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Abstract 
The ability to maintain genomic integrity prevents unrestricted cell proliferation and the 

progression of cancer. DNA repair pathways such as the DNA double-strand break 

(DSB) response are essential in maintaining this integrity. This system requires 

activation of the serine/threonine kinase ataxia telangiectasia mutated (ATM) through 

acetylation by TIP60, a histone acetyl transferase, and subsequent ATM 

autophosphorylation. During DNA repair, activated ATM phosphorylates the histone 

variant H2AX several kilobases either side of the break site. This phosphorylation acts a 

signal for additional repair proteins and chromatin remodeling complexes which repairs 

DNA.  

In a previous study, H2AX phosphorylation was induced through the over expression of 

TIP60 or the SWI3-ADA2-N-CoR-TFIIIB (SANT) domain of p400. It was 

hypothesised that over expressed TIP60 or SANT domain was able to sequester a 

putative negative regulator from the ATM-TIP60 complex and artificially induce 

activation. This study aimed to investigate if a single domain of TIP60 or if a single 

helix from the three helix SANT domain was responsible for the activation of the ATM-

TIP60 complex. Here, the ability of the chromo domain and zinc domain of TIP60 

individually and the combined zincHat domain of TIP60 to induce H2AX 

phosphorylation as well as three helix deletion mutants of the SANT domain of p400 

was examined. While all constructs were able to be expressed in human cell lines, the 

induction of H2AX was variable and non-reproducible.  

ATM belongs to the phosphatidylinositol 3-kinase-related kinase family (PIKK). 

Members of the PIKK family show domain homology, where the domain of one protein 

is replaced with the homologous domain of another member and the function of the 

protein is not altered. As p400 has been previously shown to interact with TIP60 and 

also Transformation/transcription domain-associated protein (TRRAP), a member of the 

PIKK family, it was hypothesised that p400 could interact with ATM (which also 

interacts with TIP60). This study confirms this novel interaction between ATM and 

p400 through the use of co-immunoprecipitation and protein localisation using confocal 

microscopy. This study provides a platform to further investigate the involvement of an 

ATM-p400 complex during DNA repair.  
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1 Introduction 

1.1 Chromatin dynamics 
Each cell of an organism contains an entire genomic complement of DNA. To ensure 

that this DNA fits into the cell, it must be packaged into a higher-ordered structure 

called chromatin. The most basic unit of chromatin is the nucleosome, where 147 

nucleotides of DNA wrap around an octomer of histone proteins consisting of two 

histone H2A/H2B dimers and a tetramer of histone H3 and H4 (Luger, 1997). A histone 

has two major domains, the globular domain and the histone tail. The globular domains 

make up the central core of the nucleosome with the histone tails protruding out from 

the nucleosome core. The histone tails are capable of being modified by a large range of 

enzymes including kinases and histone acetyl transferases and these types of 

modifications facilitate different chromatin structures (Luger, 1998).  

There are several orders of chromatin folding which are schematically represented in 

figure 1.1. The most basic form of folding is known as the ‘bead on a string’ or the 10 

nm fibre where nucleosomes are connected by linker DNA (Luger, 1997). The second 

level of organisation is the 30 nm fibre where the 10 nm fibre is folded together using 

histone H1 to maintain this higher level of folding (P. J. J. Robinson, Fairall, Huynh, & 

Rhodes, 2006). The 30 nm fibre is able to fold into even higher levels of chromatin 

structure. These higher levels of organisation require the use of architectural proteins 

such as histone H1 and heterochromatin protein 1 (HP1) to maintain the highly 

organised folding (Canzio et al., 2011).  

There are two main folding states of chromatin, euchromatin and heterochromatin. 

Euchromatin is an open chromatin structure that is associated with active regions of 

transcription and is promoted by the presence of specific histone modifications. One of 

the best characterised examples of a histone modification promoting the euchromatic 

state is acetylation of histone H4 on lysine 16. This acetylation on the positively 

charged lysine residue neutralises its overall charge which eliminates a charge 

interaction between the lysine residue and DNA phosphate group promoting a more 

open structure (Shogren-Knaak et al., 2006). Conversely, heterochromatin is a highly 

folded state of chromatin that is associated with regions of DNA that are not actively 
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transcribed. These regions assume the 30 nm chromatin structure, higher order 

chromatin folding and require a different set of chromatin modifications to maintain 

folding. For example, trimethylation of histone H3 at lysine 9 acts as a docking site for 

heterochromatin protein 1 (HP1) which help maintain a heterochromatic state (Fischle 

et al., 2005).  

 

 

Figure 1.1 States of chromatin folding. Chromatin adopts different levels of folding depending on a 

number of factor including post-translational modification and the presence of architectural proteins. The 

basic chromatin structure is the 10 nm fibre with nucleosomes connected by linker DNA. Higher levels of 

chromatin folding include the 30 nm fibre and the higher-order chromatin fibre. These higher levels are 

maintained by the presence of post-translational modifications and architectural proteins. Reprinted by 

permission from Macmillan Publishers Ltd on behalf of Cancer Research UK: [Nature Reviews 

Molecular Cell Biology] (13, 436-447), copyright 2012.  

The post-translational modifications found on histone tails are highly dynamic and 

reversibly added and removed by a variety of proteins. These include histone acetyl 

transferases and histone deacetylases to add and remove acetylation marks, methylases 

and demethylases to add and remove methyl groups, kinases and phosphatases to add 

and remove phosphate groups and a range of other proteins involved in ribosylation, 

sumoylation and ubiquitination. Each type of modification has different effects on 

chromatin structure. Acetylation results in neutralisation of lysine’s positive charge 

which has been known to prevent the folding of chromatin to the 30 nm structure (Philip 

J. J. Robinson et al., 2008). Phosphorylation adds an additional negative charge to the 

nucleosome and is often the site for protein binding (Stucki et al., 2008). Methylation 
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does not alter the charge on proteins and acts as a binding site for proteins such as HP1 

(Fischle et al., 2005).  Ribosylation, sumoylation and ubiquitination also act as binding 

motifs for a number of targeting proteins (Messner & Hottiger, 2011; Shiio & 

Eisenman, 2003; Zhang, 2003). This study focuses on protein complexes that are 

involved in the modification of histones and other proteins that occurs upon DNA 

damage. Thus the dynamic state of chromatin applies not only to replication, 

transcription and recombination, but also to the DNA repair process.  

1.2 Histone Variants 
In addition to the regular core histones, H2A, H2B, H3 and H4, there are several histone 

variants that have roles in various specific functions. One such example is the histone 

variant H3.3. This variant is enriched in actively transcribed genes where it was shown 

to destabilize H3.3/H4 tetramers in nucleosomes and facilitate a more open chromatin 

structure for the access of transcription factors (Elsaesser, Goldberg, & Allis, 2010). Of 

interest to this study are the H2A variants, particularly H2AX and H2AZ.  

