAD51 gene family is composed of five genes in humans which are named XRCC2,

XRCC3, RAD51L1, RAD51L2, RAD51L3 (Thacker, 1999; Thacker, 2005) and have crucial

roles in the repair pathway discussed above. Indeed the disruption of different pathways of

DNA repair can lead to various kind of cancers such as defects in DNA mismatch repair are

associated with colorectal cancer, nucleotide excision repair with skin cancer, and breast and

ovarian cancers can be attributed to non-functional homologous recombination repair

pathway (Hoeijmakers, 2001; Sherr, 2004; West, 2003). So there was a race to find out key

proteins involved in the repair pathways. Undoubtedly, RAD51 was proven to be the key

recombinase for the process of homology based repair pathways.

In the same flow while cloning different DNA damage response genes, scientists

were able to clone and sequence RAD51 related proteins from humans that were later called

the RAD51 family of genes and a sixth RAD51- like protein which is named DMC1,

functions specifically in meiosis. The regions of highest sequence conservation among these

proteins are present in the putative ATP-binding domains (Thacker et al., 1999; Thompson

and Schild, 1999). Later, two-hybrid studies and co-immunoprecipitation assays were done

for these proteins that investigated out that these RAD51 related proteins form heterodimers

such as: XRCC2 with RAD51L3 (Braybrooke et al., 2000), XRCC3 with RAD51L2

(Kurumizaka et al., 2001; Masson et al., 2001; Wiese et al., 2002) and RAD51L1 with

RAD51L2 (Sigurdsson, 2001 and Miller et al., 2002). From the two-hybrid results it was

found that RAD51L2 formed two different types of heterodimers, and later research proved

the presence of a heterotetrameric complex of RAD51L1/RAD51L2/RAD51L3/XRCC2 in

an approximately 1:1:1:1 stochiometry (Liu et al., 2002; Masson et al., 2001; Miller et al.,
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2002). Years before, XRCC2 and XRCC3 were found to be associated with guarding the

genome as observed that the cells lacking these genes showed an increase in the frequency of

genetic changes (Thacker, 1999), but it is only recently that extensive studies of genetic

stability have been published. The Rad51 knock out experiments on mice showed very early

embryonic lethality (Lim and Hasty, 1996; Takata et al., 2001), while the embryos were able

to progress until later in the case of knockouts of Xrcc2 (Deans et al., 2000), Rad51L1 (Shu

et al., 1999), and Rad51L3 (Pittman et al., 2000) but none of the embryos could reach to

birth.

No doubt quite good data regarding insights about RAD51 gene family have been

generated but still there are un-answered questions which scientists are trying to solve. We

need to know of those hazards that occur as a result of mutations or loss of such genes. While

advances in the characterization of such protein activities are likely to be rapid, other relevant

studies may take longer to realize. Still we need to use more animal models to find out the

effects of targeted mutations in this family of genes. Indeed, the phenotypic affects of loss of

functions of such genes may vary depending upon the type of model system we have. This

will help find out the crucial roles of such genes whose defects can lead to cancer

predisposition. Further insights into structure/function relationships of the RAD51 gene

family will assist predicting the role in destabilizing cells, while the use of animal models

and more refined studies of cancer patients should properly explore their influence on

carcinogenesis.

Since the discovery of DMC1, it has been found that it is important for unique aspects

of meiotic recombination. In order to understand the specific role of DMC1 in the process of

meiotic recombination, it is necessary to look into distinguishing features of it with respect to

RAD51. Recent structural, biochemical, and genetic studies are now uncovering the

molecular mechanisms of DMC1-mediated homologous recombination and the involvement

of various recombination mediators for its regulation (Kagawa and Kurumizaka, 2010).

2.7 Meiotic Recombination

All sexually reproducing organisms halve their chromosomes number through a specialized

process of cell division called meiosis. The purpose of reducing the chromosome number to

half is to make sure that each zygote contains the diploid number of chromosomes after the
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process of fertilization (Hassold and Hunt, 2001; Kagawa and Kurumizaka, 2010). Central to

meiosis is meiotic recombination that establishes a physical connection between homologous

chromosomes, which is crucial for their proper segregation.

The process of homologous recombination connects the homologous chromosomes

followed by Spo11 protein that creates DNA double strand breaks throughout the

chromosome at hot spots. For the activity of DNA recombinases, it is critical to process or

resect the 3΄ ends to create ssDNA tails which is done by one or more exonucleases. Then 

presynaptic filaments are formed at extruded 3΄ ssDNA tails by the activity of DNA 

recombinases. These filaments then invade to the intact double-stranded region of the 

homologous chromosome and new Watson–Crick base pairs (heteroduplex) are formed

between the ssDNA and the complementary strand of the dsDNA through a process called

homologous pairing which is followed by DNA strand exchange. In fact the two important

steps: homologous pairing and DNA strand exchange are catalyzed by DNA recombinases.

These processes establish a physical connection between homologous chromosomes during

meiosis (Kagawa and Kurumizaka, 2010).

2.7.1 DMC1

Normal functioning of meiotic recombination requires the use of two recombinases; RAD51

and DMC1 which is a meiosis specific paralog of RAD51 (Bishop et al., 1992; Yoshida et

al., 1998). These recombinases share some similarities for example, DMC1 like RAD51,

forms octameric rings (as shown in Figure 2.5) that can bind DNA to form nucleoprotein

filament and perform strand exchange reaction (Bugreev et al., 2005; Kinebuchi et al., 2004;

Masson et al., 1999; Passy et al., 1999; Sehorn et al., 2004). In addition, DMC1 and RAD51

colocalize to nuclear foci during meiotic recombination (Bishop et al., 1994; Chen et al.,

1998; Tarsounas et al., 1999) but this is unclear how these two recombinases perform during

meiosis, whether they associate or play independent roles.

It has been found that T. brucei, Trypanosoma cruzi (T. cruzi) and Leishmania major

(L. major) each posses a single copy of the gene whose product is characteristically related to

the eukaryotic meiosis-specific protein Dmc1, which is structurally and functionally related 

to Rad51 (Proudfoot and McCulloch, 2006). T. brucei Dmc1 is transcribed in the

bloodstream stage of the parasite, where the gene can be mutated by reverse genetic
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disruption. It is surprising to know that Dmc1 at blood stream stage of the parasite does not

seem to be involved in DNA repair as mutated Dmc1 does not affect the efficiency of DNA

repair, recombination or antigenic variation (Proudfoot and McCulloch, 2006). It can be seen

in meiotic cells where meiosis generates haploid cells from diploid for the genetic exchange

to occur (Page and Hawley, 2003). Here, the DSBs are intentionally generated to induce

homologous recombination for the accurate segregation of chromosomes and genetic

reassortment (Richardson et al., 2004).

Figure 2.5 Cartoon showing polymerization in DMC1 (PDB 1V5W; Kinebuchi et al., 2004). DMC1 is known

to form homo-oligomers in solution which is an octameric ring. Two mononers of DMC1, coloured blue and

maroon are seen polymerized. The polymerization behavior of DMC1 mimics RAD51 self association

mechanism.

The involvement of Dmc1 in genetic recombination in T. brucei gave a clue of the

presence of its homologues in T. cruzi and L. major based on the sequence homology.

Therefore such genes can be called as markers of a capacity for meiotic recombination

(Ramesh et al., 2005; Sayed et al., 2005). Direct evidence for genetic exchange has been

documented in T. cruzi (Gaunt et al., 2003), although it is questionable whether or not this

corresponds to a meiosis like process that DMC1 would contribute to, whilst hybrid
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genotypes in L. major (Dujardin et al., 1995) suggest that genetic exchange has occurred, at

least in the past.

DMC1 can catalyze homology-directed DNA strand exchange as it might be expected

from its close homology with RAD51 (Sehorn et al., 2004). But there is a difference of

structural assemblies for strand exchange reaction; for instance, RAD51 and its prokaryotic

homologue RecA assemble onto ssDNA to form helical nucleoprotein filaments while DMC1 

forms non-helical filaments composed of stacked octomeric rings (Kinebuchi et al., 2004;

Masson et al., 1999; Passy et al., 1999). There was a discrepancy that, whether or not Dmc1

was a DNA repair protein in T. brucei that was answered through growth of cells under

various concentrations of an alkylating agent methyl methanesulphonate (MMS) (McCulloch

and Barry, 1999). As a result it was seen that the cells were not viable under these

circumstances which is contrary to the nature of RAD51. With this it can be concluded that

although Dmc1 mutants can be generated during bloodstream stage of T. brucei parasites but

no apparent phenotypes with respect to DNA repair, recombination or antigenic variation

efficiency can be observed (Proudfoot and McCulloch, 2006).

Most eukaryotes possess two recombinases. By contrast, the other recombinase,

Dmc1, is specific for meiotic recombination (Bishop et al., 1992). In mice, Dmc1 was found

to be involved in meiotic recombination as targeted mutation of the Dmc1 gene resulted in

sterility and poorly repaired DSBs in reproductive cells (Pittman et al., 1998; Yoshida et al.,

1998). So, Dmc1 is important for meiotic recombination. Although homologous

recombination occurs in both mitotic and meiotic cells but there are important differences

between the two; such as there is an involvement of Dmc1 specifically for meiotic

recombination. Still there are mysteries about the role of DMC1 that need to be explored

such as; which part of the meiotic recombination reaction is performed by DMC1, but not by

RAD51? What are those intrinsic biochemical properties that differentiate DMC1 with

RAD51? What are those factors that regulate the activities of DMC1, and how this

modulation occurs in DMC1 with respect to RAD51?
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2.8 Interaction between BRCA2 and DMC1

2.8.1 In mammals

Observation that meiotic chromosomes from mouse spermatocytes having low level

expression of Brca2 had reduced numbers of Dmc1 and Rad51 foci (Sharan et al., 2004)

supports the role of BRCA2 to coordinate the activities of DMC1 and RAD51 in meiotic

recombination. Also in plants, A. thaliana Brca2 (AtBrca2) interacts with A. thaliana Dmc1

(AtDmc1) via one of the four BRC repeats (Dray et al., 2006; Siaud et al., 2004). The first

encounter into mammalian BRCA2-DMC1 interaction came from the studies by Thorslund et

al. (2007). They discovered a stretch of 26 amino acids BRCA2 2386-2411 as a primary

interaction site for DMC1. Further insights led to the identification of a conserved sequence

2404KVFVPPFK2411 named as PhePP motif which is highly specific for interaction with

DMC1 and not with RAD51 that explains how BRCA2 regulates the functions of both of the

recombinases. No doubt this finding ultimately declares BRCA2 as a universal regulator of

RAD51/DMC1 recombinases.

Primarily, the in vivo interaction of BRCA2 with DMC1 was investigated using rabbit

polyclonal antibodies to immunoprecipitate BRCA2 complexes from extracts obtained from

human 293T cells transiently expressing Myc-tagged DMC1. The pull down assays using

monoclonal antibodies specific for BRCA2 indicated that the specific antibody pulled down

both RAD51 (Esashi et al., 2005) and DMC1 suggesting a different interaction site for

DMC1 in BRCA2. To find out the interaction domains between the human BRCA2 and

DMC1, authors used a series of overlapping GST fusion proteins designated B2-1 to B2-9

(Lee et al., 2004) spanning the entire length of BRCA2 coding region. The pull down assays

between BRCA2 B2-1 to B2-9, DMC1 and RAD51 proteins were analyzed by western

blotting that indicated the presence of a different interaction site for DMC1 within BRCA2

B2-6 domain which is unlike A. thaliana where BRCA2 interacts with DMC1 through BRC

repeats. BRCA2 was also found to interact with DMC1 through C-terminal region as

indicated by pulled down results. Using peptide arrays, they were able to narrow down the

B2-6 domain even further to a conserved sequence of amino acids which is quite conserved

among mammalian BRCA2 from different species. They probed further the critical

importance of Phe2406, Pro2408 and Pro2409 that the substitution of any of these amino
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acids led to the loss of interaction with DMC1. As expected the interaction domains in

BRCA2 for RAD51 were the same corresponding to the BRC repeats and C-terminal region.

2.8.2 In plants

It has been demonstrated that AtBrca2 interacts with AtRad51 and AtDmc1 as confirmed by

in vitro studies. The N-terminus of AtBrca2 was found to be responsible for these

interactions. In contrast with human BRCA2 (hBRCA2), the BRC repeats of AtBrca2

interact with both AtDmc1 and AtRad51. BRC2 of AtBrca2 interacts with AtDmc1 while

BRC4 interacts with AtRad51 (Dray et al., 2006). The involvement of Brca2 in regulating

the Dmc1 and Rad51 towards foci formation was investigated using meiotically arrested cells

of brca2 knockout mice (Sharan et al., 2004). Since Brca2 is known to localize on meiotic

chromosomes during the formation of synaptonemal complex (SC; Chen et al., 1998a), so an

interaction between AtBrca2 and AtDmc1 suggested a role for Brca2 in meiosis (Siaud et al.,

2004). At the C-terminus of Brca2 is present a DNA binding domain that is believed to

perform strand transfer between homologous chromosomes by Rad51, so it helped to find out

the domains (Yang et al., 2002) in the C-terminus of AtBrca2 underlying same function. The

full length Brca2 ortholog (called Brh2) from Ustilago maydis (U. maydis) was able to

perfom Rad51 mediated recombination in vitro at ssDNA-dsDNA junction (Yang et al.,

2002). Addition of Brca2 to RPA coated DNA molecules increased the amount of Rad51 that

reflects a role of Brca2 in removing the inhibitory affect of RPA on filament formation

(Yang et al., 2002).

Although homologues of Brca2 can be found in many organisms with varying

number of BRC repeats from one BRC repeat in C. elegans to 15 in T. brucei but the ability

of Brca2 to interact with Rad51 is conserved (Lo et al., 2003). In A. thaliana, two proteins of

1,151/1,155 amino acids, with four BRC repeats each are named AtBrca2(IV) and

AtBrca2(V) that share 94.5% similarity (Kojic et al., 2005; Martin et al., 2005; Siaud et al.,

2004). Contrary to the role of Brca2 in mammals, the Brca2 depleted U. maydis, A. thaliana

and C. elegans were viable. The involvement of Brca2 for the normal functioning of meiosis

in A. thaliana, U. maydis and C. elegans was observed as Brca2 mutation triggered genomic

rearrangements and premeiotic arrest (Kojic et al., 2005; Martin et al., 2005; Siaud et al.,

2004). Due to the larger size of human BRCA2 protein which hampered the investigation of
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biochemical properties so there was a race to find out BRCA2 homologues of smaller size

that could facilitate in vitro examination of their activity and potential interactants with a

complete protein (Yang et al.,2005). It was surprising to observe that although having quite

similarity in sequences between Rad51 and Dmc1, the binding of BRC repeat did not disrupt

the interaction between Brca2 and Dmc1 as it is observed for Brca2 and Rad51 interaction in

vertebrates. Contrary to vertebrates where multiple BRC repeats are involved in interaction,

the A. thaliana Brca2 interaction in terms of BRC repeats could be restricted to one BRC

repeat which is present at the N-terminal region of Brca2 as confirmed by co-

immunoprecipitation assays (Dray et al., 2006).

As the structures between DMC1 and RAD51 are quite conserved (Chen et al., 1999)

so based on this the hypothesis was tested whether or not Brca2 and Dmc1 could interact via

BRC domains region. A 734-bp region of AtBRCA2 from nucleotides (nts) 175 to 909 that

comprises all four BRC repeats was cloned in frame with the Gal4 activation domain (AD)

and binding domain (BD) of the yeast vectors pGAD424 and pGBT9. Just like human BRC

repeats, the BRC motifs in AtBrca2 were numbered after their order of occurrence in the

Arabidopsis protein, which does not mean that their sequence is closer to same numbered

motifs of the human protein. The two BRC2 motifs are divergent, thus both were tested,

while BRC1, BRC3, and BRC4 are identical in AtBrca2(IV) and AtBrca2(V). BRC2-BRC3,

BRC3-BRC4, and BRC1-BRC2-BRC3 bind AtRad51, AtDmc1, and to HsRAD51 as well

(Dray et al., 2006).

2.9 Octameric ring formation by DMC1 and interaction with DNA

Dmc1 is the eukaryotic homologoue of Rad51 and both share extensive sequence similarity.

It was discovered in yeast and is also present in many mammals (Bishop et al., 1992). The

inactivation of Dmc1 leads to asynapsis and sterility in mice as revealed by knock out mice

that suggests a crucial role of Dmc1 in meiotic recombination (Pittman et al., 1998; Yoshida

et al., 1998). RecA/Rad51 recombinases form nucleoprotein filaments for homologous

pairing but surprisingly it was found that DMC1 does not make helical filaments however

both DMC1 and RAD51 share extensive sequence similarity (Masson et al., 1999; Passy et

al., 1999). Instead, DMC1 is observed to form octameric rings that make complexes with

DNA composed of stacked rings (Kinebuchi et al., 2004). There has been suggested a critical
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role of N-terminal domain of DMC1 in stabilizing octameric ring formation. Passy et al.

(1999) observed a fraction of heptamers in DMC1 preparation with little degradation due to

DMC1 protein lacking N-terminal domain while in another preparation of DMC1 that

contained N-terminal domain, did not show any degradation product and formed stable

octameric rings. Further studies on DMC1 structure indicated the involvement of N-terminal

domain in contributing a steric bulk to force DMC1 to form octameric ring instead of

heptamers and is also found to bind DNA (Aihara et al., 1998).

The presence of highly conserved sequence FxxA at the polymerization motif in

RAD51 oligomers (Pellegrini et al., 2002) highlighted the involvement of two kinds of

interactions which are due to phenylalanine hydrophobic interaction with adjacent monomer

and hydrogen bonding between βo and β3 of the adjacent monomer. Interestingly, both of 

these interactions are present in DMC1 octameric ring structure suggesting the conservation

of this motif (Kinebuchi et al., 2004).

2.9.1 Salt dependent strand exchange mechanism for DMC1

The salt stimulation mechanism for DMC1 mediated strand exchange is not fully unraveled.

It is known that RAD51 requires ammonium sulfate for enhanced DNA strand exchange

activity (Sigurdsson et al., 2001). In fact salt stimulation modulates the ability of RAD51 to

distinguish ssDNA from dsDNA, through a conformational change in RAD51 that leads to

the formation of extended nucleoprotein filaments on ssDNA (Liu et al., 2004). Further the

effects of several neutral salts on RAD51 activities were also observed (Shim et al., 2006). In

the case of DMC1, a Ca2+ triggers a conformational change after binding to a distinct site

apart from the ATP-binding site that improves its ability to form filamentous structures on 

ssDNA and efficiently catalyze DNA strand exchange (Bugreev et al., 2005). In comparison

to DMC1, the Ca2+ binds to the ATP-binding site in RAD51 and prevents the rapid

conversion of the RAD51–ATP–ssDNA complex into the inactive ADP-bound form, thereby

keeping the active form maintained (Bugreev et al., 2004). Although DMC1 and RAD51 has

intrinsic structural and biochemical differences, regulatory proteins have been suggested to

guide DMC1 and RAD51 to their distinct roles in vivo.

In view of these results we can suggest that there are apparent differences between

DMC1 and RAD51 but the filaments they make are identical. This is supported by
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transmission electron microscopic studies by Bioshop et al. (1992). They observed that the

filaments made by DMC1, RAD51 and RecA were identical in terms of helical pitch,

filament stiffness, its diameter and that both used approximately six monomers per turn. This

discovery supports the view that the functional differences between DMC1 and RAD51 are

more likely to result from the influence of distinct sets of regulatory proteins, rather than 

from the intrinsic differences in the filament structures. This conclusion is consistent with the 

fact that in vitro DNA strand exchange reactions promoted by DMC1 and RAD51 are

strikingly similar. It has been found that the regulators of RAD51 and DMC1 profoundly

affect its recombinase activity whether in vivo or in vitro (Sung and Klein, 2006). Recently,

there has been a great thirst to find out many DMC1-interacting proteins and to characterized

them genetically and biochemically. It will be worth doing to explore how these factors

affect the activity of DMC1 and determine the specificity of their effects with respect to 

RAD51. This would help to define the unique roles played by DMC1 in meiotic

recombination.