H2AZ is a histone variant that was first identified in 1980 and has been shown to be 

deposited at specific sites in the genome by chromatin remodeling complexes including 

the p400 ATPase and accounts for approximately 10% of the total H2A in a cell (Chan, 

Narita, Lowe, & Livingstone, 2005; West & Bonner, 1980). H2AZ has 64% sequence 

homology to the canonical H2A and contains an extended acidic patch in its C-terminal 

region which may help to stabilize higher order chromatin structures (Hardy et al., 

2009). H2AZ deposition at promoters has been shown to have both positive and 

negative effects on transcription. In Saccharomyces cerevisiae, H2AZ deposition is 

increased in promoter regions of genes where it is thought to interact with 

transcriptional machinery or RNA polymerase II itself (Adam, Robert, Larochelle, & 

Gaudreau, 2001; Larochelle & Gaudreau, 2003; Wong, Cox, & Chrivia, 2007). A study 

conducted in 2003 examined the global deposition of H2AZ in Saccharomyces 

cerevisiae and showed that 107 promoters containing H2AZ were repressed while 214 

promoters containing H2AZ were induced (Meneghini, Wu, & Madhani, 2003). 

Interestingly, the type of post-translational modification may be essential in determining 

the action of H2AZ during transcription. For example, acetylated H2AZ has been 

associated with transcriptional activation due to its ability to promote a more open 

chromatin structure while ubiqutination of H2AZ is found throughout heterochromatin 
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and provides a binding site for heterochromatin promoting factors (Draker, Sarcinella, 

& Cheung, 2011; Sarcinella, Zuzarte, Lau, Draker, & Cheung, 2007; Valdes-Mora et 

al., 2012). Interestingly, H2AZ has the ability to be methylated at specific sites which 

prevents acetylation making methylation and acetylation mutually exclusive 

(Zilberman, Coleman-Derr, Ballinger, & Henikoff, 2008).  

 

Figure 1.2 H2A variant protein alignment. Sequences for H2A (M60752.1), H2AX (NM_002105.2) 

and H2AZ (AH006891.1) were aligned using ClustalW. Stars (*) denote conserved residues between all 

three proteins while dots (.) denote conserved residues between two proteins. Serine 139 in H2AX which 

is phosphorylated by members of the PIKK family of kinases during DNA repair is shown by the red 

arrow.  

The second histone H2A variant of interest to this study if H2AX. H2AX is a variant 

that found throughout the genome and is incorporated randomly into chromatin during 

DNA replication. H2AX shows 95% homology to canonical H2A and contains a C 

terminal extension with a SQ motif that is recognized by serine/threonine kinases (Pinto 

& Flaus, 2010). Serine 139,  positioned within the C terminal extension (indicated in 

Figure 1.2 by a red arrow), is readily phosphorylated around DNA break sites  which 

acts as an identification signal for sites of DNA repair as exemplified by the fact that 

knockdown of H2AX results in decreased accumulation of repair proteins at these break 

sites (Celeste et al., 2003; Rogakou, Pilch, Orr, Ivanova, & Bonner, 1998). Interestingly, 

H2AX knockout mice show an increase in chromosomal aberrations, deficiencies in 

double-strand break repair and an overall increase in sensitivity to DNA damage 

highlighting the importance of H2AX in DNA repair (Bassing et al., 2002; Celeste et 

al., 2003; Kao et al., 2006).  Additionally, inability to acetylate H2AX inhibits the 

exchange of modified H2AX for unmodified H2AX during DNA repair and leads to an 
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overall reduction in repair efficiency (X. Jiang, Y. Xu, & B. D. Price, 2010) illustrating 

acetylation of H2AX is one of a number of post-translational modification that are 

essential in H2AXs role in DNA repair.  

1.3 DNA repair 
The importance of maintaining DNA integrity is possibly best exemplified by an 

increased risk of cancer development with unrepaired DNA aberrations. The changes to 

the genome through unrepaired DNA lead to mutations that can result in unrestricted 

cell growth, promoting malignancies (Stratton, Campbell, & Futreal, 2009). In order to 

maintain DNA integrity, cells have evolved a number of repair systems which can be 

grouped into two main categories of single-strand break repair and double-strand break 

repair. Single-strand break repair consists of base excision repair, nucleotide excision 

repair and mismatch repair while double-strand break repair consists of homologous 

recombination and non-homologous end joining.  

1.3.1 Single-strand break repair 
Each of the single-stand break repair systems recognize and repair different types of 

single strand malformations. Mismatch repair occurs primarily during replication and 

acts on incorrectly incorporated bases and loops formed from insertions and deletions. 

This system relies on being able to recognize the parent strand and hence removal of the 

incorrectly incorporated nucleotides on the daughter strand (Jiricny, 2006). In E.coli this 

type of mechanism uses methylation on the parent strand as a means of recognition, 

however, the mammalian recognition system is less well understood (Acharya, Foster, 

Brooks, & Fishel, 2003; Kramer, Kramer, & Fritz, 1984; Lahue, Au, & Modrich, 1989).  

Base excision repair is used for the repair of subtle DNA changes which include 

alkylation and oxidation. A lesion is first recognized by sensor proteins, particularly 

DNA glycosylases which are capable of removing the nitrogenous base by cleaving the 

N-glycosidic bond between the base and the deoxyribose sugar. This leaves an AP 

(apurinic or apyridimic) gap. The DNA backbone is then cleaved creating a single 

strand break that contains a 3’ hydroxyl group and a 5’ phosphate group. The break is 

filled by a polymerase and the backbone is repaired by a ligase (David, O'Shea, & 

Kundu, 2007).  
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Nucleotide excision repair is required for bulkier adducts that tend to cause distortions 

in the helical structure. One such example of this is pyrimidine dimers that are produced 

due to UV exposure. While there are a variety of different types of distortions and a 

number of repair systems, in general the adduct is identified and targeted for removal of 

20-30 nucleotides. The gap which is created is then refilled using general replication 

machinery (Batty & Wood, 2000; de Laat, Jaspers, & Hoeijmakers, 1999). 

1.3.2 Double-strand break repair 
While all damage to DNA needs to be recognized and repaired, DNA double-strand 

breaks are potentially more harmful lesions compared to single-strand breaks as they 

have the potential to cause chromosomal translocations or loss of chromosomal 

fragments (Halazonetis, Gorgoulis, & Bartek, 2008). Two well-studied pathways in 

double-strand break repair are homologous recombination and non-homologous end 

joining.  