2.10 DMC1 and RAD51: a comparison

It is a fact that eukaryotic cells contain two RecA homologues which are indeed Rad51 and

Dmc1 and both proteins are found to work in concert in terms that both co-localize to nuclear

foci during meiotic recombination (Anderson et al., 1997; Bishop et al., 1994; Dresser et al.,

1997). It is further supported by studies on yeast meiosis that Rad51/Dmc1 foci are formed

during the presence of DSBs and they tend to disappear as the chromosomes synapse. Both

recombinases co-localize in the presence of Tid1 (Rdh54) protein with which they interact

(Shinohara et al., 2000). Earlier it was known that Rad51 was required for the formation of

Dmc1 foci but later it was seen that even in the absence of Rad51, Dmc1 foci could form but

they stained more weakly as compared to wild type cells. Rad51 foci are normal in dmc1

mutants (Bishop et al., 1994; Shinohara et al., 1997). Although having sequence similarity

(Figure 2.6) both recombinases have vital differences in their function.

In the meiotic cells, the co-localization of RAD51 and DMC1 can be seen using

electron microscopy with gold-conjugated antibodies as proved by studies on mice

(Tarsounas et al., 1999). Further evidence of the co-localization comes from the fact that

both proteins express at the same time during meiotic prophase 1 as also observed in
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Figure 2.6 Multiple sequence alignment of human DMC1 and RAD51 proteins. DMC1 is a paralogue of

RAD51 and has sequence, structural as well as functional similarities with some important differences which

create puzzle to the understanding of its role in comparison with RAD51.

baculovirus-infected Sf 9 cells (Masson et al., 1999). DMC1 and RAD51 might have distinct

and overlapping roles in recombination. It has been observed that DMC1 has a role in

carrying recombination between homologous chromosomes; however, RAD51 is utilized by

the cells more towards inter-sister recombination (Schwacha and Kleckner, 1997). During

meiosis, DMC1 might exert its effect on RAD51 to direct it towards inter-homologue

recombination, rather than the inter-sister pathway, or may prevent recombination between

sister chromatids. A distinct role of DMC1 and RAD51 has been shown in A. thaliana that

both of these recombinases get separated during meiosis (Kurzbauer et al., 2012). There are

some more evidences implying overlapping and distinct roles of RAD51 and DMC1 such as

DMC1 interacts with Tid1 (Rdh54) but not with RAD51 (Dresser et al., 1997). Tid1 help co-

localize DMC1 and RAD51 to nucleus during meiotic recombination (Shinohara et al.,

2000). Importantly, the phenotype of the RAD51/DMC1 double mutant is additive as

compared to single mutants. No doubt, RAD51/DMC1 double mutants accumulate meiotic

DSBs and block in meiotic prophase but lose viability during sporulation (Dresser et al.,

1997).
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2.11 Role of CDK based phosphorylation in regulating homolgous recombination

BRCA2 implicates its role in homologous recombination through its interaction with RAD51

recombinase mediated by a series of BRC repeats that bind RAD51 with varying affinity

(Bignel et al., 1997; Bork et al., 1996; Chen et al., 1998; Wong et al., 1997). In addition,

there is an unrelated RAD51 binding region in exon 27 close to the C-terminus of BRCA2

(Davies and Pellegrini, 2007; Sharan et al., 1997; Mizuta et al., 1997). The function of exon

27 region of BRCA2 was found to be regulated by phosphorylation of S3291 by CDK

enzyme. This exon 27 region, specifically called as B2-9 (Lee et al., 2004) was confirmed for

CDK based phosphorylation as revealed by roscovitine inhibitory effect on CDK. Further, to

find out the real cyclin for the phosphorylation of this particular BRCA2 region, p21 was

used which inhibited only cyclin A and cyclin E associated CDK. In a reaction that was

dependent on the presence of cyclin binding motif in BRCA2 exon 27 which is RXL motif

(Wohlschlegel et al., 2001) so using CDK2 cyclin A, it was possible to phosphorylate this

region of BRCA2. In fact, phosphorylation of S3291 modulates binding with RAD51.

Glutamate substitution at S3291 that mimicked a negatively charged group, caused inability

of TR2 to interact with RAD51 which gave an important clue that phosphorylation might be

playing a role in regulating interaction of BRCA2 with RAD51. Various experiments that

include S3291E and S3291A mutations implicated that phosphorylation of S3291 causes

inability of TR2 domain of BRCA2 with RAD51 while in the control experiments the case

was other way around. It was observed that IR caused reduction in CDK-mediated

phosphorylation of S3291 leading to enhanced interaction between BRCA2 and C-terminus

of RAD51.

These studies suggest that interactions between C-terminal domain of endogenous

BRCA2 with RAD51 are crucial for efficient repair of double strand breaks underlying

homologous recombination. There are present three oligonucleotide binding (OB) domains

close to the C-terminus of BRCA2 as revealed by structural studies of BRCA2 complexed

with DSS1 (deleted in split-hand/split-foot 1). These OB folds are also present in single

stranded DNA binding proteins like RPA (Yang et al., 2002). So it is possible that loss of

S3291 phosphorylation might contribute towards loading of RAD51 onto single stranded

DNA for the start of strand exchange reaction.
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Contrary to mammalian RAD51 loading mechanism, S. cerevisiae CDK is involved

in the recruitment of Rad51 to DNA breaks sites. These findings indicate that, in yeast, CDK

contributes towards the activation of homologous recombination as compared with

mammalian cells where CDK based phosphorylation causes the disruption of interaction.

One of the explanations to this difference can be that, budding yeasts, in response to DNA

damage, arrest their cell cycle in mitotic phase with enhanced CDK activity as compared

with other organisms where cell cycle arrest occurs at G2 phase (Aylon et al., 2004; Ira et al.,

2004). But importantly, a functional homologue of BRCA2 in yeast has not been identified

yet.

Incredibly larger size of human BRCA2 has hampered investigation of its collective

function. However, scientists have investigated the role of its different regions or motifs in

isolation. This way they have been successful in most of the cases to answer many questions,

still more puzzles to be solved. BRCA2 being a giant molecule has many interaction sites as

described earlier in this chapter. In how the way BRCA2 and DMC1 interaction is regulated

and what is the role of CDK binding at a unique site in BRCA2 (presented in our research)

needs to be unmasked. Moreover, the presence of multiple BRC repeats in Brca2 from

different species is not completely understood yet. Is there any enhancement in the efficiency

of BRCA2’s mediator function with the increase in the number of BRC repeats, remains to

be unraveled. In relation to these, the purification and characterization of a unique motif in

human BRCA2, DMC1 and a role of multiple of BRC repeats in Brca2 of T. brucei in the

interaction with Rad51 will be presented in the next chapters.
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Chapter 3

Materials and Methods
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Part-I

A Region of Human BRCA2 Putative for CDK Based Phosphorylation
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The genes encoding the amino acid sequence of hBRCA2 from N2266-K2370

(hBRCA2N2266-K2370) and N2266-E2429 (hBRCA2N2266-E2429) of human BRCA2 were isolated

through PCR based amplification. Full length cDNA of hBRCA2 provided by Dr. Luca

Pellegrini (Department of Biochemistry, University of Cambridge, UK) was used as a

template for the PCR reaction.

3.1 Cloning of genes corresponding to N2266-K2370 and N2266-E2429 of hBRCA2

3.1.1 PCR based amplification

Oligonucleotide primers corresponding to the relevant human BRCA2 sequences were

designed containing the BamH1 and Not1 restriction sites in forward and reverse primers

respectively for cloning. The primers were synthesized by Sigma Aldrich, solubilized in

water to make the final concentration 100 µM. PCR reaction volume was set to be 50 µL and

the amplification was obtained at 60°C annealing temperature using HiFi DNA polymerase.

3.1.2 Ethanol precipitation

Precipitation of 50 µL PCR product was performed by the addition of 2.5x volume of

absolute ethanol and 0.1x 3 M sodium acetate of pH 5.0, vortexed quickly followed by 10

minutes incubation on ice. It was then centrifuged at 13,400 rpm for 10 minutes to pelletize

the DNA. Ethanol was discarded and pellet was air dried followed by resuspension of the

pellet in 20 µL milliQ H2O. The concentration of DNA was measured on Nanodrop using

milliQ H2O as blank. The DNA sample was kept on ice until further use.

3.1.3 Digestion of PCR product and vector

About 1 µg pRSFduet-1 plasmid DNA and 2 µg PCR products were digested by 10 units of

BamH1 and Not1 restriction endonucleases in NEBuffer 3. The reaction was carried out at

37°C for 1 hour in a water bath.

3.1.4 Recovery of appropriate bands from the agarose gel

One percent low strength agarose gel was prepared in 1x TBE (Tris/Borate/EDTA) buffer.

Samples were prepared by adding blue/orange 6x gel loading dye and run at 80 V for 40

minutes. Gels were visualized under 302 nm UV radiation and the appropriate bands were

excised with a clean, sharp razor blade thereby minimizing the volume of agarose. The
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appropriate fragments were transferred to the new 1.5 mL eppendorf tubes and purified

following QIAquick gel extraction kit (Qiagen) manufacturer’s protocol with the following

changes that water bath was set at 37°C rather at 50°C and 20 µL elution buffer was used.

3.1.5 Ligation and Transformation

In a 20 µL reaction, about 50 ng pRSFduet-1 vector was combined with 3-fold molar excess

of insert DNA. Ten microliters of 2x Quick Ligation Buffer were added and the volume was

adjusted to 19 µL using dH2O. At the end 1 µL Quick T4 DNA Ligase was added, mixed

gently and allowed the reaction to be completed by keeping the tube at room temperature for

5 minutes. The enzymatic activity was stopped by keeping the tube back on ice. 50 µL

Library Efficiency DH5α cells were transformed by 5 µL of ligation product through 

incubation on ice for 10 minutes followed by heat shock at 42°C for 45 seconds and

immediately kept on ice for 2 minutes. Then, 500 µL of S.O.C medium was added and cells

were incubated in an orbital shaker at 37°C for 40 minutes. Two hundred microliters of the

resulting culture was plated onto LB-agar plates containing 30 µg/mL kanamycin and

incubated for 16 hours at 37°C incubator.

3.1.6 Colony screening

Tooth pick was used to pick each resulting colony that was then grown in 5 mL LB media

containing 30 µg/mL kanamycin at 37°C in an orbital shaker.

3.1.7 Miniprep and analysis of construct

The tube containing culture was removed from the orbital shaker and centrifuged at RCF 380

g for 10 minutes at 25°C. Supernatent was discarded and tissue paper was used to remove

remaining media at the opening of the tube. QIAprep spin miniprep kit (Qiagen) user’s

protocol was followed to extract pRSFduet- hBRCA2N2266-K2370 vector. For the restriction

analysis, to 5 µL of extracted vector, 1 µL NEBuffer 3, 0.5 µl BamH1 and Not1 each were

added. The total volume was adjusted to 10 µL by adding milliQ H2O and incubated for 1

hour at 37°C. The double digested sample was run on agarose gel (as mentioned above) to

confirm the presence of insert. For further confirmation, 100 ng/uL sample was sent for DNA

sequencing with primers MalE and Down1 specific to the pRSFduet-1 vector and the results

were analyzed using chromas 2.31 and NCBI BLAST online bioinformatics tools.
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3.2 Expression analysis of hBRCA2N2266-K2370 in BL21 (DE3) and Rosetta2 (DE3)

hBRCA2N2266-K2370-pRSFduet-1 construct was expressed in BL21 (DE3) bacterial competent

cells. For transformation, 50 µL BL21 (DE3) competent cells were taken in a 1.5 mL

eppendorf tube and 0.5 µL hBRCA2N2266-K2370-pRSFduet-1 vector was added and mixed

gently. Following incubation on ice for 10 minutes, heat shock was given in a water bath at

42°C for 45 seconds and placed on ice again for 2 minutes. S.O.C medium was added to the

cells those were then grown in an orbital shaker at 37°C for 45 minutes. Later, 200 µL of the

cells were plated on LB-agar plate containing 30 µg/mL kanamycin and incubated overnight

at 37°C.

The flask containing 100 mL 2x YT media was autoclave sterilized and upon cooling

till room temperature, 30 µg/mL kanamycin were added. It was then inoculated with 2 mL

culture of BL21(DE3) cells and the cells were then grown at 37°C in an orbital shaker. The

optical density of the cells was measured every 30 minutes. At O.D=0.65, half of the culture

was shifted to another sterilized flask. One millimolar Isopropyl β-D-1-thiogalactopyranoside 

(IPTG) induction was given to one half and the other half was kept uninduced, grown the

cells at 37°C in an orbital shaker at 220 rpm for 5 hours. Twelve microliters of samples were

taken every hour from both induced and un-induced cultures, added 4 µL of 1x NuPage®

LDS sample loading buffer and 2 µL 1 M dithiothreitol (DTT) and heated for 3 minutes at

90°C before analyzing at SDS-PAGE. The same expression test for hBRCA2N2266-K2370-

pRSFduet-1 was also performed using Rosetta2 (DE3) cells by lowering the temperature to

25°C after induction with IPTG.

3.3 Purification of hBRCA2N2266-K2370

Eight 2 L flasks containing 1 L 2x YT media were autoclave sterilized. Upon cooling to

room temperature, kanamycin and chloramphenicol were added at a final concentration of 30

µg/mL and each flask was inoculated with 5 ml transformed Rosetta2 (DE3) cells containing

hBRCA2N2266-K2370-pRSFduet-1 plasmid vector. Following incubation at 37°C in an orbital

shaker at 220 rpm, the cultures were induced at O.D 0.65 using IPTG. Sixteen hours post

induction, the cultures were harvested by centrifuging at 5,000 rpm for 10 minutes at 20°C.

The resulting pellets were then resuspended in 25 mL lysis buffer (20 mM Tris-Cl [pH 7.5],

300 mM NaCl) and flash frozen using liquid nitrogen. Cells were further lysed by thawing
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and sonicating for 1 minute at 15 seconds pulse ON OFF cycle. It was then centrifuged for 25

minutes at 15,000 rpm in a pre-cooled rotor at 4°C and the resulting supernatant was

separated from pellet.

3.3.1 Immobilized metal affinity chromatography (IMAC)

The column was packed with 8 mL Ni-NTA agarose resin, washed with 3-4 column volume

(CV) of milliQ H2O and equilibrated with 5-6 CV of buffer A (20 mM Tris-Cl [pH 7.5], 300

mM NaCl). The clarified supernatant from the previous step was applied to equilibrated Ni-

NTA agarose resin at 1 mL/minute flow rate by using peristaltic pump. The column was

washed with 4-5 CV of buffer A followed by elution of proteins in 10 and 200 mM

immidazol buffers. All the fractions from Ni-NTA chromatography were analyzed by SDS-

PAGE for the presence of hBRCA2N2266-K2370 protein.

3.3.2 Removal of maltose binding protein (MBP) and histidine (His) tags

MBP and histidine tags were removed from hBRCA2N2266-K2370 protein through incubation

with Tobacco Etch Virus (TEV) protease for 2-3 hours at room temperature. The resulting

hBRCA2N2266-K2370 protein was passed over amylose beads packed under gravity flow,

washed by 4-5 CV of milliQ H2O and equilibrated with buffer containing 20 mM Tris-Cl [pH

7.5], 150 mM NaCl and 2 mM DTT. Following collection of flow throw, the column was

washed with 2 CV of this buffer and remaining proteins were eluted through 20 mM maltose

buffer made buffer A. All the fractions were run on SDS-PAGE for analysis of the purity of

the required protein.

3.3.3 Ion exchange chromatography

SP Hitrap 5 mL column was used to purify further hBRCA2N2266-K2370 protein. Protein

sample was diluted with cold 20 mM Tris-Cl [pH 7.5] to decrease the salt concentration to

about 100 mM. Column was connected to AKTA purifier, washed with 5 CV milliQ H2O

and equilibrated subsequently in buffers A (20mM Tris-Cl [pH 7.5], 150 mM NaCl, 1 mM

DTT), B (20 mM Tris-Cl [pH 7.5], 1 M NaCl, 1 mM DTT) and buffer A, respectively.

Protein sample was injected using a super loop and linear gradient was used to elute the

proteins at 1 mL/min flow rate in 2 mL fractions. Selected fractions were run on SDS-PAGE

to analyze the proteins.
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3.3.4 Gel filtration chromatography

The fractions from ion exchange chromatography containing hBRCA2N2266-K2370 protein were

pooled together and concentrated to a level of 3 mL volume through Vivaspin 5,000 MWCO

PES 6 mL concentrator in a centrifuge at 5,000 rpm. Before the start of concentration, the

membrane of the concentrator was equilibrated with gel filtration buffer (as the composition

is described below). The concentrated protein sample was injected through a 5 mL loop on

S75 HiLoad 16/60 column connected to AKTA purifier. The column was pre-washed with 1

CV of milliQ H2O and equilibrated by gel filtration buffer (20 mM Tris-Cl [pH 7.5], 150 mM

NaCl, 2 mM DTT). The purity of the hBRCA2N2266-K2370 protein was observed by running the

selected fractions on SDS-PAGE. Highly pure fractions containing hBRCA2N2266-K2370

protein were pooled together and concentrated to a volume of 1.5 mL through Vivaspin 5,000

MWCO PES 6 mL concentrator at 5,000 rpm in a centrifuge at 8°C. The concentrated protein

was then aliquoted in small tubes in 200 µL fractions, flash frozen using liquid nitrogen and

stored at -80°C.

3.4 Analysis of hBRCA2N2266-K2370 by N-terminal sequencing

The gel band corresponding to the size of protein of interest was sent for N-terminal

sequencing. For this purpose, the proteins resulted from amylose column purification were

separated by SDS-PAGE those were then blotted to polyvinylidene fluoride (PVDF)

membrane (Invitrogen). For blotting, two sponges and blotting papers were soaked in transfer

buffer (Invitrogen) for around 15 minutes. A sandwich in the order of sponge, blotting paper,

gel, PVDF membrane (pre-soaked in absolute methanol for 15 seconds), blotting paper and

sponge was prepared that was placed in XCell II blot module (Invitrogen) and transfer was

done in transfer buffer at 25 V for 1 hour (BioRad PowerPac Basic). Following transfer, the

PVDF membrane was gently removed and stained quickly for 5 seconds in 0.1% Coomassie

Blue R, 50% methanol for 5 minutes followed by destaining in 50% methanol and 10%

acetic acid. The membrane was air dried on the bench overnight and sent for sequencing.

3.5 CDK based phosphorylation assay for hBRCA2N2266-K2370

The kinase assay for hBRCA2N2266-K2370 was performed using CDK1-cyclin B (New England

BioLabs). A total of 10 µL reaction volume in a small tube included approximately 2 µg of
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protein hBRCA2N2266-K2370, 200 µM ATP, 1 µL CDK1 buffer (provided by New England

BioLabs), 20 units of CDK1-cyclin B enzyme and milliQ H2O (adjusted accordingly) to

make the total volume up to 10 µL. All the components were mixed gently and incubated at

30°C in a water bath for 1 hour. Following incubation, the reaction was stopped by placing

the tube on ice for approximately 30 minutes. For the positive control in this experiment

CTD-1 CtIP (carboxy terminal domain of CtIP [CtBP interacting protein] H. sapiens) protein

was used (provided by Miss May De Sun; Department of Biochemistry, University of

Cambridge). The negative controls for the kinase assay experiment include the one that does

not contain any component except ~2 µg protein of interest and milliQ H2O in a total volume

of 10 µL and the second negative control includes all the components required for the assay

(as described before) except CDK1-cyclin B enzyme. Both the negative controls were treated

according the protocol of kinase assay.

3.5.1 Detection of phosphorylation by Western blotting

After phosphorylation assay, the proteins (positive control, negative control and wild type)

were separated on SDS-PAGE which were then blotted (as described earlier) to nitrocellulose

membrane, pre-soaked in transfer buffer. Following blotting, the nitrocellulose membrane

was placed immediately in the blocking solution containing 5% milk, TBS-0.1% Tween 20

for 1 hour at room temperature with gentle shaking. Then the nitrocellulose membrane was

transferred to a 1:200 diluted anti-phospho Ser/Thr primary antibody in a solution containing

5% milk, TBS-0.1% Tween 20 and incubated overnight at 4°C with gentle shaking. After 14

hours, the nitrocellulose membrane was removed and given 3 times successive washings in

TBS-0.1% Tween 20 followed by incubation for 1 hour in 1:5000 times diluted horse radish

peroxidase secondary antibody in 5% milk, TBS-0.1% Tween 20 solution with gentle

shaking followed by 3 successive washings of 10 minutes each in TBS-0.1% Tween 20. The

extra liquid on the membrane was removed by touching on the tissue paper from a corner and

2.5 mL of ECL standard detection reagent was spread on the nitrocellulose membrane,

keeping for 5 minutes. The nitrocellulose membrane was then covered by a small piece of

plastic sheet, removed the extra liquid by pressing with the thumb gently from the inverted

side and attached to the cassette using a scotch tape with front side of the membrane on the
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top. For the development of X-ray film, different time exposures of the X-ray film were

taken in dark room that were then developed in the X-ray developer machine.

3.6 Limited Proteolysis for hBRCA2N2266-K2370

Different dilutions of each enzymes trypsin, chymotrypsin and subtilisin were prepared as

1:1000, 1:10,000 and 1:100, 000. One microliter of each dilution of the enzyme was added

individually to each tube containing 10 µL of purified hBRCA2N2266-K2370 protein those were

then incubated for 20 minutes at room temperature. The reaction was stopped by the addition

of 4 µL of 1x NuPage® LDS sample loading buffer and 2 µL 1M DTT and heated for 3

minutes at 90°C and analyzed on SDS-PAGE.

3.7 hBRCA2N2266-K2370 secondary structure determination by circular dichroism

spectroscopy

Circular Dichroism (CD) spectra for the purified hBRCA2N2266-K2370 protein were recorded

between 260 and 190 nm (0.5 nm steps) on an AVIV 410 spectropolarimeter, at 25°C.

Protein concentrations were determined by amino acid analysis. Spectra were measured in (5

mM Na-phosphate, 100 mM NaF) CD buffer in a 1 mm path-length quartz cuvette, and

instrument settings of 1 nm slit-width and 1 second averaging time. Protein samples were

centrifuged at 13,000 rpm for 5 minutes at 25°C prior to measurements, to reduce noise due

to scattering. The spectra were not corrected for the refractive index of the solvent. For each

spectrum the raw data from at least 3 scans was averaged and smoothed using the instrument

software. The buffer-only spectrum was subtracted from the protein spectrum and the

resulting spectrum was transformed into mean residue ellipticity [θ]. The transformed data 

was deconvoluted and analysed by the CDSSTR algorithm using the DichroWeb server

(http://dichroweb.cryst.bbk.ac.uk).

3.8 Cloning, expression and purification of T-A mutant hBRCA2N2266-K2370

To mutate Threonin 40 to alanine in hBRCA2N2266-K2370 protein, overlap extension PCR

(Heckman and Pease, 2007) method was used. For this purpose forward and reverse

mutagenesis primers were designed and the final amplification product was obtained using

specific forward and reverse primers relevant to hBRCA2N2266-K2370.
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Cloning procedure adopted is the same as discussed above. Briefly, PCR products

were cleaned and digested using restriction enzymes and cloned into library efficiency DH5α 

competent cells. Positive clones were confirmed by double digestion and DNA sequencing

analysis.

Protein expression tests were performed in Rosetta2 (DE3) cells (as described

earlier). For the protein purification same strategy was adopted as for the wild type

hBRCA2N2266-K2370 protein. Initial purification was obtained by passing the protein through

Ni and amylose columns. The vials containing the required protein were then subjected to ion

exchange and gel filtration columns using SP Hitrap 5 mL and S75 16/60 columns

respectively. The protein was analyzed on SDS-PAGE at every purification step. Following

final purification, protein was sent for amino acid analysis for the determination of

concentration.

3.9 Kinase assay for T-A mutant hBRCA2N2266-K2370

The kinase assay using CDK1-cyclin B was performed for T-A mutant hBRCA2N2266-K2370 as

described earlier. The wild type hBRCA2N2266-K2370 was also assayed. Following

phosphorylation, both the proteins were sent for the mass spectrometric analysis.

3.10 Cloning, expression and purification of hBRCA2N2266-K2370 protein containing G at

S2 position at the N-terminus

Forward mutagenesis primer containing the codon for glycine to replace serine (Ser) at the

N-terminus of hBRCA2N2266-K2370 as compared to wild type hBRCA2N2266-K2370 was designed

using oligo analyzer online software. By using this mutagenesis forward and specific reverse

primer to that of hBRCA2N2266-K2370, the PCR reaction was performed. Successful cloning

was done following the protocol as described earlier. Rosetta2 (DE3) cells were used for the

better expression of the protein that was then purified using Ni, amylose, SP Hi trap and gel

filtration columns (described earlier). Purification level of the protein was tested by SDS-

PAGE at each successive step. The protein concentration was determined by amino acid

analysis.
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Part-II

Purification of Human DMC1
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3.11 Cloning of C-terminus of DMC1 in pRSFduet-1-DMC1 vector

Specific primers belonging to the C-terminus of DMC1 were designed by Mr. Mike A.

Longo (Department of Biochemistry, University of Cambridge, UK). Cloning strategy was

the same as described earlier. Briefly, PCR amplified C-terminus was digested with

restriction enzymes and ligated into the pRSFduet-1 that already contained insert for full

length DMC1 in multiple cloning site 1 by Mike A. Longo. The ligated product was cloned

into the library efficiency DH5α cells. The positive colonies were picked and confirmed for 

the presence of gene of interest through double digestion and DNA sequencing.

3.12 Expression and purification of DMC1

The protein expression was performed in Rosetta2 (DE3) cells in 2x YT media. IPTG was

used to induce the co-expression of both full length DMC1 and its C-terminus. Induced and

uninduced cultures were compared for expression through SDS-PAGE analysis (described

before). The bacterial cell pellets were re-suspended in buffer A (20 mM Tris-Cl [pH 7.5],

500 mM NaCl). For purification, the first step was to use Ni NTA resins (described earlier).

All the elutions coming off from Ni column were separated by SDS-PAGE. The vials

containing co-eluted DMC1 and C-terminus of DMC1 proteins were further clarified after

passing through amylose column. Fractions including flowthroughs, washes and elutions

were seen on SDS-PAGE to test the presence of co-eluted proteins. Following amylose

column, Heparin 5 mL column was used to eliminate any undesired proteins from the sample

required. AKTA purifier was used for this purpose. Heparin 5 mL column was attached at

column position provided at AKTA purifier machine. Column was washed with 5 CV of H2O

and equilibrated in low and high salt buffers, A (20 mM Tris-Cl [pH 7.5]) and B (20 mM

Tris-Cl [pH 7.5], 1.5 M NaCl) respectively. Protein sample was injected and loaded onto the

column using the coiled loop. All fractions coming off through the column were collected in

5 mL collection tubes. The fractions related to the peaks on the chromatogram were selected

and analyzed by SDS-PAGE.
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Part-III

Purification and Interaction Studies on BRC Repeats and Rad51 from

Trypanosoma brucei
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3.13 Interaction studies of BRCA2 and RAD51 from Trypanosoma brucei

Different kind of constructs were designed to determine the interaction between T. brucei

BRC repeat(s) with T. brucei Rad51, T. brucei BRC with hRAD51, hBRC4 with T. brucei

Rad51. In the rest of the experiments, I will use Tb for T. brucei.

3.13.1 Oligo synthesis of TbBRC

The DNA sequence of one of the BRC repeats of 14 identical repeats in T. brucei was

obtained from gene data bank at NCBI. Restriction sites were added at the 5΄ end of the first 

and second strand of TbBRC repeat. The oligo sequence was sent to Sigma Company for the

synthesis of both of the DNA strands. The single stranded synthetic TbBRC repeat was re-

suspended in the buffer those were then re-annealed after incubating at 95°C for 1 minute in

heat bath and lowering the temprature gradually to room temperature. The re-annealed

double stranded TbBRC repeat was then stored at -20°C for further use.

3.13.2 Designing of TbBRC:hRad51-pRSFduet-1 construct

3.13.2.1 Cloning of TbBRC in pRSFduet-1 vector

The double stranded TbBRC repeat was ligated in multiple cloning site (MCS) 1 of

pRSFduet-1 vector containing hRAD51 in MCS 2. The ligated product was transformed to

library efficiency DH5α cells those were then plated onto kanamycine resistant LB-agar 

plates. The positive clones were identified by double digestion and sent for DNA sequencing

for further confirmation.

3.13.3 Designing of TbBRC: TbRad51 construct

In order to design TbBRC:TbRad51-pRSFduet-1 construct, the already made

TbBRC:hRad51-pRSFduet-1 construct was used.

3.13.3.1 Cloning of TbRad51

Specific primers related to N-terminally truncated TbRad51 were designed. For the PCR

reaction, TbRad51-pET15b construct was used as a template. The PCR amplified TbRad51

was digested with specific enzymes and ligated into TbBRC: hRAD51-pRSFduet-1 in MCS 2

replacing already cloned hRAD51. The ligated product was transformed into the library



52

efficiency DH5α cells. Later, the positive clones were selected and sent to PNAC facility 

(Department of Biochemistry, University of Cambridge) to confirm the presence of TbRad51

insert through double digestion and DNA sequencing.

3.13.4 Designing of hBRC4:TbRad51 construct

3.13.4.1 Cloning of TbRad51 into hBRC4:hRAD51-pRSFduet-1 vector

The already amplified and digested product of TbRad51 from the previous construct was

used to be ligated into hBRC4:hRAD51-pRSFduet-1 vector in the MCS 2 to replace

hRAD51. As described above, the ligated product was cloned into the library efficiency

DH5α cells and later the positive clones were confirmed by double digestion and DNA 

sequencing.

3.13.5 Designing of Tb(BRC1, BRC1-2, BRC1-3, BRC1-4, BRC1-5, BRC1-6, BRC1-7)-

TbRad51-pRSFduet-1 constructs

For the designing of above mentioned constructs, a shotgun cloning method was used. A pair

of primers corresponding to one of the 14 identical TbBRC repeats was used in a PCR

reaction employing T. brucei genomic DNA as a template, yielding a mixture of 1-14 BRC

repeats. PCR clean up kit was used to clean the PCR product that was then subjected to

restriction by BamH1 and Not1. It was then ligated into pre-digested TbRad51-pRSFduet-1

vector and transformed in DH5α library efficiency cells. Restriction analysis and DNA 

sequencing methods were utilized for the confirmation of the presence of inserts.

3.14 In vitro Pull Downs

The constructs TbBRC:TbRad51-pRSFduet-1, TbBRC:hRAD51-pRSFduet-1,

hBRC4:TbRad51-pRSFduet-1 and Tb(BRC1, BRC1-2, BRC1-3, BRC1-4, BRC1-5, BRC1-6,

BRC1-7)-TbRad51-pRSFduet-1 were independently expressed (as mentioned earlier) in

Rosetta2 (DE3) cells in 1 L 2x YT medium under IPTG induction. After overnight post

induction, the cells were lysed and pellets were re-suspended in buffer A (20 mM Tris-Cl

[pH 7.5], 300mM NaCl) followed by sonication and centrifugation.

For the pull down experiments the proteins belonging to each construct were passed

through Ni-NTA column, pre-equilibrated in 20 mM Tris-Cl [pH 7.5] + 300mM NaCl buffer
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(as mentioned above). All the fractions coming off through Ni column that include

flowthroughs, washes and elutes were separated by SDS-PAGE. For further purification and

confirmation, the vials of 200 mM immidazole elutes from Ni column were passed through

amylose column. Similarly, all the fractions from amylose column were tested by SDS-

PAGE for the presence of proteins of interest and to analyze their interaction.

3.15 Purification of hRAD51

TbBRC:hRAD51-pRSFduet-1 construct was employed for the expression of H. sapiens

hRAD51. Expression strategy was the same as discussed previously. Briefly, Rosetta2 (DE3)

cells were used for the expression of TbBRC:hRAD51-pRSFduet-1. Later, the clarified

supernatant was passed over Ni-NTA column using 20 mM TrisCl [pH 7.5], 300 mM NaCl

as an equilibration buffer. 200 mM immidazol buffer elutions were passed over amylose

beads under gravity whose final elutions were diluted with chilled 20 mM Tris-Cl [pH 7.5] to

reduce the salt concentration to 100 mM NaCl. Heparin column chromatography was used to

separate TbBRC from hRAD51. The column was equilibrated in 5-6 CV of milliQ H2O and

then with 5-6 CV of buffer A (20 mM Tris-Cl [pH 7.5], 50mM NaCl). To disrupt the binding

of proteins with heparin, 20 mM Tris-Cl [pH 7.5] + 1 M NaCl buffer was mix with buffer A.

At the completion of the process, fractions corresponding to different peaks in the

chromatogram were selected and analyzed on SDS-PAGE to check the purity of hRAD51.

Highly pure fractions were pooled together, concentrated and stored for further use.

3.16 Dynamic Light Scattering

Purified hRAD51 was handed over to my colleague Dr. Tommaso Moschetti (Department of

Biochemistry, University of Cambridge) for his lab experiments. He performed dynamic

light scattering experiment to analyze the characteristic nature of hRAD51 which is, when

hRAD51 is incubated with hBRC4, it leads to monomeric state from olimerized state.

Although this experiment belongs to Dr. Tommaso Moschetti but it is desirable to mention

whether hRAD51, purified in my hands, keeps its native state or not.



54

3.17 Purification of TbBRC1-7

For the expression of TbBRC1-7-TbRad51-pRSFduet-1 construct, Rosetta2 (DE3) cells were

used. After cell disruption by sonication, cellular debris were removed by centrifugation.

Clarified supernatant was passed through pre-equilibrated Ni-NTA column in 20 mM Tris-Cl

[pH 7.5], 300 mM NaCl. All the fractions coming off Ni-NTA column were collected and

analyzed by SDS-PAGE followed by amylose column chromatography based purification of

Ni-NTA column final elutions. Fractions from amylose column in 20 mM maltose buffer

were pooled together and subjected to TEV proteolysis for 1h at room temperature and for 3

hours at 4°C. To separate His6-MBP from TbBRC1-7, Ni-NTA column chromatography was

employed followed by analysis of the fractions on SDS-PAGE. Cleaner fractions containing

TbBRC1-7 were pooled together and concentrated using Vivaspin 5,000 MWCO PES 6 mL

concentrator in a centrifuge at 5,000 rpm (as described previously). Further purification was

obtained through S75 HiPrep and S200 HiPrep gel filtration column. Before loading the

sample on gel filtration column, it was equilibrated in 20 mM TrisCl [pH 7.5], 300 mM NaCl

buffer. All the fractions coming off gel filtration column were analyzed by SDS-PAGE to

test the presence and purity of TbBRC1-7. Cleanest fractions were pooled together and stored

on ice in the cold room at 4ºC.

3.17.1 Determination of TbBRC1-7 protein concentration by amino acid analyzer

Twenty microliters of purified TbBRC1-7 in 20 mM Tris-Cl [pH 7.5], 300 mM NaCl buffer

were aliqouted and sent for the determination of protein concentration through amino acid

analysis performed by Mr. Mike Weldon (Protein and Nucleic Acid Chemistry Facility,

Department of Biochemistry, University of Cambridge).

3.17.2 Gel filtration pattern of TbBRC1-7

Gel filtration pattern of TbBRC1-7 protein was revealed by calculating the void volume and

molecular mass of the protein. To find out the void volume of S200 GL gel filtration column,

500 µL of 3 mg/mL blue dextran solution in 20 mM Tris-Cl [pH 7.5] + 300 mM NaCl buffer

was passed through pre-equilibrated S200 GL gel filtration column in 20 mM Tris-Cl [pH

7.5], 300 mM NaCl buffer. The elution peak of blue dextran was then compared with elution

peak of TbBRC1-7 to determine whether TbBRC1-7 came off in the void volume or not.
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For the estimation of molecular mass and monomeric or oligomerized state of the TbBRC1-7

protein gel filtration molecular weight standards (Sigma) were run on S200 GL gel filtration

column. The chromatogram of molecular weight standards was then compared with the

chromatogram of TbBRC1-7 in terms of elution volume.

3.18 TbBRC1-7 protein secondary structure determination by circular dichroism

spectroscopy

Circular dichroism data were collected using an Aviv 410 spectropolarimeter (Biophysics

facility, Department of Biochemistry, University of Cambridge). TbBRC1-7 protein at 0.67

mg/mL, was analysed in CD buffer (5 mM Na-phosphate, 100 mM NaF) using a 1 mm path-

length quartz cuvette, with 1 nm slit-width and 1 second averaging time. CD spectra were

recorded at 25°C, between 260 and 185 nm, with 0.5 nm increments. For each sample, raw

data from 3 measurements were averaged, corrected for buffer signal, smoothed, and then

converted into mean residue ellipticity ([θ]). Deconvolution was performed using the 

CDSSTR algorithm on the DichroWeb server (http://dichroweb.cryst.bbk.ac.uk). CD

temperature melt data were recorded at 222 nm, for 5°C increments between 5°C and 95°C,

with 2°C/min ramping rate, 0.4°C deadband, 30 seconds incubation time, 1 nm slit-width and

1 s averaging time.

3.19 TbBRC1-7 crystallization experiment

TbBRC1-7 protein was concentrated to 6 mg/mL and was distributed to each well of JSCG

suit by mixing 3 µL of the protein with the same amount of the buffer in each well. This was

performed using Oryx. The JSCG plate was then carefully sealed and placed at room

temperature for the growth of crystals. Inspection of JSCG plate was done by visualizing in

the microscope once every second day. The list of buffers which were present in the JSCG

(Joint Center for Structural Genomics) + suit is given on the next page in Table 3.1.

However, for the prediction of teriarty structure, we employed Phyre2 server.
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Table 3.1 continued on next page
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3.20 Prediction of phosphorylation sites in TbRad51 and its orthologues

The amino acid sequences of Rad51 from O. sativa Indica, S. cerevisiae and T. brucei were

retrieved from The National Centre for Biotechnology Information (NCBI). The protein

sequences were submitted as a FASTA format to protein BLAST with default parameters for

error value, gap penalty and score.

The protein BLAST resulted in a range of othologues for TbRad51 (data not shown)

of which a few were selected for amino acid sequence comparison. Multiple sequence

alignment was performed using CLUSTAL OMEGA (Sievers et al., 2011). To do this, each

sequence was submitted in FASTA format to CLUSATAL OMEGA. The resulting alignment

was coloured, edited and analyzed using online bioinformatics tool.

For calculating protein physical and chemical parameters, the protein sequences were

submitted to ProtParam tool at ExPASy Bioinformatics Resource Portal (Gasteiger et al.,

2005). And for phosphorylation sites prediction, each sequence was submitted as a FASTA

format to NetPhos 2.0 server at ExPASy Bioinformatics Resource Portal (Blom et al., 1999).

Moreover, the program was asked to provide the graphical representation of predicted

phosphorylation sites for serine, threonine and tyrosine, individually.
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Chapter 4

Results and Discussion
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Part-I

A Region of Human BRCA2 Putative for CDK Based Phosphorylation
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4.1.1 Selection of a region in hBRCA2 putative for phosphorylation by CDK enzyme

A region of human BRCA2 starting from amino acid N2266 to E2429 present between exon

11 and OB domains close to the C-terminus (Figure 4.1) was selected based on its sequence

conservation among different higher vertebrates; multiple sequence alignment (MSA) is

shown in Figure 4.2. Recently, it was shown to bind DMC1 with 2404KVFVPPFK2411

called as PhePP motif (Thorslund et al., 2007). But no reports concerning the regulation of

interaction of human BRCA2 with DMC1 based on this region are available yet. The

presence of STP sequence as a potent phosphorylation site for CDK enzymes and RXL for

the cyclin binding (shown by MSA, Figure 4.2) can be a good clue towards the regulation of

interaction of hBRCA2 with hDMC1.