Homologous recombination is a method of error-free double-strand break repair where 

there is no loss or gain of DNA. This occurs primarily during DNA replication and the 

G2 stage of the cell cycle. Homologous recombination requires the break site to be 

processed into single-strand DNA which is then used to search by strand invasion for 

the homologous region in the sister chromatid. This region is then used as a template to 

complete repair (Filippo, Sung, & Klein, 2008). The second type of double-strand break 

repair is non-homologous end joining. This repair system can occur at any stage of the 

cell cycle. It works by simply religating the DNA ends with limited processing and as 

such, is an error-prone mechanism of repair (Lieber, 2008). Interestingly, these repair 

systems show similarities in their initial steps. The double-strand break is first 

recognized by a phosphatidylinositol 3-kinase-related kinase (PIKK) family member 

will phosphorylate H2AX around break sites.  ATM (Ataxia telangiectasia mutated), 

ATR (ATM and Rad3-related) and DNA-PKcs are used interchangeable for H2AX 

phosphorylation in response to different stresses (Falck, Coates, & Jackson, 2005; Stiff 

et al., 2004). The phosphorylation of H2AX will promote the accumulation of repair 

proteins with each pathway requiring a different complement of proteins (Stucki et al., 

2005; I. M. Ward, Minn, Jorda, & Chen, 2003). Homologous recombination uses a 

larger number of proteins that will process DNA to produce single-stranded DNA 

before these are used in strand invasion to locate homologous regions that can be used 

as a template for completing repair (Filippo et al., 2008). Non-homologous end joining, 
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with minimal trimming, predominantly uses the MRN complex (Mre11, Rad50 and 

NSB1) to tether the two ends and proceeds to ligate these together using a DNA ligase 

(Lieber, 2008). Chromatin remodeling complexes are involved in the final stages of 

both types of double-strand break repair through exchanging modified nucleosomes for 

unmodified nucleosomes to return chromatin to a pre-break state (Doyon & Cote, 2004; 

Kusch et al., 2004).  

The DNA DSB response is an essential process for maintaining cellular integrity and 

requires an orchestrated effort of many proteins that must to work synergistically to 

promote repair. An exact blueprint of the order of events however, is unknown. While 

DNA double-strand breaks are repaired by both homologous recombination and non-

homologous end joining, multi-subunit protein complexes which include TIP60, ATM 

and p400 have conserved roles in both processes. The roles these proteins during 

transcription and DNA repair are addressed below.  

1.4 TIP60- A Histone Acetyl Transferase 
TIP60 (TAT interacting protein) was originally identified through an interaction with 

the HIV protein TAT (Transactivator of transcription) (Kamine, Elangovan, 

Subramanian, Coleman, & Chinnadurai, 1996) where it was shown to slightly enhance 

the activation of specific HIV promoters. TIP60 was subsequently shown to acetylate 

H2A, H3 and H4 of the core histones (Yamamoto & Horikoshi, 1997) as well as non-

histone proteins such as p53 and ATM (Chailleux et al., 2010; Sun, Jiang, Chen, 

Fernandes, & Price, 2005; Tang, Luo, Zhang, & Gu, 2006). TIP60 is a member of the 

MYST family of acetyl transferases which are named after the four founding members, 

MOZ, YBF2/SAS3, SAS2 and TIP60. These proteins are characterised by the inclusion 

of the MYST domain which is a 200 amino acid stretch in TIP60 that contains both a 

zinc finger domain and an acetylCoA binding site. The zinc finger domain has been 

associated with protein-protein interactions and is considered essential for the acetylase 

function of TIP60 (Nordentoft & Jorgensen, 2003; Xiao, Chung, Kao, & Yang, 2003). 

TIP60 also contains a chromodomain, a domain commonly found in proteins that bind 

or modify chromatin (Cavialli & Paro, 1998). In the case of TIP60, the chromodomain 

has been shown to bind methylated H3K9 which is enriched in heterochromatic regions 

of the genome (Hlubek et al., 2001; Sun et al., 2009).  
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TIP60 is known to have a variety of functions within a cell including roles in 

transcriptional activation and the DNA repair. These different processes require TIP60 

to be in complex with specific binding partners. The TIP60 complex is one of these 

larger complexes, containing at least 14 subunits including two large molecular weight 

proteins TRRAP (transformation/transcription domain-associated protein) and p400, 

along with GAS41 (glioma-amplified-sequence 41), two helicases TIP48 

(transactivation-domain interacting protein of 48 kDa) and TIP49 (transactivation-

domain interacting protein of 49 kDa), β-actin and a β-actin like protein BAF53 (BRG1-

associated factor of 53 kDa) (T. Ikura et al., 2000). This complex serves as a chromatin 

remodeling complex with implications in transcriptional activation and DNA repair.  

1.4.1 TIP60 as a transcriptional coactivator 
A transcriptional coactivator can act in a variety of ways to promote transcription, 

including acting on chromatin or other proteins to elicit an effect. TIP60 can act as a 

transcriptional coactivator through acetylating both histones and non-histone proteins.  

An example of TIP60 as a transcriptional coactivator through non-histone proteins 

comes through the examination of the tumor suppressor p53. In the absence of DNA 

damage, p53 is maintained at a low level without modification. This is mainly 

facilitated through an interaction with the E3 ubiquitin ligase mdm2 (murine double 

minute 2) which targets p53 for proteosomal degradation, keeping p53 levels at a 

minimum (Oliner et al., 1993). Additionally, the lack of post-translational modifications 

on p53 acts to maintain it in an inactive state. In the presence of low levels of DNA 

damage, p53 dissociates from mdm2 and become phosphorylated by kinases such as 

ATM which phosphorylates p53 on serine 15 (Shieh, Ikeda, Taya, & Prives, 1997). This 

action prevents reassociation of p53 with mdm2 and promotes p53 stabilisation and 

binding to the promoter of genes, such as the cell cycle inhibitor p21, to enhance cell 

cycle arrest as opposed to apoptosis (Li, Jenkins, Nichols, & Xiong, 1994). In cases of 

extensive DNA damage, the apoptosis pathway is activated. Here, p53 dissociates from 

mdm2 and binds to TIP60. TIP60 can then acetylate p53 at lysine 120, which is located 

within the DNA binding domain of p53 (Figure 1.3 A). This modification promotes p53 

binding to promoters of pro-apoptotic genes such as PUMA, a key player in the 

progression of apoptosis  (Tang et al., 2006). It has been found that lysine 120 (K120) 

mutants of p53 are unable to bind to promoters of these pro-apoptotic genes and 

consequently are apoptosis deficient. Additionally, ChIP data from H1299 lung 
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carcinoma cells presented by Sykes et al, 2006, show that p53 K120 mutants bind to the 

promoter of cell cycle inhibitors (for example p21) with higher affinity compared with 

pro-apoptotic genes, supporting the hypothesis that acetylation at K120 of p53 by TIP60 

is required for transcription of pro-apoptotic genes (Sykes et al., 2006).  

TIP60 also acts on histones in chromatin while serving as a transcriptional coactivator. 