Figure 4.1 A schematic of human BRCA2 showing conserved interaction sites. (A) Representation of N2266-

K2370 having only the CDK phosphorylation site while (B) represents N2266-E2429 containing CDK

phosphorylation and DMC1 binding sites.

BRC CDK & DMC1 Helical region OB domain NLSTower

BRCA2

N2266-E2429

A
N2266-K2370

B
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N2266

DMC1 site

Cyclin-dependent kinase 1 also known as CDK1 or cell division control protein 2

homologue is a highly conserved protein that functions as a serine/threonine kinase, and is a

key player in cell cycle regulation (Morgan, 2007). With its cyclin partners, CDK1 forms

complexes that phosphorylate a variety of target substrates; phosphorylation of these proteins

leads to cell cycle progression (Enserink and Kolodner, 2010).

Figure 4.2 A multiple sequence alignment of a region in human BRCA2 from N2266-E2429 with Brca2

sequences from different vertebrates. Highlighted sequences indicate the start and end of the protein lengths to

be purified as well as the presence of cyclin bidning motif, cyclin dependent kinase site and DMC1 binding site.

Previously, a conserved domain in the exon 27 region of hBRCA2 was shown to be

phosphorylated by CDK enzyme where it phosphorylates a serine-threonine (S/TP) motif

residue Ser3291. This specific region of BRCA2 is involved in the interaction with RAD51

which undergoes phosphorylation leading to the termination of BRCA2’s ability to protect

nucleoprotein filament from disruption by the BRC repeats (Davies et al., 2007; Esashi et al.,

K2370

E2429

Cyclin site CDK site

N2266
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2005; Esashi et al., 2007). Research is still lacking to find out the regulation of DMC1 by

BRCA2. We might think that similar kind of mechanism of regulation does exist in DMC1 as

in the case of RAD51 but it needs to be discovered. To investigate whether or not this region

is phosphorylated by CDK enzyme, we devised to divide this region into two parts; one

hBRCA2N2266-K2370 (Figure 4.1A) that includes only the phosphorylation site but not the

DMC1 binding site and the other hBRCA2N2266-E2429 (Figure 4.1B) that includes both

phosphorylation and DMC1 binding sites.

4.1.2 Cloning of genes corresponding to hBRCA2N2266-K2370 and hBRCA2N2266-E2429

The genes corresponding to the amino acid regions hBRCA2N2266-K2370 and hBRCA2N2266-

E2429 were amplified through polymerase chain reaction (Figure 4.3A) using full length

hBRCA2 cDNA as a template.

Figure 4.3 Cloning of hBRCA2N2266-K2370 and hBRCA2N2266-E2429 genes. (A) PCR based amplification of genes

corresponding to hBRCA2N2266-K2370 and hBRCA2N2266-E2429 at 3 and 6 mM MgCl2 (from left to right) while (B

& C) confirmation of the positive clones for hBRCA2N2266-K2370 and hBRCA2N2266-E2429 genes was obtained

through restriction analysis, respectively. 1 kb DNA ladder was used as shown in the gels.

A

B C
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Specific primers to these genes were designed with the help of my colleague Mr.

Mike A. Longo (Department of Biochemistry, University of Cambridge) those were used at

final concentration of 5 pmol/µL in the reaction mixture. The gene amplification was tested

at different MgCl2 concentrations as 3 mM and 6 mM and the best results were obtained (as

shown in Figure 4.3A) at both MgCl2 concentrations using KOD HiFi DNA polymerase.

KOD HiFi DNA polymerases are genetically engineered for the amplification of long

stretches of DNAs as it has higher processivity. This polymerase has 3΄ to 5΄ exonuclease 

activity which can proof-read any mismatch in the DNA (Nishioka et al., 2001; Takagi et al.,

1997). Indeed any mismatch in the gene may create frameshift mutations in the protein that

can disrupt the primary sequence of the protein leading to loss of its function (Farabaugh,

1996). Figure 4.3A also shows some non-specific bands or these are possibly due to

dimerization of the primers (Brownie et al., 1997). The sharp bands of PCR amplified

products indicate that there is no smearing and the product is quite pure. As there were no

non specific bands close to the gene of interest so this made it easier to cut and purify the

bands using DNA purification kit.

Since the genes corresponding to hBRCA2N2266-K2370 and hBRCA2N2266-E2429 amino

acid sequence were ligated in pRSFduet-1 vector between BamH1 and Not1 restriction sites;

so restriction analysis, a commonly used strategy was applied to confirm the presence of the

gene of interest. The presence of ~315 and ~492 base pairs bands (Figure 4.3B & C

respectively) confirmed the release of the gene of interest from the vector and assured

successful cloning. Indeed it is possible that not all of the colonies are positive as shown in

the Figure 4.3B & C. No doubt, restriction analysis gave us a good idea of the presence of

our gene of interest but it was necessary to read the whole sequence through DNA

sequencing because any mutation introduced in the gene due to any reason such as

replication errors or UV induced damage (while cutting the band during DNA purification

from the gel) could affect the protein translation leading to loss of its native function

(Cariello et al., 1988). Our DNA sequencing results confirmed that the sequence of the insert

was accurate and in line with His6-MBP tag as confirmed by BLASTx online bioinformatics

tool.
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4.1.3 Expression and purification of hBRCA2N2266-K2370 and hBRCA2N2266-E2429

Expression test was performed for hBRCA2N2266-K2370 and hBRCA2N2266-E2429 in BL21 (DE3)

and Rosetta2 (DE3) bacterial cells. SDS-PAGE analysis of induced and un-induced cultures

confirmed the presence of both proteins (data not shown). Rosetta2 (DE3) cells showed good

expression at 25°C post IPTG induction (Tegel et al., 2010). Lowering of temperature

increases the solubility for some proteins during expression in the bacterial culture which is

important to increase the yield of the protein of interest (Schein, 1993).

For the purification of hBRCA2N2266-K2370 protein, Ni-NTA column was packed

homogeneously with Ni-NTA beads. It is important to pack the column under gravity flow as

there should not be any air bubbles that can affect the protein flow through the beads.

Further, the column was equilibrated in the same buffer (20 mM Tris-Cl [pH 7.5], 300 mM

NaCl) in which the protein sample was prepared to give the protein identical conditions

throughout purification. Proteins are delicate molecules whose native structure can be

affected due to change in buffer or pH conditions etc (Hengen, 1995). The chromatography

was performed at 4°C in the cold room to protect the protein from heat affect as

hBRCA2N2266-K2370 protein was not stable at room temperature. All the fractions from the Ni

column were analyzed by SDS-PAGE (Figure 4.4) for the presence and purity of the protein

of interest. Since hBRCA2N2266-K2370 is a fusion protein containing His6-MBP tag so the

apparent molecular weight in the 200 mM imidazole elution fraction was seen to be (~57

kDa) as expected. Figure 4.4 also shows the presence of His6-MBP-hBRCA2N2266-K2370 fusion

protein but this is well explained due to overloading of protein sample on Ni-NTA beads

which has specific binding capacity. No doubt it is possible to re-load these fractions on an

equilibrated Ni-NTA packed column to provide enough space for histidine binding. To the

protein sample, following 200 mM imidazole elution, TEV protease was added in the

presence of reducing agent DTT. Incubation was given at room temperature for 1 hour and

later the proteolysis was completed by placing the tube at 4°C for 3 hours. Figure 4.4 shows

the complete removal of hBRCA2N2266-K2370 protein from His6-MBP protein tags as a result

of TEV proteolysis. hBRCA2N2266-K2370 protein band appeared at ~12 kDa position as

expected with no apparent degradation.
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Figure 4.4 Purification of hBRCA2N2266-K2370 by IMAC. SDS-PAGE analysis of hBRCA2N2266-K2370 purification

by Ni-NTA and amylose columns and removal of His6-MBP tags through TEV proteolysis. hBRCA2N2266-K2370

was completely separated from His6-MBP tag by the use of TEV protease that came off in the amylose

flowthrough.

Following TEV proteolysis, the protein sample was loaded onto amylose column that

was pre-equilibrated in 20 mM Tris-Cl [pH 7.5], 150 mM NaCl, 2 mM DTT. The

flowthrough from amylose column was collected that was expected to contain hBRCA2N2266-

K2370 protein as confirmed by SDS-PAGE analysis (Figure 4.4). MBP is a maltose binding

protein which has strong affinity for amylose so it was easier to remove MBP from the

protein of interest. In fact MBP tags have two advantages during the purification of the

protein; firstly it increases the solubility of the protein being native E. coli protein in nature;

secondly, its characteristic to bind amylose makes it a useful tool for protein purification

during affinity chromatography (Riggs et al., 2007).

Mw(kDa)

hBRCA2N2266-K2370

His6-MBP-hBRCA2N2266-K2370 fusion

His6-MBP
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Figure 4.5 Ion exchange and gel filtration chromatography for the purification of hBRCA2N2266-K2370. (A) Ion

exchange chromatogram indicates the pattern of purification of hBRCA2N2266-K2370 which (B) are separated by

SDS-PAGE. Further purification of the pooled fraction after ion exchange column chromatography was

obtained through gel filtration chromatography whose pattern of purification (C) is shown in the chromatogram.

The fractions eluted from gel filtration column are separated (D) on SDS-PAGE.

A B

C D

Pooled fractions

mAu
Conductivity
mS/cm

mAu

Elution Volume mL
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Abs 230 nm
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Conductivity
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The presence of low molecular weight protein close to the protein of interest (Figure

4.4) prompted us to think for N-terminal sequencing (Yamaguchi et al., 2005). The results of

N-terminal sequencing indicated the presence of full length hBRCA2N2266-K2370 (~12 kDa)

and a low molecular mass C-terminally truncated hBRCA2N2266-K2370 protein. The C-terminal

truncation of the protein is possibly due to codon biasdness in E. coli with human codons

(Williams et al., 1995).

Since the pI of hBRCA2N2266-K2370 protein was found to be 9.46 so at pH 7.5, the

protein was positively charged. SP HiTrap 5 mL column was used for further purification of

hBRCA2N2266-K2370. The fractions corresponding to all peaks in the chromatogram were

visualized on SDS-PAGE (Figure 4.5A & B; data not shown for all the peaks in the SDS-

PAGE). The chromatogram shows that the protein did bind with SP HiTrap 5 mL column

and came off at salt concentration of ~29 mS/cm. Indeed the protein corresponding to a

molecular mass of ~12 kDa is present in the fractions eluted from AKTA purifier (Figure

4.5A) but there are present some contaminants which are possibly the C-terminally truncated

form of full length protein of interest. As seen from the gel picture (Figure 4.5B), it is evident

that the low molecular mass protein (C-terminally truncated) has the same affinity to bind SP

HiTrap 5 mL column to that of full length protein so it is in concert with the N-terminal

sequencing results. No doubt the presence of high concentration of truncated protein is a loss

in terms of total amount of full length protein produced by bacterial system. It is apparent

from Figure 4.5B that hBRCA2N2266-K2370 protein remained soluble throughout its purification

and showed no precipitation while centrifugation of the sample before applying onto the

column.

In order to remove contaminants from the sample after ion-exchange

chromatography, the sample was concentrated to reduce the sample volume to 2 mL that was

loaded onto gel filtration column connected to AKTA purifier. Before loading onto the

column, the sample was centrifuged at 13,000 rpm to remove any solid particles and to check

the solubility of the protein. Protein remained soluble as no precipitates were seen after

centrifugation. Since gel filtration column has good resolution (Hagel, 2001) the low

molecular mass contaminants could be removed (as seen in Figure 4.5C & D) from high

molecular mass protein of interest. All the protein peaks on the chromatogram were selected

and visualized on SDS-PAGE for the presence of protein of interest (data not shown for all
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the peaks on SDS-PAGE). Although there were present small level of contaminants in all the

fractions but the protein looked ~90 % pure that was pretty good for biochemical assays. As

the purification by gel filtration column is on the basis of molecular mass but the presence of

high molecular protein contaminants (although in very low quantity) is possibly due to

having some interaction with hBRCA2N2266-K2370 so they are pulled down in the same fraction

from the column. Fractions corresponding to highest purity were pooled together and

concentrated to increase the concentration of the protein. Indeed the protein looked quite pure

that was stored at -80°C in small aliquots for further analysis.

Figure 4.6 Purification of hBRCA2N2266-E2429. (A) SDS-PAGE reveals the purification of hBRCA2N2266-E2429

through Ni-NTA column which upon TEV proteolysis (B) became insoluble and moved to cell pellet. 6 M

guanidium chloride was used to dissolve the pellet to check the presence of hBRCA2N2266-E2429.

A B

hBRCA2(N2266-E2429)
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hBRCA2N2266-E2429 protein was expressed in Rosetta2 (DE3) bacterial expression

system at 25°C overnight. After centrifugation of the lysed culture, the supernatant was

passed through Ni-NTA column. Indeed the protein is a fusion protein containing N-terminal

His6-MBP tag so it did bind with Ni-NTA column as shown in the Figure 4.6A. The presence

of fusion protein in washes as shown in the Figure 4.6A is again due to overloading of the

sample. His6-MBP tag was removed by TEV proteolysis under reducing conditions. The

flowthrough after amylose column chromatography indicated the presence of a very low

level of hBRCA2N2266-E2429 which is possibly due to insolubility of this protein (Fahnert et al.,

2004; Grisshammer and Nagai, 1995). In fact most of the protein being insoluble remained in

the cell pellet (Figure 4.6B). Bacterial cell pellet was solublized in 6 M guanidinium chloride

and separated on SDS-PAGE Figure 4.6B. Also during TEV cleavage the protein was

precipitated possibly due to the removal of MBP or being insoluble at room temperature

(Donnelly et al., 2006; Sessenfeld, 1990). Due to this reason hBRCA2N2266-E2429 protein could

not be purified for characterization. May be it is possible that hBRCA2N2266-E2429 can be

characterized as a fusion protein with MBP so that the protein may remain soluble

throughout purification.

4.1.4 Detection of phosphorylation in hBRCA2N2266-K2370 after CDK based kinase assay

The kinase assay for the phosphorylation of hBRCA2N2266-K2370 at STP site was performed

using CDK-1 cyclin B enzyme. Unfortunately, anti-Ser/Thr-antibody failed to detect

phosphorylation signal by western blotting (data not shown). However, the positive control

used in this experiment CTD-1 CtIP protein (provided by Miss May De Sun, Department of

Biochemistry, University of Cambridge) showed a good signal for phosphorylation (data not

shown). So we decided to send the protein hBRCA2N2266-K2370 for mass spectrometric

analysis after kinase assay for further confirmation.

Mass shift analysis by MALDI-TOF mass spectrometry (Neubauer and Mann, 1998)

after CDK-1 cyclin B based phosphorylation assay indicated that the positive control CTD-1

CtIP was completely phosphorylated (Figure 4.7A) that means CDK-1 cyclin B is the

enzyme suitable for this protein. As expected, the negative controls for CTD-1 CtIP

phosphorylation did not show any mass shift (Figure 4.7B & C).
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Figure 4.7 MALDI-TOF mass spectrometric analysis of CDK based phosphorylation. (A) mass shift analysis of

positive control CTD-1 CtIP protein (B-C) negative controls for CTD-1 (D) mass shift analysis of

hBRCA2N2266-K2370 (E-F) negative controls for hBRCA2N2266-K2370.
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However, in the case of hBRCA2N2266-K2370 protein, the mass shift after CDK-1

cyclin B based phosphorylation was found to be around 35% for total protein (Figure 4.7D)

which is indeed quite low as compared to the positive control (Figure 4.7A). Similarly, the

negative controls for hBRCA2N2266-K2370 phosphorylation experiment did not show any mass

shift (Figure 4.7E & F) that confirms that mass shift was only due to the addition of

phosphate groups by CDK-1 cyclin B enzyme. It is not too surprising that CDK-1 cyclin B

did not completely phosphorylate hBRCA2N2266-K2370 that means still we need to find out the

appropriate CDK enzyme for this protein. Although CDK-1 cyclin B has broad spectrum

activity to phosphorylate STP sites (Malumbres and Barbacid, 2005; Zhang et al., 2004) but

in our case it may not be the appropriate enzyme to effectively phosphorylate hBRCA2N2266-

K2370, so far we know.

4.1.5 Threonine to alanine (T-A) mutant hBRCA2N2266-K2370 generation for kinase assay

In order to confirm whether the above mentioned phosphorylation for hBRCA2N2266-K2370 was

a true phosphorylation, we mutated threonine necessary to be present at specific

phosphorylation site STP (in the protein sequence) to alanine and performed the kinase assay

to the purified mutant protein using the same CDK-1 cyclin B enzyme.

4.1.5.1 Cloning of T-A mutant for hBRCA2N2266-K2370

Complementary primers were designed and PCR was used to generate two products as

shown in the Figure 4.8A containing overlapping ends those were then mixed and used as a

template to be further amplified by PCR to give a single gene product (Figure 4.8B) having a

desired mutation at overlapping site. Overlap extension PCR strategy is well established and

has been used by many researchers to generate mutant gene products.
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Figure 4.8 Cloning of T-A mutant hBRCA2N2266-K2370. (A & B) Overlap extension PCR results for mutagenesis. (C)

Digestion of insert and pRSFduet-1 (D) Restriction analysis of positive clones

Following digestion (Figure 4.8C) of the insert and vector, ligation was performed that was

confirmed through restriction analysis using BamH1 and Not1 restriction enzymes (Figure

4.8D). The T-A mutant hBRCA2N2266-K2370 gene was successfully cloned in pRSFduet-1

expression vector and the DNA sequencing (DNA sequencing facility, University of

Cambridge) results confirmed the accuracy of the sequence of the insert as expected (data not

shown).

A B

C D

MalE+T-ARev Primer
product

Down1+T-AFwd Primer
product
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4.1.5.2 Purification of T-A mutant hBRCA2N2266-K2370

Protein was expressed in Rosetta2 DE3 cells at 25°C after IPTG induction. Ni-NTA column

was used to purify the protein using His6 tag. SDS-PAGE analysis confirmed the presence of

His6-MBP-(T-A mutant) hBRCA2N2266-K2370 protein (Figure 4.9). His6-MBP tags were

cleaved with TEV protease and amylose column was used to remove His6-MBP (data not

shown). As this protein was a variant of wild type hBRCA2N2266-K2370 protein so it behaved in

the same way during expression and purification as did the hBRCA2N2266-K2370.

Figure 4.9 Purification of T-A mutant hBRCA2N2266-K2370 by Ni-NTA column. SDS-PAGE indicates that T-A

mutant hBRCA2N2266-K2370 was completely separated from His6-MBP tag under TEV proteolysis.

As shown in the Figure 4.9, there is a low molecular weight band which is possibly

the C-terminally truncated version of T-A mutant hBRCA2N2266-K2370 protein so this time it

was not sent for N-terminal sequencing based on our previous results for wild type
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hBRCA2N2266-K2370 protein. The proteins were then subjected to purification through ion

exchange chromatography. The chromatogram and SDS-PAGE analysis of the purified

fractions (Figure 4.10A & B) after SP HiTrap ion exchange column indicates that protein did

bind to ion exchange column and came off at salt concentration ~29 mS/cm similar to that of

wild type hBRCA2N2266-K2370. The purer fractions after ion-exchange column

chromatography (Figure 4.10B) were pooled together, concentrated to a volume of 2 mL and

purified using S75 16/60 gel filtration column. The chromatogram and SDS-PAGE results

(Figure 4.11A & B) following gel filtration chromatography indicated that the protein was

quite pure and was free of C-terminally truncated low molecular weight protein

contaminants. The pure fractions based on SDS-PAGE result (Figure 4.11B) were pooled

together, concentrated and stored in -80°C.

Figure 4.10 Purification of T-A mutant hBRCA2N2266-K2370 by ion exchange chromatography. (A)

Chromatogram representing the pattern of purification of T-A mutant hBRCA2N2266-K2370 protein which (B) are

separated by SDS-PAGE

Pooled fractions

A B

mAu
Conductivity
mS/cm

Elution Volume mL

Abs 230 nm
Abs 280 nm
Conductivity
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Figure 4.11 Purification of T-A mutant hBRCA2N2266-K2370 by gel filtration chromatography. (A) Chromatogram

representing the pattern of purification of T-A mutant hBRCA2N2266-K2370 protein which (B) are separated by

SDS-PAGE

4.1.5.3 Analysis of phosphorylation for T-A mutant hBRCA2N2266-K2370 through mass

spectrometry

Surprisingly, both wild type and T-A mutant hBRCA2N2266-K2370 proteins got phosphorylated

as revealed by mass shift analysis through MALDI-TOF mass spectrometry (Figure 4.12A &

D). The level of phosphorylation for wild type hBRCA2N2266-K2370 was also increased to 95%

as compared to previous MALDI-TOF mass spectrometry results for the same protein

phosphorylation assay (Figure 4.12A). The difference might be due to increased incubation

time of the protein with CDK-1 cyclin B enzyme that might have forced the phosphorylation

to happen.

A BmAu

Elution Volume mL

Abs 230 nm
Abs 280 nm
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Figure 4.12 MALDI-TOF mass spectrometric analysis of CDK based phosphorylation. (A) mass shift analysis

of wild type hBRCA2N2266-K2370 protein (B-C) negative controls for wild type hBRCA2N2266-K2370 protein (D)

mass shift analysis of T-A mutant hBRCA2N2266-K2370 (E-F) negative controls for T-A mutant hBRCA2N2266-K2370
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Based on our unexpected phosphorylation results for T-A mutant hBRCA2N2266-K2370,

we opted to send the wild type and mutant hBRCA2N2266-K2370 proteins for site mapping

analysis after CDK-1 cyclin B based kinase assay. The results (data not shown) of mass

spectrometric analysis performed by Dr. Mike Deery (Cambridge Centre for Proteomics Core

Service, University of Cambridge) using a MASCOT based data search detected a signal for

phosphorylated Threonine at STP sequence in the wild type hBRCA2N2266-K2370 protein but

failed to observe phosphorylation at SAP site in the protein sequence of T-A mutant

hBRCA2N2266-K2370. To confirm these contrasting results for phosphorylation, we used a

different approach (Figure 4.13) of mass spectrometry using MALDI-ISD (performed by Dr.

Len Packman, Protein and Nucleic Acid Chemistry Facility, University of Cambridge).
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Figure 4.13 MALDI-ISD mass spectrometric analysis of wild type and T-A mutant hBRCA2N2266-K2370 proteins for CDK-1

cyclin B based phosphorylation. Both (A & C) mutant and wild type, respectively, show phosphorylation after kinase assay

while (B & D) are negative controls for T-A mutant and wild type, respectively.
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Figure 4.14 Lycine C digestion and mass spectrometric analysis. (A & B) indicate pattern of Lys C digestion
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Kinase assay was performed to both wild type and T-A mutant hBRCA2N2266-K2370

and the protein samples were proteolysed by lysine C to generate small residues in search of

phosphorylated residue based on increase in mass after phosphorylation. The ion series after

MALDI-ISD mass spectrometry (performed by Dr. Len Packman, PNAC facility, University

of Cambridge) for CDK-1 cyclin B based phosphorylation of wild type and T-A mutant

hBRCA2N2266-K2370 proteins indicated that both proteins show the same +80 series from

residue 18-30 (Figure 4.13A & C) which indicated that phosphorylation site must be earlier

in sequence than residue 18. Only 2 sites possible for phosphorylation could be Ser2 or Ser4

at the N-terminus of wild type and T-A mutant hBRCA2N2266-K2370 proteins. So we focused to

distinguish between these overlapping residues to confirm which residue got phosphorylated.
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Figure 4.15 Site mapping by mass spectrometry for wild type and T-A mutant hBRCA2N2266-K2370 after trypsin

based proteolysis. (A & C) indicate no phosphorylation occurring at STP or SAP sites respectively confirming

phosphorylation inside 1-8 residues. (B & D) are negative controls for mutant and wild type.
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Indeed, lysine C is good to generate useful size peptides but as a result of proteolysis

by lysine C (Figure 4.14A & B), two residues 1-8 and 46-53 were overlapping in terms of

their molecular mass so it was difficult to distinguish between those (Figure 4.14C & E). It

was important to digest the sample using a different protease which could produce residues

of different molecular mass to make it easier to distinguish between their molecular mass.

For this purpose, MALDI-ISD mass spectrometry analysis was performed for residues

obtained after digestion with trypsin that showed (Figure 4.15A & C) there was no shift in

molecular mass for wild type and T-A mutant hBRCA2N2266-K2370 proteins residues 46-53

after phosphorylation while a shift in molecular mass corresponding to residue 1-8 was found

in both wild type and T-A mutant hBRCA2N2266-K2370 proteins that confirmed that possible

phosphorylation identified by mass spectrometric analysis lied at N-terminus of both wild

type and T-A mutant hBRCA2N2266-K2370 proteins. There is a possibility that the N-terminus

of hBRCA2N2266-K2370 protein is not rigid but flanking so the serine at the N-terminus is

possibly lying close to the STP site mimicking like serine required for phosphorylation by

CDK-1 cyclin B at its characteristic active site which is serine or threonine followed by a

proline (S/TP) so getting phosphorylated.

If we look at the amino acid sequence of His6-MBP-ENLYFQGS (TEV site)-

hBRCA2N2266-K2370 fusion protein, the answer comes from where the serine2 is coming which

is present at the N-terminus of hBRCA2N2266-K2370. In fact the amino acid sequence required

for the TEV cleavage site is ENLYFQGS and the TEV protease makes a cut between Q and

G leaving GS in front of hBRCA2N2266-K2370 that means the N-terminal sequence of the

purified hBRCA2N2266-K2370 starts from GS (present in the expression vector). So it was

possible to mutate Ser2 to glycine in order not to provide possible phosphorylating serine at

the N-terminus. Indeed replacement of serine2 with glycine would not affect TEV protease

active site.

4.1.6 Cloning/expression and purification of GG-hBRCA2N2266-K2370

For this purpose a forward primer complementary to gene sequence of hBRCA2N2266-K2370

was designed containing TEV cleavage site replacing serine to glycine (as mentioned

earlier). The reverse primer used for amplification was the same as used before for the

amplification of hBRCA2N2266-K2370 wild type protein. Amplification was obtained (Figure
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4.16A) at 3 mM MgCl2 concentration using wild type hBRCA2N2266-K2370-pRSFduet-1

construct as a template. After digestion using restriction enzymes, the gene product was

ligated successfully into pRSFduet-1 vector as confirmed by restriction analysis (Figure

4.16B). Further confirmation of the full length gene sequence containing genetic code for

glycine at the 5΄ end was done through DNA sequencing (data not shown).  

Figure 4.16 Cloning of gene corresponding to GG-hBRCA2N2266-K2370. (A) PCR based amplification of the gene

of interest (B) Restriction analysis showing positive clones for the gene corresponding to GG-hBRCA2N2266-

K2370.

Since the gene corresponding to GG-hBRCA2N2266-K2370 was ligated in the same

expression vector pRSFduet-1 which already contained MBP and His6 tags so the same

strategy was applied for the purification of this protein as to that of wild type hBRCA2N2266-

K2370 (mentioned earlier). SDS-PAGE analysis of protein fractions coming off through Ni-

NTA (Figure 4.17A) and amylose columns (Figure 4.17B) indicated that the protein

remained soluble during overnight expression at 25°C in Rosetta2 (DE3) cells. No

precipitation occurred to protein after removal of His6-MBP tag as revealed by SDS-PAGE

analysis for the protein fractions coming off through SP HiTrap 5 mL ion exchange column

(Figure 4.17B). Ion exchange chromatogram indicated that protein did bind to column and

came off at salt concentration ~29 mS/cm (Figure 4.17C). Almost 95% pure and soluble GG-

A B

S G hBRCA2(N2266-K2370)

pRSFduet-1
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hBRCA2N2266-K2370 protein was obtained after S75 16/60 HiLoad gel filtration column

chromatography as shown by SDS-PAGE analysis (Figure 4.17D & E).

Figure 4.17 Purification of GG-hBRCA2N2266-K2370. (A) Ni-NTA column based purification (B) Purification

through amylose column (C) Ion exchange chromatograhphy (D) Finally purified protein after gel filtration

chromatography that was pooled together (E) and concentrated to be stored.

His6-MBP-S G
hBRCA2(N2266-K2370)

His6-MBP

S G hBRCA2(N2266-K2370)

A B

C D E

S G
hBRCA2(N2266-K2370)

Mw(kDa)
Mw(kDa) Mw(kDa)

Pooled fractions Pooled
fractions
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CDK-1 cyclin B dependent kinase assay was performed for GG-hBRCA2N2266-K2370

protein as done before for the wild type hBRCA2N2266-K2370 protein and sent for mass

spectrometric analysis. Figure 4.18B & C indicates that phosphorylation happened in GG-

hBRCA2N2266-K2370 protein but to a lower extent. Only 20% of the total protein was

phosphorylated as shown by Figure 4.18. However we could see a mass shift in the positive

control (Figure 4.18E) that showed that CTD-1 CtIP protein was almost completely

phosphorylated. If we compare the N-terminal sequences of both wild type hBRCA2N2266-

K2370 and positive control CTD-1 CtIP proteins, both contain GS at the N-terminus but the

loss of phosphorylation to 20% in case of serine to glycine mutant hBRCA2N2266-K2370 protein

as compared to almost 95% phosphorylation shown by hBRCA2N2266-K2370 (Figure 4.12A)

might indicate that serine2 was playing a role towards hindering the phosphorylation at STP

site in hBRCA2N2266-K2370 protein. It was good to confirm further the site of phosphorylation

through site mapping. So GG-hBRCA2N2266-K2370 was assayed using CDK-1 cyclin B and

sent for mass spectrometric analysis for site mapping (performed by Dr. Mike Deery,

Cambridge Centre for Proteomics Core Service, University of Cambridge). Mass

spectrometry results using Thermo LTQ instrument were submitted to Mascot search engine

using a custom database (the protein sequences were spiked into the IPI human database) that

identified the phosphorylation at STP site in the GG-hBRCA2N2266-K2370 protein.

What will be the affects of this level of phosphorylation in regulating the activity of

hBRCA2N2266-K2370 protein is still to be answered. The worth doing at this stage would be to

search out an appropriate CDK enzyme either using cell lines or in vitro conditions that could

phosphorylate hBRCA2N2266-K2370 protein to around 50-60% level at least.
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Figure 4.18 Detection of phosphorylation in GG-hBRCA2N2266-K2370. (A) Negative control for GG-

hBRCA2N2266-K2370 while (B & C) are positive for phosphorylation. (D) Negative control for CTD-1 CtIP while

(E) a mass shift is seen in CTD-1 CtIP after kinase assay.
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4.1.7 Limited proteolysis for hBRCA2N2266-K2370

In order to get insight into the tertiary structure of hBRCA2N2266-K2370 protein we employed a

commonly used biophysical method, limited proteolysis. It is a very good and easy approach

to have a structural clue before going towards circular dichroism or x-ray crystallography and

a higher concentration of the protein used for the proteolysis experiment is not necessarily

required (Fontana et al., 2004). In this experiment, the protein was incubated at room

temperature with 1:100, 1:1000 and 1:10,000 dilutions of trypsin, chymotrypsin and

subtilisin for 20 minutes.

Figure 4.19 Limited proteolysis for hBRCA2N2266-K2370. SDS-PAGE showing digestion of hBRCA2N2266-K2370

with different concentrations of trypsin, chymotrypsin and subtilisin at room temperature for 20 minutes.

SDS-PAGE analysis indicates that hBRCA2N2266-K2370 protein was not resistant to

proteolysis by these enzymes. As shown in the Figure 4.19, most of the protein was

hydrolyzed indicating flexible and unstructured regions in the protein allowing opening up of

the sites of proteolysis for these proteases. A globular protein is more resistant to proteolysis

affect while the scenario is opposite for an unordered protein.

Trypsin Chemotrypsin Subtilisin

Mw(kDa)
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4.1.8 Circular dichroism spectroscopy for hBRCA2N2266-K2370

The phenomenon of circular dichroism was discovered in 19th century by Jean Biot. It is the

differential absorption of right and left circular polarized light by an optically active chiral

molecule (Atkins and Paula, 2005; Fasman, 1996). It has broader applications in many

different fields such as ultra violet circular dichroism (UV CD) is used to probe the

secondary structure of proteins. In case of proteins α-helix has circular dichroism spectra of 

certain specific signature which are used to investigate the secondary structures of these

molecules (Greenfield, 2006).

Figure 4.20 Circular dichroism spectroscopy for purified hBRCA2N2266-K2370. A far UV spectrum recorded over

the range 185-260 nm which was further deconvoluted using CDSSTR algorithm

In contrast to x-ray crystallography and NMR, the information obtained from circular

dichroism spectroscopy about the structural detail of proteins is less but indeed it is useful

information concerning protein structure-function relationship. The optically active regions

in proteins are amide bonds in the primary structure, any disulphide bonds and aromatic side

chains (Hennesey and Johnson, 1981). Light of different wavelength is absorbed by different

chromophores in the protein molecule such as amide bonds absorb light in the far UV range

(180-250 nm) while aromatic side chains absorb in the near UV region (250-300 nm). An
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analysis of the difference in right and left handed polarized light absorbed by the

chromophore in the protein solution gives an idea about the secondary structure of the protein

(Kelly and Price, 2000; Lobley and Wallace, 2001).

Based on the knowledge of circular dichroism, secondary structure of the protein

hBRCA2N2266-K2370 was investigated (performed with Dr. Joseph Maman, Department of

Biochemistry, University of Cambridge). To reduce the background noise by the protein

buffer, hBRCA2N2266-K2370 protein was transferred to CD buffer (5 mM Na-phosphate, 100

mM NaF) which has minimal optical activity. Far UV data were recorded over the range 185-

260 nm (Figure 4.20) which showed there were no negative peaks at 208 and 218 nm for α-

helix and also no negative peak could be seen at 222 nm for the presence of β-sheet structure. 

The spectral data was transformed into mean residual elipticity by subtracting the buffer only

spectrum from the spectrum of the protein. The overall far UV spectrum was analyzed by the

CDSSTR algorithm using the DichroWeb server. This algorithm successfully reconstructed

the far UV CD data with normalized RMSD of 0.016, suggesting a secondary structure

composition of 6 % α-helix, 14 % β- sheet, 11 % turns and 67% unordered. Most of the 

protein is unstructured in keeping with limited proteolysis.

4.1.9 Circular dichroism spectroscopy for GG-hBRCA2N2266-K2370

GG-hBRCA2N2266-K2370 protein was employed to secondary structure determination using

circular dichroism spectroscopy. In keeping with secondary structure for wild type

hBRCA2N2266-K2370 circular dichroism spectroscopy results (Figure 4.20), this protein also

looked unstructured as revealed by Figure 4.21. Indeed no negative peaks for α-helix and β-

sheets could be seen at 208, 218 or 222 nm absorbance respectively. This protein sample

gave lesser noise as compared to hBRCA2N2266-K2370 (Figure 4.20) which is only due to the

purity of the protein while purification or sample preparation.
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Figure 4.21 Circular dichroism spectroscopy for purified GG-hBRCA2N2266-K2370. A far UV spectrum recorded

over the range 185-260 nm which was deconvoluted using CDSSTR algorithm.

The normalized RMSD for GG-hBRCA2N2266-K2370 was 0.018 suggestive of 16 % α-

helix, 9 % β strands and 12 % β turns while 63 % of the total protein structure was 

unordered. Indeed the secondary structures observed for wild type hBRCA2N2266-K2370 and

GG-hBRCA2N2266-K2370 proteins are quite similar which confirmed that serine2 at the N-

terminus has no profound effect on the protein folding, however this serine2 might be

hindering phosphorylation as explained earlier.

We conclude that a region in BRCA2 named hBRCA2N2266-K2370 has been purified

using different chromatographic techniques. Moreover, it has been phosphorylated using

CDK1 cyclin B enzyme that was confirmed through mass spectrometry based approach.

Structural insights through limited proteolysis and circular dichroism spectroscopy revealed

hBRCA2N2266-K2370 to be mostly an unordered protein.
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4.1.10 Discussion

In the present study, we have purified a distinct region in human BRCA2 as a highly soluble

protein which is capable of CDK-1 cyclin B dependent phosphorylation. Based on our

multiple sequence alignment, we selected a conserved motif in BRCA2 which possibly

contains a CDK phosphorylation site S/TP, a cyclin binding motif RXL (as highlighted in the

Figure 4.2) as well as DMC1 binding site. Previously, this region in BRCA2 between exon11

and C-terminus was shown to bind human DMC1 which is the primary site whereby BRCA2

and DMC1 correlate with each other (Thorslund et al., 2007). Like RAD51, DMC1 is also

involved in homologous recombination. It makes nuclear foci upon DNA damage given that

successful interaction takes place with BRCA2 (West, 2003; Yoshida et al, 1998; Sharan et

al, 2004). DMC1 is specific to meiotic recombination while RAD51 takes part in meiotic

recombination as well as homology directed DNA repair. BRCA2 uses its distinct motif to

interact with DMC1 which was named as PhePP motif (Thorslund et al., 2007) while in case

of RAD51, BRCA2 binds with BRC repeats which have a disruptive function and is

protected by interaction with C-terminus region (Pellegrini et al., 2002; Davies et al., 2007)

whose regulation is dependent upon CDK based phosphorylation (Esashi et al., 2005). What

is the role of phosphorylation of this conserved domain and how BRCA2 regulates DMC1 is

not fully understood.

BRCA2 was found to be phosphorylated by Polo-like kinase Plk1 which

phosphorylates BRCA2 in the exon11 region within the BRC repeats at specific site (Lee et

al., 2004). Further studies unraveled that BRCA2 C-terminus was phosphorylated by either

CDK2 cyclin A or CDK1 cyclin B which has different specificity in terms of level of

phosphorylation (Esashi et al., 2005). It is a possibility that the regulation of interaction of

BRCA2 with DMC1 is dependent upon CDK based phosphorylation. In order to address this

question and/or also to explore the role of phosphorylation of this motif, we planned our

study to purify this domain and use CDK1 cylin B for its phosphorylation. We divided this

region into two halves, the longer motif called hBRCA2N2266-E2429 containing both

phosphorylation as well as DMC1 binding sites while a shorter motif containing only the

phosphorylation site was named hBRCA2N2266-K2370. Our attempts to purify the longer motif

hBRCA2N2266-E2429 have so far proven to be unsuccessful since whole of the protein was

found to be in the inclusion bodies (Figure 4.6B).
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hBRCA2N2266-K2370 was purified employing immobilized metal affinity chromatography as

well as ion exchange and gel filtration chromatographic techniques (Figure 4.4 & 4.5). This

protein was purified as a highly soluble protein. Dynamic light scattering results indicated

(data not shown) that the protein was not mono-dispersed possibly due to the presence of

unstructured elements. Further insights into its tertiary structure were obtained through

circular dichroism spectroscopy (Figure 4.20) which confirmed the protein to be mostly

unstructured with some percentage of alpha and beta elements. Some un-ordred proteins may

become ordered upon binding to its binding partner. hBRC4 which is mostly unstructured as

indicated by structure elements finder, has been shown to have alpha, beta elements while its

co-expression with RAD51 (Pellegrini et al., 2002). Based on this, it is worth trying

purification of hBRCA2N2266-K2370 in the presence of its binding partner DMC1, however, we

are lacking in knowledge of the presence of any binding partner for hBRCA2N2266-K2370

domain.

Cyclin dependent kinases control the progression of the cell through the cell cycle.