One example of this occurs in conjunction with the oncogene MYC. MYC has been 

shown to recruit TIP60 as part of the TIP60 complex to gene promoters where TIP60 

acetylates H4 promoting an open chromatin structure for binding of transcriptional 

machinery (Frank et al., 2003; Tyteca, Vandromme, Legube, Chevillard-Briet, & 

Trouche, 2006). This function of TIP60 is reliant on the TIP60 complex as a whole 

(Figure 1.3 B). Several members of the TIP60 complex have been shown to co-localise 

at promoter regions. Additionally, TIP60 isolated without the other members of the 

TIP60 complex can acetylate free histones but lack the ability to acetylate nucleosomes. 

When isolated as part of the TIP60 complex, the nucleosome acetylase function is 

restored (Kimura & Horikoshi, 1998).  

 

 

Figure 1.3 TIP60 complexes and their functions. A. TIP60 acetylates p53 in the presence of extensive 

DNA damage promoting apoptosis. B. TIP60 as part of the TIP60 complex to promote transcription 

through acetylating histone H4. C. TIP60 will acetylate ATM in the presence of DNA damage promoting 

ATM autophosphorylation needed for ATM activation. TIP60 will also acetylate histone H2AX and 

histone H4 during DNA repair.  
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1.4.2 TIP60 in DNA repair 
DNA damage presents one of the biggest threats to cell survival. There is coordination 

between a vast array of proteins in the cell to ensure DNA is repaired correctly. TIP60 is 

involved in several key processes during which this repair protein acts to acetylate both 

histone and non-histone targets. Involvement of TIP60 in activation of ataxia 

telangiectasia mutated (ATM) kinase is possibly its most well-known function. TIP60 is 

associated with a dimer of inactive ATM proteins in the absence of DNA damage. In the 

presence of DNA damage, TIP60 is activated and will acetylate ATM at lysine 3016, 

promoting ATM autophosphorylation at residue 1981 (Figure 1.3 C) (Sun et al., 2005). 

This autophosphorylation of ATM promotes the monomerisation of ATM producing an 

active protein which will then phosphorylate histone H2AX around break sites, acting 

as a signal for the accumulation of DNA repair proteins (Burma, Chen, Murphy, 

Kurimasa, & Chen, 2001). The ATM-TIP60 complex appears to be a distinct complex 

from the larger TIP60 complex. How the ATM/TIP60 recognises DNA damage and 

signals activation of the down-stream repair process is currently unknown. Recently, the 

involvement of a tyrosine kinase, c-Abl, has been implicated in the signalling of DNA 

damage by phosphorylating TIP60 at tyrosine 44, activating TIP60 and promoting 

acetylation of ATM (Kaidi & Jackson, 2013). 

In addition to its role in ATM activation, TIP60 also plays a role in DNA repair as part 

of the TIP60 complex. Just as TIP60 acetylates histone H4 in its role as a transcriptional 

activator, TIP60 as part of the TIP60 complex acetylates histone H4 of nucleosomes 

around DNA double-strand break sites (R. Murr et al., 2006). The involvement of the 

TIP60 complex in DNA repair has been validated through the depletion of a major 

member of the TIP60 complex and through the use of a TIP60 acetylase deficient 

mutant. Depletion of TRRAP, the largest scaffolding protein in the TIP60 complex, 

results in a marked reduction in histone H4 acetylation in response to DNA damage. 

Additionally, the introduction of a TIP60 acetylase deficient mutant also shows a 

reduction in H4 acetylation with the reduction in H4 acetylation resulting in reduced 

repair efficiency. Acetylation of histone H4 is particularly important in DNA repair as it 

allows chromatin structure to take a more open conformation, presumably for the 

assembly of repair proteins at the break site (R. Murr et al., 2006). The chromodomain 

of TIP60 is particularly important in DNA repair as it has been shown to bind to the 

heterochromatic mark tri-methyl H3K9, providing a mechanism for TIP60 to bind to 
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heterochromatin regions and promote an open chromatin structure for DNA repair (Sun 

et al., 2009). 

TIP60 also shows a role in acetylation of H2AX which is essential for histone exchange 

at break sites. In Drosophila, the acetylation of H2Av (a H2AX/H2AZ homologue) is 

needed for the exchange of modified H2Av for unmodified H2Av. This exchange is 

thought to restore chromatin to its original state before DNA damage occurred. In 

Drosophila, this exchange is catalysed by the chromatin remodeler Domino of which the 

human homologue is known as p400 (X. F. Jiang, Y. Xu, & B. D. Price, 2010; Kusch et 

al., 2004).  

1.5 p400 
p400 was initially described in 2001 by Fuchs et al as a part of a protein complex that is 

essential for transformation with the adenovirus E1A oncoprotein (Fuchs et al., 2001). 

p400 is a multidomain protein that contains a HSA (Helicase and SANT Associated) 

domain, a SWI2/SNF2 (switch 2/sucrose non-fermentable 2) homology domain, a poly-

Q (poly-glutamine) domain and a SANT (SWI3-ADA2-N-CoR-TFIIIB) domain 

(Aasland, Stewart, & Gibson, 1996). While the SWI2/SNF2 domain has been shown to 

exhibit ATP dependent histone exchange, there is little information available regarding 

the function of the remaining domains within p400 (Fuchs et al., 2001). p400 exists as 

part of two multi-protein complexes known as the TIP60 complex and the p400 

complex (Fuchs et al., 2001; T. Ikura et al., 2000). These two complexes have the same 

composition of subunits except for TIP60 which does not reside in the p400 complex. 

The additional proteins found in these complexes include TRRAP, BAF53 (53 kDa 

BRG1/human BRG1-associated factor), TIP60 associated proteins TAP53α and β, as 

well as TIP49 (TATA binding protein (TBP)- interacting protein). The similarity 

between the two complexes suggests a possible dynamic exchange between the p400 

and TIP60 complexes where the p400 complex lacks histone acetylase activity (Fuchs et 

al., 2001; T. Ikura et al., 2000; Park, Sun, & Roeder, 2010).  

1.5.1 H2AZ exchange by p400 
The importance of p400 and its function can be highlighted through the retention of 

homologues throughout evolution. Saccharomyces cerevisiae contains a homologue of 

p400 known as Swr1p (Swi2/Snf2 related). Swr1p is shown to deposit the histone 

variant H2AZ in eurochromatic regions that flank heterochromatic regions (Kobor et al., 
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2004). Silencing of Swr1p showed a marked decrease in H2AZ deposition and spread of 

heterochromatic regions. Swr1p is also found within a functionally conserved complex 

of proteins known as the SWR1 complex which shares common subunits with the yeast 

NuA4 complex (Doyon & Cote, 2004; Doyon, Selleck, Lane, Tan, & Cote, 2004).  