The catalytic subunit (cyclin dependent kinase) pairs with cell cycle specific regulatory

subunit named as cyclin. Phosphorylation happens at Ser or Thr followed by a Pro while

cyclin binds at a conserved motif RXL (Malumbres and Barbacid, 2005; Sanchez and

Dynlacht, 2005). Both of these motifs required for CDK based phosphorylation are present in

the purified protein. We opted to phosphorylate hBRCA2N2266-K2370 using CDK1-cyclin B

which has broad spectrum phosphorylation activity as compared to other known CDKs which

are specific to their substrates. In fact, no reports concerning the purification and

phosphorylation for this domain are available so we choose CDK-1 cyclin B enzyme in our

study. We used mass spectrometric based approach (Neubauer and Mann, 1998) to

investigate the level of phosphorylation. Other methods of detection of phosphorylation

include the addition of radiolabelled ATPs in the reaction mixture which show

phosphorylation by autoradiography (Esashi et al., 2005). In such kind of kinase assays, it is

possible to stop the kinase reaction by boiling the reaction mixture in the presence of SDS-

loading dye; however, in our case we stopped the reaction by incubating the reaction mixture

in ice, in order to send the sample for mass spectrometry. But for site mapping analysis using

a different mass spectrometric approach, we could stop the reaction by boiling in SDS-
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loading dye. Our site mapping results based on mass spectrometric analysis, surprisingly

showed that Ser2 was being phosphorylated in both wild type as well as T/A mutant proteins.

In fact this Ser2 was part of the TEV proteolytic site which was present in the fusion protein.

However, upon mutating this Ser2 to Gly favoured the phosphorylation of the Ser at S/TP

site (Figure 4.18). The possible explanation for this can be that the protein was mostly

unstructured and the N-terminus region having Ser2 might be overlapping the Ser at S/TP

site, confusing the CDK enzyme and getting phosphorylated which upon mutating to Gly

could not cause its affect on Ser of S/TP site. Previous studies have shown the involvement

of CDK enzyme in regulating the activity of RAD51 either by termination of recombination

reaction or recruitment of RAD51 to form nuclear foci. The same mechanism might be

present for the regulation of DMC1 activity by its interaction with BRCA2 in the presence of

CDK based phosphorylation, however, it needs to be explored yet.

Further studies can focus to find out a CDK based regulation of DMC1 by BRCA2 in

the context of BRCA2-RAD51 interaction as well as searching for more appropriate kinase

enzyme to phosphorylate this particular motif in BRCA2. Control experiments can include

mutating the particular Ser to Glu which mimicks a negatively charged phosphate residue as

it has been shown that replacing Ser with Glu at S3291 site in the C-terminus of BRCA2

causes the similar effects as produced by CDK based phosphorylation of S3291.
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Part-II

Purification of Human DMC1
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4.2.1 Cloning/expression and purification of human DMC1

Human DMC1 is a meiosis specific recombinase and a homolog of RAD51 enzyme (Bishop

et al., 1992; Thorslund et al., 2007). The X-ray crystallographic structure of human DMC1

revealed a monomer monomer interface which is characterized by a polymerization unit and

the ATPase domain. It is well known that DMC1 makes oligomers based on eight monomers

linked to each other at polymerization surface (Kinebuchi et al., 2004).

Figure 4.22 Cloning and purification of full length human DMC1. (A) Amplification of gene for C-terminus of

DMC1. (B) Restriction analysis showing positive clones

The C-terminal domain of one monomer DMC1 provides a pocket necessary for the

insertion of conserved FxxA amino acids from the interacting monomer. We used this

strategy to co-purify the full length DMC1 with the C-terminus of DMC1 through the same

expression vector pRSFduet-1. In fact we hoped that this strategy would increase the

solubility of the DMC1 because many proteins get solublized in the presence of their binding

partner in the same solution. In the case of DMC1 purification, we provided the C-terminal

domain of DMC1 as a binding partner based on monomer monomer interaction.

c-term DMC1

DMC1-pRSFduet-1

A B
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Figure 4.23 Purification of DMC1 by IMAC. (A) Co-elution of C-terminus DMC1 and full DMC1 through Ni-

NTA column chromatography which was subject to (B) amylose column based purification.

Full length DMC1 gene was amplified using specific primers and successfully cloned

in pRSFduet-1 expression vector (by Mr. Mike A. Longo, Department of Biochemistry,

University of Cambridge). Specific primers corresponding to C-terminal domain of DMC1

were designed that was amplified (Figure 4.22A) using Phusion HiFi DNA polymerase at 3

mM MgCl2 concentration and annealing temperature 60°C. Following digestion of the PCR

amplified product, the gene of interest was ligated into pRSFduet-1 and transformed into

DH5α library efficiency competent cells. Positive clones were confirmed through restriction 

analysis (Figure 4.22B) as described earlier. Before taking expression of the proteins, the

gene sequences for C-terminus DMC1 and full length DMC1 were cloned into MCS1 and

MCS2 of pRSFduet-1 vector respectively and confirmed through DNA sequencing (data not

shown).
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Figure 4.24 Purification of DMC1 using heparin column chromatography. (A) Chromatogram showing pattern

of C-term DMC1 and DMC1 co-elution. (B) SDS-PAGE analysis of the peak respective to co-purified C-term

DMC1 and DMC1.

Expression test was performed in Rosetta2 DE3 cells using 2x YT medium. The SDS-

PAGE analysis of the induced and un-induced cultures showed the co-expression of both C-

terminus protein of DMC1 and full length DMC1 (data not shown). Since C-terminus of

DMC1 was cloned in MCS1 of pRSFduet-1 vector in line with His6-MBP tags so we tested

DMC1

His6-MBP-C-
term DMC1

Elution Volume mL

Abs 230 nm
Abs 280 nm
Conductivity
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our hypothesis that, if C-termimus of DMC1 and full length DMC1 co-express and interact

then they would co-elute in the elution buffer (200 mM imidazol) during Ni-NTA column

chromatography and 20 mM maltose buffer elution during amylose column chromatography.

The fractions of 200 mM imidazol coming off from Ni-NTA column confirmed the co-

expression and co-elution of both C-terminus DMC1 and full length DMC1 proteins as

revealed by SDS-PAGE analysis (Figure 4.23A). As full length DMC1 was cloned in MCS2

without any His6-MBP tag, so the co-elution of both proteins in 20 mM elutions further

confirmed their interaction in vitro as expected (Figure 4.23B).

Human DMC1 is known to bind DNA (Passy et al., 1999; Kinebuchi et al., 2004) so

based on our knowledge we investigated whether heparin column chromatography will be a

useful tool for the purification of DMC1 protein. The fractions containing co-purified C-

terminus DMC1 and full length DMC1 after amylose column (Figure 4.23B) were pooled

together and the salt concentration of the protein solution was diluted to 100 mM by adding

cold 20 mM Tris-Cl [pH 7.5] buffer. SDS-PAGE analysis of all the fractions corresponding

to all the peaks confirmed co-elution of C-terminus DMC1 and full length DMC1 at a salt

conductivity of 666 mS/cm (Figure 4.24A & B). Indeed, heparin columns are designed to

bind many proteins such as DNA binding proteins (Roy et al., 1991). These proteins contain

DNA binding domain which has affinity for heparin so it is a useful approach for the

purification of such proteins as in our case good quality purification was obtained for DMC1.

The purified DMC1 after heparin column remained soluble and no precipitation was

observed. No doubt, using C-terminus of DMC1 as a binding partner for full length DMC1

proved be a useful tool to increase the solubility and yield of the purified DMC1. In fact, the

interaction between C-terminus DMC1 and full length DMC1 is a strong interaction so it is

possible to mutate those amino acids which can weaken the interaction between C-terminus

DMC1 and full length DMC1 for easier separation of DMC1 during heparin column

chromatography but keeping the interaction that is helpful for its co-purification as well co-

elution during IMAC.
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4.2.2 Discussion

Here, we describe a unique approach to the purification of human DMC1. We have utilized

C-terminus of human DMC1 as a binding partner for full length DMC1, in order to overcome

inclusion bodies formation by DMC1 as well as for its increased solubility. Well, proteins

can be purified employing their known binding partners for their increased solubility.

Moreover, the binding partners help keep the native conformation of the proteins in the

solution (Pellegrini et al., 2002).

Previous methods of DMC1 purification involve conventional cloning and

chromatographic approachs employing N-terminus histidin tags for purification without the

use of any binding partner (Kinebuchi et al., 2004; Thorslund et al., 2007). However, in our

case, we used C-terminus of DMC1 as its unique binding partner based on the idea of DMC1

self association. Proteins of the Rec/RadA/RAD51 family of recombinases amass

spontaneously in homo-oligomeric states comprising rings or filaments (Conway et al., 2004;

Davies et al., 2001; Shin et al., 2003; Wu et al., 2004; Wu et al., 2004). RAD51

oligomerization is based on the insertion of hydrophobic residues from the inter-domain

linker of 1 protomer into matching pockets on the ATPase domain of the adjacent protomer

(Pellegrini et al., 2002). The polymerization mechanism in DMC1 mimics the polymerization

mechanism in RAD51 such that the Phe85 of DMC1 participates in a ball and socket like

interaction with the hydrophobic cavity formed by residues such as Y205, V206 and F210 at

C-terminus of DMC1 (Kinebuchi et al., 2004).

We cloned C-terminus of DMC1 in the MCS1 of pRSFduet-1 vector having His6-

MBP tags at its N-terminus whilst full length DMC1 was cloned in MCS2 region of

pRSFduet-1 vector without any protein tag. Figure 4.23 shows the co-purification of C-

terminus DMC1 and full length DMC1 while immobilized affinity chromatography involving

Ni-NTA and amylose columns. Since the proteins like RAD51/RecA/RADA family of

recombinases can bind DNA (Davies et al., 2001) so can bind heparin column as well. Based

on this knowledge we employed heparin column chromatography for further purification of

DMC1 and to observe separation of full length DMC1 from its C-terminus. Figure 4.24

shows the co-elution of DMC1 with its C-terminus at around salt conductivity of 666 mS/cm

which definitely means that DMC1 retains the capability to bind heparin column or in other

words, to DNA.
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It is known that F86E mutation in RAD51 prevents the oligomerization because of

invertion of the chemical nature of interface residues (Yu et al., 2003; Davies and Pellegrini,

2007; Pellegrini et al., 2002). In keeping with this idea, in future, we need to abort the

hydrophobic nature of the F85 binding pocket in the C-terminus which would weaken its

binding with F85 without abolishing it completely, in order to separate DMC1 from its C-

terminus during heparin column chromatography.
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Part-III

Protein-Protein Interaction Studies on Trypanosoma brucei BRC Repeats

and Rad51
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BRC repeats

In Trypanosoma brucei, homologous recombination is responsible for antigenic variation

(Deitsch et al., 2009; Morrison et al., 2009), a phenomenon that produces different variants

for surface glycoproteins, making it difficult to be recognized by antibodies and synthetic

drugs. Indeed, homologous recombination is also a mechanism to repair any double strand

break insults to DNA in many organisms from prokaryotes to eukaryotes (Otero and Hsieh,

1995). The underlying mechanism for homologous recombination relies upon the well known

interaction between BRCA2 BRC repeats and RAD51 (Pellegrini et al., 2002; Shivji et al.,

2006), disruption of which is lethal to the integrity of DNA (Thomas et al., 2006). The

normal functioning of Rad51 enzyme is controlled by different interaction sites present in

BRCA2 protein (Pellegrini et al., 2002; Davies et al., 2007; Esashi et al., 2007) which

directly interact with RAD51. BRCA2 is well known for the presence of BRC repeats which

vary widely among different organisms (Thomas et al., 2006). Incredibly larger size of

human BRCA2 (Jensen et al., 2010) has hampered investigation about the functioning of

BRC repeats, nevertheless lots of information has been scientifically proven but the gaps

remain to be filled. Exceptionally in Trypanosoma brucei, there occur 15 BRC repeats in its

Brca2 (Figure 4.25), of which 14 are identical and are separated by exactly 20 amino acids

(aa; Thomas et al., 2006).

Figure 4.25 A schematic showing 1648 amino acids T. brucei BRCA2 protein. The fifteen BRC repeats spaced

by 20 aa are highlighted that identical 14 BRC repeats are coloured green while slightly different 15th BRC

repeat is shown in green and red colours as green part indicating matching aa sequences to 14 identical BRC

repeats.

Indeed, no reports are yet available concerning the functioning and role of these

identical BRC repeats in Brca2 of T. brucei. We devised to synthesize one of the 14 identical
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BRC repeats and tried to find out its interaction with Rad51 from T. brucei and H. sapiens.

We also hypothesized to see the interaction between hBRC4 with TbRad51 in an attempt to

get a broader insight into the functioning and mode of interaction of TbRad51.

4.3.1 Expression test for TbRad51

Expression tests of the pET15b-TbRad51 vector were performed in BL21 (DE3) and

Rosetta2 (DE3) cells for the comparison of better expression of TbRad51 (Figure 4.26). This

proved to be successful as an expression test of pET15b-TbRad51 in Rosetta2 (DE3)

revealed the substantial over-expression (Figure 4.26B) of a recombinant protein of 35 kDa

and suppression of bacterial protein expression upon induction with IPTG. The size of the

expressed protein corresponds to the theoretical molecular mass of TbRad51 (35 kDa) as

indicated by arrows in Figure 4.26A & B. The N-terminal sequencing (Yamaguchi et al.,

2005) results confirmed the identity of the expected protein to be TbRad51 (data not shown).

As TbBRC is a shorter motif (Dobson et al., 2011), so codon usage was easily optimized

before sending for oligo synthesis by Sigma, UK. Given the larger size of hRAD51 and

TbRad51, optimization of codon usage (Sharp et al., 1987) within the DNA sequence was not

feasible, instead Rosetta2 (DE3) cells were used for the expression of constructs (Figure

4.27).

Figure 4.26 An expression test of T. brucei Rad51 in (A) BL21 (DE3) and (B) Rosetta2 (DE3) cells. SDS-

PAGE analysis of samples of bacterial cell pellets over a time course of 5 hours cell growth with or without

induction by the addition of IPTG.
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4.3.2 Designing of constructs

Figure 4.27 presents a model pRSFduet-1 showing the scheme of cloning the interacting

partners. Successful amplification of TbRad51 truncated for first 51 amino acids was

achieved at 60°C annealing temperature (Figure 4.28A) using pET15b-TbRad51 as a

template followed by subsequent cloning of TbRad51 into hBRC4-pRSFduet-1 vector

between NdeI and AvrII restriction sites given the vector and insert were pre-digested with

specific restriction enzymes. The presence of 966 bp band in the PCR product (Figure 4.28A)

and restriction analysis (Figure 4.28B), is suggestive of successful cloning, nevertheless the

final confirmation was obtained through DNA sequencing. Furthermore, cloning of hBRC4

gene restricted from hBRC4: hRAD51-pRSFduet-1 into TbRad51-pRSFduet-1 (Figure

4.28C) and of artificially synthesized TbBRC into TbRad51-pRSFduet-1 and hRAD51-

pRSFduet-1 vectors was confirmed by DNA sequencing results (data not shown). Chromas

2.31 (Technelysium Pty Ltd.) was employed for sequencing analysis that was matched

against databases by NCBI BLASTx algorithms revealing the absence of any mutations in

the sequence (data not shown).

Figure 4.27 A schematic of three constructs for protein-protein interaction. (A) TbBRC:TbRad51-pRSFduet-1

(B) TbBRC:hRAD51-pRSFduet-1 (C) hBRC4:TbRad51-pRSFduet-1.

MCS2:
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MCS2:
hRAD51

MCS1:
TbBRC
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Figure 4.28 Cloning of TbRad51 into hBRC4-pRSFduet-1 vector. (A) PCR based amplification of TbRad51. (B) Restriction

analysis of hBRC4:TbRad51-pRSFduet-1 construct indicating positive clones for TbRad51. (C) Restriction analysis of

TbBRC:TbRad51-pRSFduet-1 and TbBRC:hRAD51-pRSFduet-1 constructs indicating positive clones for TbBRC. Digested

vector was gel extracted for further use.

4.3.3 Interaction between hBRC4:TbRad51, TbBRC:hRAD51 and TbBRC:TbRad51

For protein-protein interaction studies, all aforementioned constructs were expressed

separately in Rosetta2 (DE3) cells which were lysed and centrifuged to remove cellular

debris. SDS-PAGE (Figure 4.29A, B & C) reveals the fractions coming off after Ni-NTA and

amylose column based pull down assay (Islam et al., 2012; Maria and Kowalczykowski,

2006). In the case of hBRC4:TbRad51 (Figure 4.29A), both the proteins were co-eluted in all

the fractions including supernatant, flow-through, washes and final elutions whilst

TbBRC:hRAD51 (Figure 4.29B) and TbBRC:TbRad51 (Figure 4.29C) were more apparent in

the final elutions after Ni-NTA chromatography. It seems likely that all the proteins tested

for their interaction, did interact differing to some extent in their strength of interaction,

nevertheless the interaction between TbBRC:hRAD51 and TbBRC:TbRad51 (Figure 4.29B

& C) seems stronger as compared to hBRC4:TbRad51 (Figure 4.29A). Furthermore, Ni-NTA

column based pull down assay revealed the presence of a substantial amount of proteins of

interest indicative of higher solubility; however, the cell pellets were not tested for the

presence of any inclusion bodies for these proteins.

TbRad51

TbRad51

TbBRC

hBRC4-
pRSFduet-
1
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Figure 4.29 Interaction between hBRC4:TbRad51, TbBRC:hRAD51 and TbBRC:TbRad51. SDS-PAGE results

placed at the top of each column indicate pulled down assay through Ni-NTA chromatography while the bottom

gels of each column represent pull down assay based on amylose column chromatography. The interacting

proteins are indicated by coloured arrows. Key to each protein: hBRC4, green; TbBRC, white; hRAD51, yellow

and TbRad51, red. (A) hBRC4 and TbRad51 co-elute during Ni-NTA pull down but fail to interact as clearly

separated during (Aʹ) amylose pull down. (B) TbBRC and hRAD51 co-elute in the final elutions of Ni-NTA

pull down and also co-elute in (Bʹ) amylose column pull down assay. (C) TbBRC and TbRad51 are seen to co-

elute during Ni-NTA pull down but separate during (Cʹ) amylose pull down assay. Key to abbreviations: F:

flowthrough; M: marker; W1: wash 1; W2: wash 2; E: elution

In order to further clarify and confirm the interaction, the fractions corresponding to

elutions from Ni-NTA column were pooled together and passed through amylose gravity

column. SDS-PAGE analysis of all the fractions after amylose column (Jensen et al., 2010)

based pull down assay (Figure 4.29Aʹ, Bʹ & Cʹ) clarified the picture giving surprising results. 

As shown in Figure 4.29Aʹ in case of hBRC:TbRad51 and (Figure 4.29Cʹ) TbBRC:TbRad51,

there is no or very weak interaction as the interacting proteins get separated on the column
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and did not co-elute in the 20 mM maltose elutions. TbRad51 came off in the flow-through

fractions while MBP tagged TbBRC and hBRC4 were eluted in the final elutions as indicated

by coloured arrows. However, it is quite surprising to see TbBRC interacting very strongly

with human RAD51 (Figure 4.29Bʹ) as both the proteins were co-eluted in the final elutions

of amylose column chromatography. Existence of no interaction between hBRC4 and

TbRad51 (Figure 4.29Aʹ) is unsurprising because both the proteins belong to species which 

are quite distant from each other in terms of evolutionary sequence conservation. However,

no or very week interaction between TbBRC and TbRad51 (Figure 4.29Cʹ) was 

disappointing, surprising, interesting as well as questionable that what could be the reason

that very well studied interacting partners in other specie (Petalcorin et al., 2007; Pellegrini et

al., 2002) failed to interact in Trypanosoma brucei based on our pull down assays.

4.3.4 Purification of hRAD51

This is contradictory to TbBRC and hRAD51 behavior that TbBRC and hRAD51 being

proteins from different species have stable interaction. It will be worth doing investigate the

amino acids and type of interaction involved between them.