These two complexes are homologous to the TIP60 complex in humans and carry many 

of the same functions. The p400 homologue in drosophila is known as Domino and is 

found in the drosophila TIP60 complex, dTIP60-Domino. Importantly, this protein has 

been shown to catalyse the exchange of H2A for H2Av, the drosophila H2AX/H2AZ 

homologue, at sites of DNA damage (Kusch et al., 2004). When p400 was first isolated, 

it was assumed to be involved in histone exchange due to the inclusion of the 

SWI2/SNF2 ATPase homology domain (Fuchs et al., 2001). The H2AZ exchange of 

p400 in human cells was initially described through the p21 promoter. In the presence 

of DNA damage, H2AZ was removed from the promoter of the p21 gene which resulted 

in an increase in expression of p21 (Gevry, Chan, Laflamme, Livingston, & Gaudreau, 

2007).  

1.5.2 The SANT domain 
While the ATPase function of p400 has been associated with the SWI2/SNF2 domain, 

there is little information regarding the function of the additional domains (Fuchs et al., 

2001). The SANT domain motif is part of the MYB family of proteins, where the MYB 

domain, the MYB-like domain and the SANT domain share the familiar helix-turn-helix 

motif that manifests as a three helix bundle (Boyer, Latek, & Peterson, 2004). There is 

debate regarding the function of the SANT domain. It has been suggested that the 

SANT domain has a DNA binding role as it shares a similar structure MYB and MYB-

like domains which are known DNA binding domains (Mohrmann, Kal, & Verrijzer, 

2002). The second role proposed is that it is necessary for protein-protein interactions 

(Humphrey et al., 2001; Sterner, Wang, Bloom, Simon, & Berger, 2002).  

Interestingly, the SANT domain is a common motif within chromatin remodeling 

proteins. A SWI/SNF (switch deficiency/sucrose non-fermentable) family member, 

Swi3, and RSC (remodel the structure of chromatin) are both ATP dependent chromatin 

remodelers that have a dependency on the SANT domain for their function (Barbaric, 

Reinke, & Horz, 2003; Boyer et al., 2002). Small deletions within the each of the three 

helices result in a reduction in activity with deletions in the third helix resulting in the 

greatest reduction in activity (Barbaric et al., 2003; Boyer et al., 2002). This function 
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appears to be conserved across the MYB and MYB-like domains with the third helix 

being considered the recognition helix (Barbaric et al., 2003; Boyer et al., 2002; Pinson, 

Sagot, Borne, Gabrielsen, & Daignan-Fornier, 1998; Sterner et al., 2002).  

While little information regarding the function of the SANT domain of p400 is 

available, there has been some evidence provided that it is important in protein-protein 

interactions.  The SANT domain of p400 has been described to interact with the histone 

acetyl transferase, TIP60 and cause a robust inhibition of TIP60 acetylase activity (Park 

et al., 2010). A second protein interaction was suggested in a study completed in 2010. 

Here, overexpression of the SANT domain of p400 induced an increase in H2AX 

phosphorylation (Smith, 2010). It was suggested that a putative negative regulator 

associated with the TIP60-ATM complex becomes sequestered by the overexpressed 

SANT domain promoting TIP60 activation. This putative interaction appears to have a 

protective effect on cells against DNA damage, and overexpression of the SANT 

domain appears to increase cell viability when faced with a lethal dose of UV irradiation 

(Smith, 2010). Understanding the role of the p400 SANT domain, whether it be a 

chromatin interaction or function in DNA repair, may provide valuable information to 

how the DNA DSB repair pathway could possibly be manipulated during cancer 

treatment. 

1.5.3 p400 in DNA repair 
While the deposition of H2AZ by p400 has been shown to have an effect on 

transcription (Gevry et al., 2007), p400 also shows an important role in DNA repair. 

Chromatin is a highly dynamic structure and shows changes during both transcriptional 

regulation and DNA repair. Examination of chromatin after DNA repair shows 

expansion of the chromatin adjacent to double-strand breaks. This expansion 

presumably helps to facilitate efficient DNA repair by allowing repair proteins access to 

DNA breaks. Interestingly, a study conducted in 2010 showed that p400 was involved 

in destabilisation of nucleosomes at break sites where the use of knockdowns and the 

loss of p400 activity resulted in an overall increase in cell radiosensitivity and 

chromosomal aberrations (X. Jiang et al., 2010; Ye Xu et al., 2010).  Additionally, it has 

been shown that p400 of the TIP60 complex is required for the acetylation of both 

histones H4 and H2AX at DNA break sites, consequently promoting a relaxed 

chromatin structure (Bird et al., 2002; R. Murr et al., 2006). Finally, the role of p400 

homologues in both S. cerevisiae  and Drosophila demonstrate that the p400 ATPase 



14 
 

can enable exchange of modified H2AX nucleosomes around DNA break sites and 

facilitate the incorporation of unmodified nucleosomes, thereby presumably promoting 

restoration of pre-damaged chromatin structure (Kobor et al., 2004; Kusch et al., 2004).  

1.6 ATM 
Ataxia telangiectasia mutated (ATM) is a member of the phosphatidylinositol 3-kinase-

like protein kinases (PIKK) family which are members of the larger 

phosphatidylinositol 3-kinase (PI3K) superfamily of kinases. Unlike PI3Ks that 

phosphorylate lipid moieties, PIKKs, with the exception of mTOR (mammalian target 

of rapamycin), phosphorylate protein substrates at a [S/T]Q sequence. There are 

currently six members of the PIKK family, ATM, ATR (ATM and Rad3-related), 

SMG1 (suppressor with morphological effect on genitalia family member 1), 

mTOR/FRAP (FKBP adarapamycin associated protein / mammalian target of 

rapamycin), TRRAP (transformation/transcription domain-associated protein) and 

DNA-PKcs (DNA-dependent protein kinase catalytic subunit). All members of this 

PIKK family contain a similar domain structure with the possession of a FAT (FRAP-

ATM-TRRAP) domain, a FAT-C domain (a FAT domain located at the C-terminus of 

the protein), a PIKK regulatory domain and a PI3K kinase domain (Shiloh, 2003). In 

addition, all members of the PIKK family have active kinase activity with the exception 

of TRRAP which lacks a functional kinase domain.  

Ataxia telangiectasia mutated (ATM) was initially identified as the gene product that 

causes the genetic disease Ataxia Telangiectasia (AT). This is a homozygous recessive 

disease that presents early in life with ataxia, a miscoordination of muscle movement, 

and also telangiectasia, the grouping of small blood vessels. Patients with AT have an 

increased risk of developing lymphatic malignancies (Lavin & Shiloh, 1997) and show 

an increase in chromosomal breakages and sensitivity to DNA-damaging agents. 