Figure 4.30 Purification of TbBRC and hRAD51 by heparin column chromatography. (A) Flowthrough

fractions corresponding to MBP-TbBRC fusion separated from hRAD51 during heparin column

chromatography (B) All the fractions corresponding to hRAD51as expected from the chromatogram.

A B
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Based on our knowledge of hBRC4 and hRAD51 interaction (Pellegrini et al., 2002)

that when both of these proteins are loaded onto heparin column, hRAD51 having more

affinity to bind with heparin gets separated from hBRC4, helping its purification. So, in an

attempt to clarify that the mode of interaction present between TbBRC and hRAD51 was a

shadow of hBRC4 and hRAD51 interaction and upon binding to heparin column these

interacting proteins get separated, I set out to purify hRAD51 by disrupting the interaction

between TbBRC and hRAD51 using heparin column chromatography (Shing et al., 1984)

resulting the purification of hRAD51.

The final elutions from amylose column chromatography containing TbBRC and

hRAD51 (Figure 4.29Bʹ) were pooled together. The solubility was then tested following 

centrifugation which showed that the interacting proteins remained soluble to homogeneity

and there were no pellet formation upon reducing the salt concentration from 300 mM to 100

mM followed by loading onto heparin column in an attempt to disrupt the interaction

between TbBRC and hRAD51 which confirmed that the TbBRC and hRAD51 do interact.

We used a newly discovered binding partner for hRAD51 which is no doubt TbBRC as

indicated by SDS-PAGE analysis (Figure 4.29Bʹ). The results of heparin column 

chromatography showed (Figure 4.30B) that hRAD51 did bind with heparin column as

expected and indeed this binding partner proved to be a true binding partner as it interacted

with hRAD51 and did not affect the native form of hRAD51 as confirmed by dynamic light

scattering of hRAD51 oligomers disrupted by the addition of hBRC4 performed by Dr.

Tommaso Moschetti (data not shown). Indeed it will be worth doing investigate the amino

acids involved in this interaction. There is also a need to find out the type of forces governing

this interaction.

4.3.5 Possible explanation for not binding of TbRad51 with TbBRC and hBRC4

Rad51, in general, are proteins which are known to oligomerise (Sung et al., 2003) in the

solution and form nucleoprotein filaments (Davies et al., 2007; Rajendra et al., 2010) upon

binding with BRC repeats which have inhibitory and non-inhibitory modes of action. The

switch between start and termination of recombination activity by Rad51 is inevitably

dependent upon successful interaction with the BRC repeats; disruption of which ends in the

loss of recombination function (Powell et al., 2002). In light of this, it can be concluded that
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Rad51 and BRC repeats are binding partners, however in our hands, the failure of binding to

TbRad51 by the TbBRC repeat is not fully clear but the possible explanation can include a

few possibilities. In order to declare that no interaction does exist between TbBRC and

TbRad51, it is required to test it through multiple ways. There can be a possibility that

TbRad51 was not folded properly (Benson et al., 1994; Fink, 2005) during its co-expression

however it wasn’t the case with hRAD51 under similar conditions. We tried to solve this

problem by attempting to purify TbRad51 independently based on the idea to incubate

TbRad51 with TbBRC after independent purification but unfortunately TbRad51 got

precipitated during its purification so the efforts need to be made yet.

Figure 4.31 A model representing co-expression and interaction of TbRad51 with successive increase in the

number of TbBRC repeats. Sad face (in yellow colour) indicates no interaction. TbBRC repeats and TbRad51

are coloured green oval and shaded blue rectangular, respectively.

The other possibility could be that nature has provided Trypanosoma brucei with 14

identical and 15th slightly different BRC repeats so TbRad51 might need a set of TbBRC
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repeats for successful interaction. We tested this hypothesis by investigating the interaction

between TbBRC repeats and TbRad51 that increasing the number of TbBRC repeats may

strengthen the interaction but we failed to see any increase in interaction upto 7 TbBRC

repeats. We made 7 different constructs containing 1, 2, 3, 4, 5, 6 and 7- TbBRC repeats and

co-purified them with TbRad51 as TbRad51 was present in each construct.

Under similar conditions as explained for single TbBRC pull down assay, no

interaction was observed, so far, upto 7 TbBRC repeats (data not shown). However, it is

surprising that evolutionarily distant proteins TbBRC and human RAD51 (as shown by

multiple sequence alignment of BRC repeats and Rad51 in Figures 4.32, 4.33 & 4.34) do

interact very strongly which definitely explains that TbBRC has got the same binding pattern

(Lo et al., 2006; Pellegrini et al., 2002; Rajendra and Venkitaraman, 2010) as in the case of

hBRC4. The crystal structure of the complex between hBRC4 and hRAD51 (PDB 1N0W)

shows important sites of binding needed for this interaction. hRAD51 has got two

hydrophobic cavities which provide binding sites for F1524 and F1546 of hBRC4 (Pellegrini

et al., 2002). The complexity in the interaction of TbBRC and TbRad51 prompted us to take

a structure based analysis. As there is no crystalline structure available for TbRad51 so in

order to uncover how TbRad51 may look like as compared to hRAD51, we used Phyre2

server (Kelley and Sternberg, 2009) to generate TbRad51 structure. Superposition (Chou,

2004) of the Homo sapiens RAD51-BRC4 complex onto the Phyre2 generated TbRad51

structure (Figure 4.35A) clearly revealed no apparent difference in the pattern of folding and

that they coincide very well especially at oligomerization interface. Also BRC4 coincides at

TbRad51 self association interface (Figure 4.35B) which hypothesizes that TbRad51 may use

the same oligomerization pattern to that of other Rad51 whose biochemical studies have

already been reported.

Figure 4.32 A multiple sequence alignment of human BRC4 and T. brucei BRC repeat. The symbols on the

bottom row denote the degree of conservation observed in each column: ‘*’ denotes that the residues in that

column are identical in all sequences in the alignment, ‘:’ denotes that conserved substitutions have been

observed and ‘.’ denotes that semi-conserved substitutions are observed.
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Figure 4.34 A sequence alignment between TbRad51 and hRAD51. The alignment shows first 100 residues

aligned with each other. This explains the first 51 TbRAD51 residues are not conserved between TbRad51 and

hRAD51 which is why N-terminally truncated TbRad51 was employed in our study as indicated with arrow.

Why TbBRC binds avidly with human RAD51 and not with TbRad51? If we take a

look at the alignment of hBRC4 and TbBRC (Figure 4.32), it clearly depicts that, like

hBRC4, TbBRC is decorated with hydrophobic residues and most of the key residues

important for binding at the surface of hydrophobic cavities in human RAD51 are present

which explains why TbBRC binds with hRAD51 with a difference that unlike Phe 1546 in

hBRC4, Met is present in TbBRC4 being hydrophobic in nature which follows Arg as

compared to hBRC4 where Lys is present being polar in nature (Nemethy and Scheraga,

1962; Pellegrini et al., 2002).

The surface diagram of the superposition of hBRC4 on TbRad51 (Figure 4.35C & D)

shows clearly the presence of cavities for the binding of key hydrophobic residues like

hBRC4 Phe 1524, Ala 1527 and Phe 1546. However, upon taking a deep look at the cavities

for the binding of phenylalanine, we could find key differences in TbRad51 as compared to

human RAD51 which might be the reason for not binding of either TbBRC or hBRC4 with

TbRad51. Crystal structure of hRAD51-BRC4 complex (PDB 1N0W; Pellegrini et al., 2002)

shows key residues which are crucial for the binding of hBRC4 with human RAD51 and also

throws light on residues which line the hydrophobic cavities in hRAD51.
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Figure 4.35 Cartoon and surface representation of the alignment of Homo sapiens BRC4-RAD51 complex

(1N0W) and Trypanosoma brucei Rad51. (A) Superposition of Homo sapiens RAD51-BRC4 complex (RAD51

and BRC4 shown in green) onto Trypanosoma brucei Rad51 structure (TbRad51 shown in red) clearly reveals

that superimposed structures fold in the similar fashion. Moreover, hBRC4 coincides TbRad51 (B) like that of

hRAD51 (hRAD51 not shown while TbRad51 shown in red). Phe1524 and Phe1546 of hBRC4 point out the

presence of two hydrophobic pockets in TbRad51 as shown by surface diagram (C & D). Disruption of RAD51

oligomerization requires insertion of Phe1524 and Phe1546 residues into its hydrophobic pockets present at the

oligomerization interface which hints the possibility of the use of same mechanism (to that of hRAD51) by

TbRad51 for nucleoprotein filament formation. However, it needs to be confirmed in vitro.

hBRC4

hRAD51 TbRad51

Phe1524

Phe1546

A B

C D
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Investigation of the hBRCA2-RAD51 complex (PDB 1N0W) shows that aromatic

ring of Phe1524 is buried within the hydrophobic cavity formed by the side chains of RAD51

residues Met158, Ile160, Ala190, Ala192, Leu203, Ala207 and Met210 while in case of

TbRad51 (Figure 4.36A), Lys191 does exist in place of Met158 and Thr243 replaces Met210.

Phe1546 is embedded between RAD51 helices A4 and A5, and surrounded by residues

Leu204, Tyr205, Ser208 (in helix A4), and Met251, Arg254, Leu255, Glu258 and Phe259 (in

helix A5). However, the second hydrophobic cavity (Figure 4.36B) in TbRad51 is furnished

with Leu238, Ser284, Asn287 and Tyr292 which are present in case of Tyr205, Met251,

Arg254 and Phe259 in hRAD51. This Ser284 and Tyr292 in TbRad51 being polar residues

may affect the overall environment of this cavity weakening or inhibiting the interaction

between TbBRC and TbRad51.

Figure 4.36 Comparison of two hydrophobic pockets in hRAD51 and TbRad51. Presence of hydrophobic

environment through the conservation of key amino acid residues is mandatory for the insertion of Phe1524 and

Phe1546 into hydrophobic cavities in RAD51 (PDB 1N0W). This comparison clues important differences such

as (A) T243 and K191 of TbRad51 (shown in sky blue) replace M210 and M158 of hRAD51 (shown in red),

respectively. Whilst (B) L238, S284, N287 and Y292 are present for Y205, M251, R254 and F259 of hRAD51

(shown in red). Presence of S284 may cause charge and bulk causing no/very weak interaction between TbBRC

and TbRad51.

A B
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The story is not yet finished. Nature has given T. brucei multiple BRC repeats unlike

other specie differing in the sense that 14 out of 15 are identical spaced by 20 aa (Lo et al.,

2006). One possibility can be that multiple BRC repeats may increase the binding affinity

with TbRad51. The hypothesis was tested upto 7 BRC repeats but all failed to interact with

TbRad51, as explained earlier. As no structure is available yet for T. brucei BRC repeats; so,

to have structure based investigation, single and multiple BRC repeat structures were

generated by Phyre2 server. Surprisingly, full length TbBRC 1-15 was folded like two seven-

bladed WD-40 type β-propeller structures attached to each other containing 7 to 8 BRC 

repeats each. The cartoon diagram illustrates a 7 bladed β-propeller structure and each blade 

formed by 4 antiparallely aligned beta pleated sheets.

Figure 4.37 Cartoon and surface illustration of 2 β-propeller structures of TbBRC1-15 domain. Bioinformatics

analysis predicted a WD-40 repeat domain housing all fifteen BRC repeats of T. brucei BRCA2. The top row

(A) identifies residues forming a seven-bladed beta-propeller (rainbow coloured) while (B) bottom row

represents the second seven-bladed β-propeller. Phenylalanine lies at the top of the ring (as indicated by white 

arrows) available for the insertion into hydrophobic pockets for active recombination.

A

B
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The WD-40 domain exhibits a β-propeller architecture, often comprising seven 

blades. The WD-40 domain is one of the most abundant domains and also among the top

interacting domains in eukaryotic genomes (Xu1 and Min, 2011). In many observations of

peptide binding to β-propellers, the interaction centers on the mouth of the axial channel 

opening onto the face containing the loops connecting consecutive ‘blades’ (Han et al, 2006;

Hao et al, 2007; Jennings et al, 2006; Larsen et al, 2007; Lodowski et al, 2003). WD40

domain mediates molecular recognition events mainly through the smaller top surface, but

also through the bottom surface and sides. So far, no WD-40 domain has been found to

display enzymatic activity. The majority of the β-propeller domains have a “velcro’ closure, 

which contributes to fold stabilization. But, this interlock mechanism is absent in some cases,

such as Aip1 (Voegtli et al., 2003) and DDB1 (Voegtli et al., 2003). It means that the β-

propeller fold is mainly stabilized through the intersheet hydrophobic interactions.

In our proposed structure of TbBRC, the phenylalanine residues lie at the top of the

surface positioning its aromatic ring outside (Figure 4.37A & B), available for the insertion

into hydrophobic cavity. This can be a possibility for the efficient disruption of TbRad51

oligomers for nucleoprotein filament formation which could give an insight into the

mechanism of antigenic variation by extensive homologous recombination.

4.3.6 Purification of TbBRC1-7

Previously, my colleague Dr. Owen R. Davies (Department of Biochemistry, University of

Cambridge) has purified BRCA2BRC1-8 in an attempt to discover the collective function of all

the BRC repeats. The fold recognition server FUGUE predicted that most of the BRCA2BRC1-

8 regions were unordered with some interspersed structured short motifs which gave a clue

that it might have some function. However, the earlier attempts to purify BRCA2BRC1-8 were

unsuccessful that all of the protein was found to be present in inclusion bodies due to higher

insolubility of the protein. The presence of most of the unstructured regions in a protein can

hinder its purification due to higher insolubility however some proteins may become ordered

upon binding to a binding partner. BRCA2BRC1-8 had to be purified from inclusion bodies

(This is a frequent consequence of expressing proteins that contain substantial unstructured

regions in bacteria) (Fahnert et al., 2004; Grisshammer and Nagai, 1995; Guise et al., 1996;

Li et al., 2004; Lilie et al., 1998; Middelberg, 2002; Tsumoto et al., 2003; Williams et al.,
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1995) under denaturing conditions and then renaturing it to native form because even in the

presence of its binding partner hRAD51, it remained insoluble.

Figure 4.38 Purification of TbBRC1-7 by Immobilized Metal Affinity Chromatography. Clarified supernatant was passed

through Ni-NTA column (A) which indicates the co-expression of TbBRC1-7 and TbRad51. However, upon passing the

pooled fractions of Ni-NTA elutions through Amylose column (B) resulted in the purification of TbBRC1-7 coming off in the

final elutions while TbRad51 was separated coming off in the flowthrough (not shown here). Afterwards, TbBRC1-7 was

TEV proteolyzed (C) and Ni-NTA was employed that yielded TbBRC1-7 in the flowthrough (C) and His6-MBP in the final

elutions (D) upon treatment with 200 mM immidazol.
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Figure 4.39 Purification of TbBRC1-7 through gel filtration chromatography. Pooled flowthrough fractions from

Ni-NTA column were concentrated (A) and divided into two halves one of which was passed through S75

HiPrep column (A) and the remaining through S200 HiPrep column (B & C). SDS-PAGE (C) reveals the

fractions corresponding to TbBRC1-7 purified through S200 HiPrep column. The cleanest fractions were pooled

together for further use.
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Figure 4.40 Molecular weight determination of TbBRC1-7 by gel filtration standards. (A) Chromatogram of

S200 GL gel filtration standards (Sigma) those were passed through S200 GL column. All 5 peaks from higher

to lower molecular weights belong to 66, 29, 12.4, 6.5 and 1.6 kDa, respectively (B) TbBRC1-7 of 30.71 kDa

was found to be in the resolving range of gel filtration column indicating the protein to be a monomer.

Contrary to the predicted unordered nature of BRCA2BRC1-8 (as discussed earlier); the

Phyre2 did predict structural motifs in TbBRC1-15 with high confidence of the presence of β- 

propeller structure (data not shown). To gain an insight of the role of BRC repeats, its

collective function and interaction with Rad51, I set out to purify TbBRC1-7. The construct

TbBRC1-7-TbRad51-pRSFduet-1 was expressed in Rosetta2 (DE3) cells. Given the presence

of His6 tag, the purification was attempted through Ni-NTA column. Analysis of the resulting

supernatants revealed that TbBRC1-7 remained highly soluble and came off in the final

elutions after Ni-NTA column (Figure 4.38A) which in the case of hBRCA2BRC1-8 was absent

in the supernatant (as discussed earlier). Figure 4.38 shows the purification strategy for

TbBRC1-7 and confirms the normal behavior of this protein (that it remained soluble) during

amylose column based purification as well as under TEV proteolysis (Figure 4.38B & C).

TbBRC1-7 came off in the flowthrough of Ni-NTA column (Figure 4.38C) based separation

of His6-MBP tags (Figure 4.38D) after TEV cleavage. Gel filtration chromatography was

employed for further purification (Figure 4.39).
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It is tempting to address that the protein remained highly soluble to homogeneity and

there were no signs of precipitation after centrifugation of the protein for the loading onto gel

filtration column. S75 and S200 HiPrep gel filtration columns (Figures 4.39A, 4.39B & C)

were employed individually to compare their performance to remove impurities based on

their resolution strengths. S200 HiPrep column (Figure 4.39B & C) separated the impurities

efficiently as compared to S75 HiPrep column in the case of TbBRC1-7 as revealed by SDS-

PAGE analysis (Figure 4.39A). Natively folded and structured proteins move through gel

filtration column in the way that they don’t elute in the void volume. So, the identity of the

purified protein was subsequently investigated by calculating the void volume of the S200

analytical GL column by blue dextran which was found to be 7.5 mL whilst TbBRC1-7 was

eluted at 8 mL elution volume giving clues towards having some structured conformation

(data not shown). The molecular mass of the protein was calculated by gel filtration

standards (Sigma) and was found to be entirely consistent with the predicted molecular mass

by ProtParam (Figure 4.40) which revealed this protein to be a monomer. These observations

are contrary to the nature of hBRCA2BRC1-8.

4.3.7 Biophysical studies on TbBRC1-7 by Circular Dichroism spectroscopy and

Dynamic Light Scattering

In the case of circular dichroism spectroscopy, the Normalised Root Mean Squared

Deviation (NRMSD) was 0.013 - which is a measure of the 'goodness' of the fit.

Deconvolution analysis of the far-UV CD spectrum (Figure 4.41A) of TbBRC1-7 showed

the presence of 8% alpha helix; 10% beta strand; 10% turns; 72% disorder.

The thermal stability of TbBRC1-7 (Figure 4.41B) was assessed by measuring the

α-helical signature ellipticity at 222 nm over the temperature range 5-95°C where a linear 

decline in ellipticity (that is typical of α-helical fraying (Dragan and Privalov, 2002) 

followed by a cooperative unfolding event was expected. Instead, the thermal melt data

showed a linear increase in the magnitude of the negative elipticity at 222 nm.
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Figure 4.41 Circular dichroism spectroscopy of purified TbBRC1-7. (A) TbBRC1-7 CD spectrum data. (B)

TbBRC1-7 CD quickthermal melt.

A

B
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Refolding experiment of TbBRC1-7 by reversing the thermal melt from 95 to 5°C

resulted in a linear decrease in the magnitude of the negative elipticity at 222 nm (Figure

4.41A) which mirrored the melting experiment (Figure 4.41B). The secondary structure

analysis algorithm does not deal with PPII helix. It is the thermal melt that is probably more

informative in this case. This phenomenon is diagnostic for the presence of Poly-L-Proline

(PII) left handed helix in the protein (Fiori et al., 2002; Makarov et al., 1992; Makarov et al.,

1993; Tsurupa et al., 2002). The deconvolution results showed that it is mostly unstructured

but the melting suggests that the structure is dominated by extended left-handed PPII helix.

The protein TbBRC1-7 was tested for its solubility and scattering in the solution with

the help of Dynamic Light Scattering instrument which confirmed that the protein was mono-

dispersed in the solution. This result also adds information that the protein could be a good

candidate for the crystallization studies (data not shown). Taken together all the information

regarding TbBRC repeats and TbRad51, it will be worthdoing to do pull down assays either

using GST tags or mutating the Ser284 in TbRad51 to improve or cross check the interaction

between them. The interaction might be tested in the presence of all of TbBRC repeats or

some in vivo studies will be good to confirm the findings.

4.3.8 Regulation of TbRad51 by phosphorylation

Phosphorylation plays a central role in DNA damage response (DDR). Protein kinases such

as ataxia telangiectasia mutated and ataxia telangiectasia related are the main signaling

kinases which upon activation by DNA lesions successively activate many subsequent

proteins (Jackson and Bartek, 2009). For example yeast Rad51 was phosphorylated at

particular serine whose mutation increased the hypersensitivity to genotoxic agents (Flott et

al., 2011).

The multiple sequence alignment of TbRad51 with different eukaryotes indicates that

most of the key residues are conserved throughout; however, the N-terminus is not so

conserved (Rajanikant et al., 2008) as revealed by Figure 4.42. Most of the residues predicted

for potent phosphorylation (Figure 4.43) are located in the core ATPase domain (Wu et al.,

2004) which is in fact the C-terminus of Rad51. Moreover, the structural motifs belonging to
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Figure 4.42 Multiple sequence alignment of TbRad51 orthologues. Highly conserved residues are coloured

accordingly. NetPhos 2.0 server was used for the prediction of phosphorylation sites in Rad51 from different

eukaryotes. The abbreviations used are: hRad51 (human Rad51), OsInd-Rad51 (Oryza sativa Indica Rad51),

ScRad51 (Saccharomyces cerevisiae Rad51) and TbRad51 (Trypanosoma brucei Rad51)

different functions of Rad51 such as DNA binding domains and oligomerization interface

have been found conserved (Shin et al., 2003).

4.3.8.1 TbRad51 can be phosphorylated at different sites

TbRad51 was tested and compared with Oryza sativa Indica Rad51 (OsInd-Rad51) and

Saccharomyces cerevisiae Rad51 (ScRad51) for the presence of potential phosphorylation

sites. For this, the full length sequences of each protein were submitted as a FASTA format

to ExPASy Proteomics Server NetPhos 2.0 (Blom et al., 1999). The predicted

phosphorylation sites are presented in graphical and tabulated forms (Figure 4.43 and Table

4.1, respectively). Table 4.1 shows the overall motif for each residue within which the
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A

B

C

Figure 4.43 Graphical representation of the predicted phosphorylation sites. (A) Indicates all the residues

predicted for phosphorylation for OsInd-Rad51. (B) Shows all the residues for phosphorylation in ScRad51

while (C) presents all the predicted residues for phosphorylation for TbRad51. The residues above the threshold

are more prone to phosphorylation.
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Table 4.1. Motifs and scores of residues predicted for phosphorylation

Specie name Residue name Motif sequence Residue
number

Score

OsInd-Rad51 Serine AAAASGEHG
SVVYSPRKD
IETGSITEI
RTDFSGRGE
RFQISPEGV

11
49
115
227
323

0.960
0.975
0.801
0.904
0.955

OsInd-Rad51 Threonine DAEGTFRPQ 159 0.933

OsInd-Rad51 Tyrosine ENVAYARAY 185 0.922

ScRad51 Serine DLSQSVVDG
NGNGSSEDI
KLRESGLHT
VETGSITEL
ESRFSLIVV
RTDFSGRGE

32
41
102
179
275
291

0.938
0.997
0.988
0.930
0.981
0.904

ScRad51 Threonine DTEGTFRPV 223 0.982

ScRad51 Tyrosine EDEAYDEAA
NNVAYARAY

72
249

0.985
0.822

TbRad51 Serine VTTGSREVD
IEVGSITEL
QLPLSQGGG
KFLRSLRNL
FQADSKKPI
TTRLSLRKG
KVYDSPCLA

139
154
182
284
317
335
351

0.911
0.908
0.894
0.816
0.980
0.996
0.981

TbRad51 Threonine QRKETIMVT
DTEGTFRPE

132
198

0.884
0.980

TbRad51 Tyrosine GMALYIDTE 192 0.698

phosphorylation site is located alongwith its position in the protein. For the reliability of the

potency of phosphorylation, the scores belonging to each phosphorylation site are indicated.

Higher the number of score, higher is the chance for phosphorylation at that particular site

and vice versa. Multiple serine residues belonging to different positions in the protein have
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been predicted for potent phosphorylation in OsIndicaRad51, ScRad51 and TbRad51,

respectively (Figure 4.43). However, some of them show very good scores which are

presented in the table 4.1. In the figure 4.43, the horizontal lines in the middle show the

threshold while vertical lines indicate the score. Residues whose scores (vertical lines) are

below or around the threshold, are not supposed to get phosphorylated while residues which

show values high above the threshold have better chances for phosphorylation. For every

protein, only 1 residue shows a very good score for threonine phosphorylation (Table 4.1)

while one, two and one tyrosines in OsInd-Rad51, ScRad51 and TbRad51 respectively, have

been predicted to have a very good score or potential for phosphorylation (Figure 4.43 and

Table 4.1). The graphical representation of serine, threonine and tyrosine phosphorylation

(Figure 4.43) indicates that multiple residues have been predicted for phosphorylation but

some of them could cross the threshold limit while a few of them showed very good scores.

So our results indicate the presence higher conservation of residues potent for

phosphorylation throughout different eukaryotes. This data suggests a possible role of

phosphorylation in the control of TbRad51 underlying antigenic variation and homology

mediated repair.
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4.3.9 Discussion

In this study, the interaction between Trypanosoma brucei BRC repeats and Rad51 was

elucidated in the context of human BRC4 and RAD51 interaction. BRCA2 is known to bind

its counterpart RAD51 for its implication in homology directed DNA double strand break

repair (Pellegrini et al., 2002). The interaction lies within conserved regions in BRCA2

which include exon 11 housing all eight BRC repeats as well as C-terminus region (Davies et

al., 2007; Esashi et al., 2007; Pellegrini et al., 2002). This BRC repeat which is repeated

eight times in BRCA2 has different affinities for RAD51 for faithful recombination (Chen et

al., 1998; Wong et al., 1997). In light of this, it seems likely that BRCA2 and Rad51 from

different specie should interact; which is further supported by accumulation of Rad51 in

CAPAN-1 cells having truncated BRCA2 (Davies et al., 2001). However, our pull down

assays implying His6-MBP tagged T. brucei BRC repeats and T. brucei Rad51 showed no

apparent interaction. It is amply clear based on our Ni-NTA pull down assays that the two

proteins co-eluted but failed to show a stable interaction once passed over amylose beads

(Figure 4.29C & Cʹ). In order to further characterize TbBRC repeat and TbRad51, we opted

to check the interaction between TbBRC repeat and human RAD51 as well as of human BRC

repeat and TbRad51 (Figure 4.29).

We hypothesized that if there are present signature sequences in the TbBRC repeat, it

should bind Rad51 having hydrophobic pockets. We aligned TbBRC and hBRC4 to find the

key residues. The alignment (Figure 4.32) depicts the presence of hydrophobic residues in

keeping with human BRC4 1524-FHTASGK-1530 contiguous block (Pellegrini et al., 2002).

Found previously that BRC repeats contain two tetrameric clusters of hydrophobic residues

interacting at distinct pockets in RAD51 (Rajendra and Venkitaraman, 2010; Pellegrini et al.,

2002; Cole et al., 2011). Moreover, co-location of both the molecules within a single BRC

repeat is necessary for BRC-RAD51 binding and function. The two motifs comprise the

sequence FxxA known to inhibit RAD51 assembly by blocking the oligomerization interface

and LFDE motif to bind at other distinct site in RAD51. They further showed that LFDE

motif is important for permissive and inhibitory RAD51 oligomerization (Chen et al., 1999a;

Davies et al., 2001; Galkin et al., 2005). Relying upon this fact, it seems likely the presence

of permissive and inhibitory modes of action in T. brucei BRCA2 as the alignment reveals T.

brucei BRC repeat houses both motifs. Furthermore, investigation of TbRad51 alignment
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with Rad51 from other species (Figure 4.33) confirmed the conservation of R250 of hRAD51

which is in agreement to bind E1548 in case of human BRC4-RAD51 interaction (Rajendra

and Venkitaraman, 2010; Pellegrini et al., 2002). These observations underscore the

characteristics of BRC repeats and Rad51.

It is known that all eight human BRC repeats even having sequence similarity with

each other do not bind RAD51 with similar affinity (Chen et al., 1998; Chen et al., 1999;

Wong et al., 1997) which ads puzzle to our study that what could be the reason for not

binding to Rad51 even having signature motifs. Disappointment over amylose based pull

down assay results (Figure 4.29 & 4.31) prompted us to take a structure based investigation

of hRAD51-BRCA2 complex and TbRad51. Superposition of the two structures (4.35A & B)

was in agreement with previous observations of superpositioning RecA onto RAD51-BRCA2

complex which resides BRC4 at the oligomerization interface (Pellegrini et al., 2002), also

located in TbRad51. Permissive and inhibitory modes of action need BRC4 binding at the

oligomerization interface (Davies et al., 2001; Galkin et al., 2005; Rajendra and

Venkitaraman, 2009), however BRC3 has been shown to bind avidly at the N-terminus of

RAD51 which was missing in the RAD51-BRC4 complex (Galkin et al., 2005; Pellegrini et

al., 2002). In our study, we employed N-terminally truncated TbRad51. As seen in the

alignment of TbRad51 and hRAD51 (Figure 4.34), the first 51 amino acid residues are not

conserved. There is a possibility that, upon investigating the interaction between full length

TbRad51 with TbBRC might cause binding due to either proper folding of the recombinase

or involvement of its N-terminus for stabilizing the interaction, however it remains to be

considered.

Further insights into the characteristics of TbBRC include its identical attitude to bind

Rad51. We employed heparin column based purification of human RAD51 (Figure 4.30)

bound to TbBRC resulting in the disruption of interaction. Later, dynamic light scattering

studies (data not shown) shifting oligomeric state of human RAD51 to monomeric state by

the addition of hBRC4 (Esashi et al., 2007) revealed that human RAD51 retained its

properties even binding with an evolutionarily distant protein TbBRC. This implicates the

presence of TbBRC binding pocket at the oligomerization interface. Non-binding of either

TbBRC or hBRC4 to TbRad51 clued the existence of difference in protein folding or non-

conservancy of key residues. A detailed account of TbRad51 and hRAD51 structure (Figure
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4.35 & 4.36) pointed out the presence of Ser at the second hydrophobic cavity which

possibly be abrogating the interaction due to having bulk and charge. However, this needs to

be tested through mutant generation and yeast two hybrid analysis.

Why there exist eight BRC repeats in human BRCA2 is not clearly answered yet.

Nevertheless, reports are available pointing their participation in the permissive mode of

action by BRCA2 (Davies et al., 2007) and if there exist a lethal mutation in BRC4 repeat,

remaining BRC repeats may keep the interaction without abolishing it altogether (Pellegrini

et al., 2002). In keeping with this idea, we tried to figure out the binding capabilities of

multiple BRC repeats in T. brucei to understand the mechanism of action implied by these

identical BRC repeats to bind Rad51 (Figure 4.29). Using semi-quantitative approach based

pull down assay (Chen et al., 1998; Wong et al., 1997) we failed to see any interaction up to

seven TbBRC repeats which in case of human BRCA2, six out eight are known to bind the

recombinase (Wong et al., 1997). Scientists have also employed quantitative methods to

investigate the strength of interaction by purifying each human BRC repeat individually,

collectively and incubating it with purified human RAD51 (Carreira and Kowalczykowski,

2011), however in our research, failing in purifying TbRad51 halted this investigation.

BRC4 repeat in human BRCA2 adopts a structural conformation when bound to

RAD51 (Pellegrini et al., 2002) however the whole exon 11 housing eight BRC repeats is

mostly un-ordered. In our study, the bioinformatics based analysis of full length TbBRC

repeats from first to fifteen highlighted the presence of WD-40 repeat structure (Figure 4.37)

with two seven bladed β-propellers pointing Phe at the top of the ring. This could work to 

answer why so many repeats are present in T. brucei. We know that T. brucei employs the

phenomenon of homologous recombination for antigenic variation to evade immune response

(Hartley and McCulloch, 2008). We hypothesized if there occur WD-40 like beta propellers,

this may work for efficient disruption of oligomeric TbRad51 for the formation of

nucleoprotein filament. However, circular dichroism investigated the presence of poly prolin

structure (Figure 4.41B) instead of WD-40 β-propeller. Regarding the nature of human BRC 

repeats, it was surprising that collective purification of 1-7 TbBRC repeats resulted in the

highly soluble and stable protein (Figure 4.38 & 4.39) which was found to be a monomer as

observed molecular weight (Figure 4.40) was in agreement with dynamic light scattering

studies on this protein. Since no structure is yet available for the BRC repeats as a whole
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except for BRC4 bound to RAD51 (Pellegrini et al., 2002), we continued to optimize the

conditions of crystallization for X-ray crystallographic studies which are under investigation

yet.

Moreover, we have explored TbRad51 for the presence of potential phosphorylation

sites in the context of how phosphorylation can work to regulate the functions of Rad51 in

homologous recombination. We have also compared TbRad51 phosphorylation potential with

other eukaryotic Rad51 such as Oryza sativa Indica and Saccharomyces cerevisiae. We

predicted the phosphorylation sites in Rad51 bioinformatically in all selected eukaryotes.

Oryza sativa a cereal plant with the shortest genome known so far and it can be used as a fine

model plant for genetic engineering (Song et al., 2009). The multiple sequence alignment

(Figure 4.42) reveals TbRad51 as an evolutionary conserved protein. Its core ATPase domain

has been found more conserved among eukaryotes as compared to its N-terminus. We

employed NetPhos 2.0 server (Blom et al., 1999) for phosphorylation site prediction. It

works as an artificial neural network mechanism for substrate recognition and has sensitivity

between 69-96%. The protein was predicted for the presence of phosphorylation sites (Figure

4.43 and Table 4.1). Phosphorylation can happen at multiple sites in a protein (Lees et al.,

1991). Serine phosphorylation is most common of all. To a mechanistic point of view, the

serine/threonine specific kinases phosphorylate the hydroxyl group of the residue. In the cell

cycle as well as during the recombination reaction, kinases play a crucial role (Jackson and

Bartek, 2009). From sensing of the DNA damage to the completion of recombination,

different kinases are phosphorylating their substrate proteins for their activation and

deactivation, thereby regulating the complex events. Recently, a Rad51 from budding yeast

has been phosphorylated in a Mec1 mediated manner and characterized how

phosophorylation can control its normal functions. Rad51 phosphorylation at Ser 192

inactivated the ATP hydrolysis and interaction with DNA (Flott et al., 2011). Mutation of

this Ser 192 led to the hypersensitivity to genotoxic agents which imparts the importance of

Rad51 phosphorylation. Figure 4.42 indicates the presence of threonine in TbRad51 at site of

Ser 192 in the yeast Rad51. This threonine is found highly conserved and it will be tempting

to speculate that phosphorylation of this threonine can happen in a Mec1 mediated manner

(Baroni et al., 2004). The phosphorylation of this residue may ultimately lead to the

disassembly of Rad51 from nucleoprotein filaments suggesting the termination of
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recombination event. Indeed, biochemical and structural approaches will be required in the

future to get deeper insights into the understanding of TbRad51 phosphorylation.

In short, we have observed contrasting behavior of TbBRC repeats which do not bind

TbRad51 but bind strongly to human RAD51 and remained highly soluble and stable during

and after its purification. Although these reports are not conclusive to the implication of

TbBRC repeats individually, collectively and inside whole TbBRCA2 in the phenomenon of

homologous recombination and antigenic variation; however, it will help provide a

thoughtful insight into the understanding of the nature of BRCA2 and Rad51 from different

specie.
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Chapter 5

Summary
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The DNA within our cells is constantly being exposed to DNA damaging agents which

include mutagenic chemicals, ultraviolet radiations and reactive oxygen species generated by

ionizing radiations. The most dangerous of the various forms of DNA damages is the DNA

double strand break. This can also be created by mechanical stress on chromosomes or when

a replicative DNA polymerase encounters a DNA single strand break. DNA double strand

breaks are potent inducers of mutations within our cells so an efficient response to DNA

damage is essential for cellular life.

Nature has blessed cells with two main pathways for the repair of double strand

breaks which are non-homologous end joining and homologous recombination. These

pathways are distinct from each other that they perform in complementary ways to affect

DSB repair. Homologous recombination plays dual role in eukaryotes as it creates the genetic

variability during meiotic recombination and it also maintains the integrity of the genome by

promoting the repair of DSB. Central to homologous recombination is the interaction

between breast cancer susceptibility protein type 2 (BRCA2) and RAD51, a recombination

recombinase enzyme. The function of RAD51 is facilitated by different mediators like

BRCA2, RAD52 and PALB2. RAD52 is expressed in mammalian cells but BRCA2 may

have supplanted RAD52 in mediating RAD51 loading onto ssDNA.

Along with other proteins involved in DNA damage response; both BRCA1 and

BRCA2 are in molecular foci during S phase or upon treatment of cells with DNA damaging

agents. The inheritance of a mutated copy of BRCA2 gene can lead to the development of

breast, ovarian and other type of cancers. BRCA2 is a protein of 384 kDa molecular weight

with 3,418 amino acids. Studies have concentrated on the regions of BRCA2 that are known

to function in homologous recombination. BRCA2 is characterized by a very large exon 11

(BRC repeats) and exon 27 which encode peptide motifs required for interaction with

RAD51. The number of BRC repeats varies among different organism as Homo sapiens

contain 8 BRC repeats whilst 15 in Trypanosoma brucei, and four in Arabidopsis thaliana

etc.

The interaction of BRC repeats and exon 27 regions with Rad51 is known for proper

loading of RAD51 to the double strand break site and stabilization of the nucleoprotein

filament but it is unclear how BRCA2 directs RAD51 mediated homologous recombination.

Close to the oligonucleotide binding region in BRCA2, a DMC1 interacting region is present
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which does not interact with RAD51. DMC1 is known to be the meiotic recombinase having

similar function to that of RAD51. The precise function and characterization of this domain

of BRCA2 is yet to be discovered.

In our study, a region of BRCA2 called hBRCA2N2266-K2370, close to the region which

binds DMC1 was tested for CDK based phosphorylation. hBRCA2N2266-K2370 protein was

purified to be used in CDK based kinase assay. Phosphorylation was determined through

mass spectrometry which indicated phosphorylation at serine 2 as confirmed with threonine

to alanine mutant protein kinase assay in which phosphorylation was also detected at serine

2. By mutating serine 2 to glycine, a protein called GG-hBRCA2N2266-K2370 was purified and

its phosphorylation determined by mass spectrometry confirmed phosphorylation at STP site.

hBRCA2N2266-K2370 was further characterized by limited proteolysis and circular dichroism

based structural analysis which indicated that most of this protein is un-ordered.

The next part of results and discussion chapter details the purification of human

DMC1 that was purified using a different strategy in which C-terminus of DMC1 was used to

co-express with full length DMC1 which helped its purification for improved solubility.

The last part of chapter 4 is concerned with the characterization of T. brucei BRC

repeats and their interaction with TbRad51. Biochemical assays regarding the interaction

between T. brucei BRC repeats and Rad51 were also performed which indicated that no

interaction does exist between TbBRC and Rad51 as we tested upto 7 consecutive BRC

repeats. Moreover, we found bioinformatically that the mode of oligomerization of TbRad51

mimicks oligomerization pattern of other Rad51 recombinases. And the TbBRC repeats

might have double β-propeller structure; however, characterization through circular 

dichroism spectroscopy showed TbBRC1-7 being mostly unordered having extended PPII

structure. Further confirmation of the TbBRC1-7 will be done in the future as crystallization

experiments for TbBRC1-7 are under way. TbRad51 was also analyzed for the presence of

residues for potent phosphorylation. The predicted residues were found conserved among

different eukaryotes including rice plant and yeast. No doubt, it indicates that

phosphorylation can play an important role in the regulatin of Rad51 from these eukaryotes.
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