Additionally, the possession of one mutated allele of ATM does not result in AT 

symptoms, however, there is a large increase in the risk for developing cancers. This is 

presumably due to ATM having a significant role in DNA damage repair (Lavin & 

Shiloh, 1997). ATM was shown to be localised in the nucleus of a cell and does not 

appear to be altered in the presence or absence of DNA damage (Dar, Biton, Shiloh, & 

Barzilai, 2006; Gately, Hittle, Chan, & Yen, 1998; Watters et al., 1997). 
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ATM is one of the key proteins in the double-strand break response where in the 

absence of double-strand breaks, ATM exists as a homodimer facilitated by an 

interaction between the kinase domain and FAT domain with the sequences flanking 

residue serine 1891 essential for the interaction. The ATM homodimer is also in 

complex with TIP60. Dimerised ATM is inactive but in the presence of DNA damage, 

TIP60 will acetylate ATM at lysine 3016 promoting ATM autophosphorylation on 

serine 1981 allowing monomerisation (Bakkenist & Kastan, 2003). It is this active form 

of ATM that is essential for DNA repair through phosphorylating a myriad of DNA 

repair proteins (Canman et al., 1998). One prime example of ATM kinase activity 

during DNA repair is H2AX phosphorylation. H2AX phosphorylation by ATM is a 

marker of DNA damage and acts as a docking signal for repair protein assembly (Burma 

et al., 2001). Phosphorylation of histone H2AX at serine 139 by ATM spreads several 

kilobases either side of the break site and is instrumental in the accumulation of repair 

proteins at break sites. ATM is also involved in phosphorylation of a number of 

additional repair proteins such as Mre11 and Rad50, part of the MRN complex vital in 

DSB repair (Lee & Paull, 2004; Uziel et al., 2003).  

There has been debate regarding the way in which ATM recognizes DNA damage and 

is subsequently activated. Changes in chromatin structure induced by DNA damage 

have been suggested to promote activation of ATM. Specifically, incubation of cells in 

a hypotonic solution, the presence of chloroquine or a HDAC inhibitor (all methods 

known to alter the structure of chromatin) results in the activation of ATM (Figure 1.4 

B) (Bakkenist & Kastan, 2003). It has also been suggested that ATM binding directly to 

broken DNA is required for ATM activation (Figure 1.4 D)  (Shiotani & Zou, 2009; 

You, Bailis, Johnson, Dilworth, & Hunter, 2007) or through binding to other DNA 

repair proteins (Figure 1.4 C)  (Soutoglou & Misteli, 2010). While TIP60 acetylation of 

ATM is essential for activation, how TIP60 was activated in the presence of DNA 

damage remained a question. Recently it was found that the tyrosine kinase c-Abl 

phosphorylated TIP60 in the presence of DNA double-strand breaks or changes to 

chromatin structure which induced acetylation of ATM and subsequent 

autophosphorylation (Figure 1.4 E)  (Kaidi & Jackson, 2013).  

In addition to the involvement of ATM in the DNA damage response, ATM is also a 

key player in cell cycle arrest where it can control progression to several stages. In the 

presence of DNA damage, ATM is activated and phosphorylates various key proteins in 
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the G1/S checkpoint, the intra-S phase checkpoint and the G2-M phase checkpoint. This 

is essential to prevent the replication of cells that contain damaged regions of DNA. 

These phosphorylation events can facilitate changes in gene expression and degradation 

of checkpoint proteins, facilitating cell cycle arrest at the various checkpoints (Geng, 

Zhang, Zheng, & Legerski, 2007; Kastan & Lim, 2000; Lim et al., 2000; B. Xu, Kim, 

Lim, & Kastan, 2002).  

 

 

 

Figure 1.4 ATM activation methods. A) In its inactive state, ATM exists as a homodimer in complex 

with TIP60. In order to have a positive effect on DNA repair, ATM must be activated. This can occur 

through a variety of methods including B) through binding to distorted chromatin, C) binding to DNA 

repair proteins such as Mre11 from the MRN complex, D) binding directly to DNA ends and E) when 

TIP60 is phosphorylated by c-Abl which in turn acetylates ATM promoting autophosphorylation.  

1.7 DNA double-strand break repair 
The DNA double-strand break (DSB) response is an essential process for maintaining 

cellular integrity. Typically three events occur rapidly after the induction of DNA 

damage. These are the activation of ATM kinase, the phosphorylation of H2AX and the 

accumulation of the MRN complex at break sites.  
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As mentioned previously, ATM has an important role in DNA damage and is activated 

through acetylation by TIP60 and subsequent autophoshoryaltion (Bakkenist & Kastan, 

2003; Sun et al., 2005). These posttranslational modifications on ATM result in 

monomerisation of the previously inactive dimer with the active monomer being able to 

phosphorylate a large array of proteins including numerous DNA repair proteins such as  

the histone variant H2AX (Figure 1.5 B) (Burma et al., 2001; Lee & Paull, 2004; 

Nakagawa, Taya, Tamai, & Yamaizumi, 1999). Additional targets of ATM include all 

three members of the MRN (Mre11, Rad50 and NSB1) complex (Gatei et al., 2011; Lim 

et al., 2000; Yuan et al., 2002).    

The MRN complex consists of three proteins, Mre11, Rad50 and NSB1. Accumulation 

of this complex at the break sites occurs rapidly after the production of double-strand 

breaks. MRE11 contains two DNA binding domains and has been shown to bind to 

single strand regions of DNA that occur at break sites (de Jager et al., 2001). Rad50 and 

NSB1 bind to Mre11 and form the MRN complex at break site (Hopfner et al., 2001; 

Williams et al., 2009) NSB1 appears to be involved in binding to a variety of proteins 

including phosphorylated H2AX and MDC1 (Mediator of DNA-damage checkpoint 1) 

promoting both accumulation of repair proteins and a mechanism to control the cell 

cycle (Kobayashi et al., 2009; Wu, Luo, Lou, & Chen, 2008). RAD50 is involved in 

bridging the break site and promoting DNA end processing by Mre11 (Bhaskara et al., 

2007). These proteins are all essential for DNA repair and mutations in each of them 

lead to chromosomal instabilities and impairments in DNA repair similar to that seen 

with mutations in ATM (Derheimer & Kastan, 2010). The MRN complex appears to 

bind DSBs independently of ATM however, accumulation of MRN is promoted by 

ATM physically binding to MRN (Uziel et al., 2003). This binding of ATM to the MRN 

complex can promote activation of ATM (Lee & Paull, 2004). As this is one of many 

ways ATM appears to be activated, the physical binding to the MRN complex may be a 

way to amplify the activation of ATM.  

Phosphorylation of histone H2AX is an essential chromatin modification in DNA repair 

since mutation of serine 139 to a non-phosphorylatable amino acid results in a decrease 

in accumulation of DNA repair proteins and an overall reduction in repair efficiency 

(Bassing et al., 2002; Burma et al., 2001; Rogakou et al., 1998; I.M Ward & Chen, 

2001). The phosphorylation of H2AX spreads up to 2 Mb either side of a break site, 

however, ChIP analysis revealed that there was little phosphorylated H2AX at the break 
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sites, possibly due to the removal of nucleosomes at break sites (Downs et al., 2004; 

Shroff et al., 2004; Ye Xu et al., 2010). Importantly, H2A which fulfils the role of 

H2AX in yeast, is capable of binding members of the NuA4 complex which is 

homologous to the mammalian TIP60 complex suggesting that the TIP60 complex is 

required for histone exchange at break sites (Downs et al., 2004).  

TIP60 is involved in the activation of ATM through acetylation and is also required 

through the TIP60 complex. As mentioned above, TIP60 is part of a large chromatin 

remodeling complex known as the TIP60 complex. This complex contains TRRAP, a 

member of the PIKK family, the ATPase p400, the histone acetyl transferase TIP60 as 

well as a number of other proteins including helicases and actin-like proteins (T. Ikura 

et al., 2000). In Saccharomyces cerevisiae the NuA4 complex is able to bind to 

phosphorylated H2AX promoting acetylation of histone H4 (Figure 1.5 C) (Keogh et 

al., 2006; Kobor et al., 2004). This function is also conserved in the Drosophila 

homologue, dTIP60 in the Domino complex (Kusch et al., 2004). The acetylation of H4 

promotes two functions. The first is the opening of the chromatin structure to promote 

an open chromatin state presumably for the accumulation of DNA repair proteins (R. 

Murr et al., 2006). Secondly, the acetylation of H4 is essential for the exchange of 

histone variants. This function is also completed through the TIP60 complex, with the 

chromatin remodeler p400 responsible for histone exchange (X. Jiang et al., 2010).  

Finally, mammalian p400 has been shown to facilitate the exchange of histone H2A 

with the variant H2AZ (Figure 1.5 D). While this happens for transcriptional regulation, 

p400 has been shown to be important in DNA repair. In 2010, Xu et al highlighted the 

importance of p400 during DNA repair through the use of shRNA mediated knockdown 

of p400 and the use of an ATPase mutant. The absence of p400 resulted in an increase 

in nucleosome stability around break sites suggesting that p400 is involved in altering 

the nucleosome structure around the break site.  
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Figure 1.5:  The DNA double-strand break repair response. A-B) In the presence of DNA damage, 

TIP60 acetylates ATM and promotes autophosphoryaltion of ATM. Phosphorylated ATM exists as a 

monomer in complex with TIP60. Active ATM rapidly phosphorylates H2AX around break sites in DNA. 

C) Additional repair proteins accumulate at the break sites. These include the MRN complex which, 

together with phosphorylated H2AX, acts as a docking site for DNA repair proteins. TIP60 is able to 

acetylate H4 of nucleosomes at break sites facilitating an opening of the chromatin structure allowing 

access of chromatin to remodeling complexes. DNA repair occurs at this step before, D) Chromatin 

remodeling complexes such as the TIP60 complex are recruited to the break site and facilitate the 

exchange of modified H2AX containing nucleosomes for unmodified H2AX containing nucleosomes to 

help return chromatin to its pre-break state. Blue spheres represent phosphorylation and yellow spheres 

represent acetylation.  
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1.8 TIP60, p400, ATM and cancer 
Closely linked to the inability to repair DNA and thus the accumulation of mutations, is 

the development of cancers. Each of TIP60, p400 and ATM and their involvement in 

DNA repair has been described above. With an integral role in DNA repair played by 

each protein, it is reasonable to assume that alteration in their gene function or their 

possession of mutations affection function may play a role in the development of 

cancers.  

ATM was originally described in its mutated form in the disease Ataxia Telangiectasia 

with patients showing an increase chromosomal breakages and sensitivity to DNA 

damaging agents (Lavin & Shiloh, 1997). More recently, mutated alleles of ATM have 

been seen in a number of breast and colorectal cancers (Gao et al., 2011; Goldgar et al., 

2011; Prokopcova, Kleibl, Banwell, & Pohlreich, 2007). Additionally, loss of ATM has 

also been associated with an increase in cancer development in mice models (Barlow et 

al., 1996; Elson et al., 1996; Y. Xu et al., 1996). This finding goes hand in hand with the 

description of ATM as a haplioinsufficent tumour suppressor, where ATM 

heterozygous deficient mice showed an increase in the development of mammary 

carcinomas (Umesako et al., 2005).  

TIP60 has been described in cancer development in several ways. Similar to ATM, 

TIP60 has been described as a haplioinsufficent tumour suppressor where monoallelic 

loss of TIP60 resulted in an increase in mammary carcinomas, lymphomas and head and 

neck carcinomas (Gorrini et al., 2007). In addition to this function, overexpressed TIP60 

has been shown to promote prostate cancers through acetylating the androgen receptor, 

allowing translocation of the androgen receptor to the nucleus in the absence of any 

androgen (Shiota et al., 2010). Finally, the TIP60/p400 ratio has been shown to be 

important for colorectal cancer cell (HCT116) proliferation (L. Mattera et al., 2009). 

Knockdown or overexpression of TIP60 to correct the TIP60/p400 ratio has been shown 

to decrease proliferation of HCT116 colorectal cancer cells and promote apoptosis.  
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1.9 Thesis outline and Hypothesis 
The integrity of DNA throughout the lifetime of an organism must be maintained to 

prevent the development of cancers and other chromosomal aberrations such as gene 

duplications and chromosomal translocations. As discussed, an organism contains 

numerous DNA repair pathways that work together to prevent the accumulation of 

mutations in a genome. The complexity and redundancy of these pathways means it is 

often difficult to elucidate all steps involved. A previous study showed an increase in 

the DNA damage response in the absence of a DNA damaging agent through 

overexpressed TIP60 or SANT domain of p400, possibly due to sequestration of a 

putative negative regulator (Smith, 2010). This study aims to investigate if a single 

domain of TIP60 or a mutated SANT domain of p400 is capable of inducing the DNA 

damage response in the absence of a DNA damaging agent.  

Furthermore, the members of the PIKK family have been shown to have a modular 

domain, where if a domain within one member is replaced with the domain of another 

member the protein will retain function (Jiang, Sun, Chen, Roy, & Price, 2006). 

Keeping this in mind and the fact that one member of the PIKK family, TRRAP, has 

been shown to interact with p400 (Fuchs et al., 2001), an interaction between ATM and 

p400 was hypothesised.  

1.9.1 Hypothesis 
This study examines two hypotheses;  

A) A single domain of TIP60 or a single helix within the SANT domain of 

p400 is capable of inducing H2AX phosphorylation in the absence of a 

DNA damaging agent.  

B) An association between ATM and p400 plays a role in DNA repair. 

1.9.2 Objectives  
 Clone and express individual domains of TIP60 and examine H2AX 

phosphorylation. 

 Clone and express SANT domain constructs carrying mutations in key 

helices and examine H2AX phosphorylation. 
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 Examine the interaction between ATM and p400 in a mammalian system 

through the use of coimmunoprecpitations. 

 Examine the interaction between ATM and p400 in a non-mammalian 

system through the use of coimmunoprecipitation and examine the cellular 

localisation of ATM and p400 when expressed in SF9 cells. 

 Functionally analyse the interaction between ATM and p400 by 

examining the kinase activity of ATM alone and when associated with 

p400.  
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2 Materials and Methods 

2.1 Materials 
Material Supplier 
3x FLAG peptide, ampicillin trihydrate,  coomassie Brilliant 
blue R concentrate, Bromophenol blue sodium salt, 1Kb+ 
DNA Marker, ethidium bromide, formaldehyde solution, 
glycerol, glycine,  Igapal CA-630 (NP-40), Imidazide, 
Kanamycin sulphate, LB broth, Phenol, potassium acetate, 
potassium chloride, potassium phosphate monobasic, 
puromycin dihydrochloride, sodium acetate anhydrous, 
sodium carbonate, sodium chloride, sodium deoxycholate, 
sodium dodecyl sulphate, sodium hydroxide, sodium 
phosphate monobasic, sodium phosphate dibasic, 
Tetramethylethylene diamie (TEMED), triton X-100, tween 
20, α-FLAG M2 agarose, β-mercaptoethanol , 
Phenylmethanesulfonylfluorise solution (PMSF), 
paraformaldehyde, oligonucleotides, FLAG M2 monoclonal 
antibody (F3165), HA antibody (SAB4300603), Β-actin 
antibody (A5316), α-rabbit Cy5 (A10524), α-mouse Cy3 
(A10526) 

Sigma chemical 
company, USA 

Biomax general blue film, Biomax Maximum sensitivity 
film, Biomax MS intensifying screen cassette 8''x10'', 
Biomax transcreen Low Energy intensifying screen 

Eastman Kodak, USA 

Chloroform, 40% Acrylamide-bis solution, Boric Acid,  
Absolute Ethanol, Methanol 

Merck, Germany 

60 mm Tissue culture plates, 24 well Tissue culture plate, 5 
mL pipette, 10 mL pipette, 25 mL pipette, 15 mL centrifuge 
tubes, 50mL centrifuge tubes, 96 well Tissue culture plate 

Greiner Bio-One, 
Germany 

0.5% typsin-EDTA (10x), Charge SwitchPro PCR clean up 
kit, Dulbecco’s Modified Eagle Medium (DMEM) + 
Glutamax, Foetal Bovine Serum , OPTI-MEM, Phusion 
Polymerase and HF buffer, Purelink Quick gel extraction kit, 
PureLink Quick plasmid Midiprep Kit, Prolong Gold with 
DAPI, penicillin/ streptomycin/ amphotericin B mix, H3 
polyclonal antibody,  

Life Technologies, USA 

BamHI, KpnI, Prestained protein marker broad range, ClaI, 
T4 Ligase, XhoI, DpnI, NdeI, NcoI, EcoRI, FseI 

New England Biolabs, 
USA 

Eppendorf Tubes, PCR Tubes, Pipette Tips Axygen,  USA 
Pierce ECL western blotting substrate, Halt Protease Thermo Scientific,  
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inhibitor cocktail, Super signal west femto maximum 
sensitivity substrate 

USA 

Agarose Bioline,  England 
40% acrylamide-bis (29:1) BioRad, USA 
Agar Bacteriological Oxoid, , UK 
FastStart Taq, XtremeGeneHP Roche,  NZ 
FuGENE® 6, FuGENE® HD Promega Corporation,  

USA 
H2AX polyclonal antibody (07-627) 
H2AX-P polyclonal antibody (07-164) 

Millipore, USA 

ATM polyclonal antibody (819844) Calbiochem, Germany 
goat anti-rabbit HRP conjugated antibody (SC2054), goat 
anti-mouse HRP conjugated antibody (SC2055) 

Santa Cruz 
Biotechnology, USA 
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2.2 DNA methods 

2.2.1 Polymerase Chain Reaction 
The majority of PCR protocols were completed using Phusion polymerase from NEB. 

PCR reactions that did not use Phusion polymerase are specifically mentioned in 

chapter 3 and 4. Reactions were set up as follows according to manufacturer’s 

instructions: 

Component Volume (μL) 

5x High Fidelity Buffer 4 

Forward Primer (10 μM) 0.5 

Reverse Primer (10 μM) 0.5 

dNTPs (10 mM) 2 

Template DNA (10 ng/μL) 1 

Phusion Polymerase (2 U/μL) 0.5 

PCR Grade Water 11.5 

Table 2.1 PCR reaction composition 

PCR reactions using Phusion polymerase were carried out using the following protocol. 

Annealing temperatures for primer sets can be found in appendix A1.  

Temperature Time Repeats 

98 C 30 sec 1 

98 C 

55 C 

72 C 

20 sec 

15 sec 

2.5 min 

 

30x 

72 C 10 min 1x 

4 C Hold  

Table 2.2 PCR protocol 

Amplification of products was examined using agarose gel electrophoresis (section 

2.2.4) by loading 10% of each reaction on a 1% gel and visualised by staining with 

ethidium bromide.  

Primers and annealing temperatures as well as additional PCR protocols that have been 

used in this study are included in appendix A1. 
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2.2.2 PCR purification 
Products from PCR were purified using High Pure PCR Product Purification Kit 

according to the manufacturer’s instructions. In this method, a chaotropic salt is added 

to DNA which allows it to bind to glass fleece. Contaminants, including proteins, salts 

and nucleotides, are washed away before purified DNA is eluted from the glass fleece 

using a low salt buffer.  

2.2.3 Adenylation of PCR products 
PCR products require a 3’ A overhang for insertion into the pGEM-T easy vector. To 

adenylate blunt end PCR products produced by proofreading enzymes, 6 μL of purified 

PCR product (section 2.2.2) was incubated together with 1 μL ATP (10 mM), 2 μL 

High Fidelity (HF) buffer (Roche) and 1 μL Taq polymerase (1 U/μL) at 72ᵒC for 15 

min. Adenylated PCR products were used directly for ligation into the pGEM-T easy 

vector. Taq polymerase had been purified according to the method published by 

(Engelke, Krikos, Bruck, & Ginsburg, 1990). 

2.2.4 Agarose Gel Electrophoresis 
To separate DNA molecules, gel electrophoresis was generally carried out on 1% 

agarose (w/v) in 0.5x TBE (44.5 mM Tris-HCl, 44.5 mM boric acid, 10 mM EDTA). 

DNA samples , with the addition of 10% (v/v) DNA loading dye (30 % glycerol, 0.25% 

bromophenol blue), were loaded into wells and electrophoresis was generally carried 

out at 150 V for 1 hour. DNA was visualised by staining the gel with 0.5 μg/mL 

ethidium bromide in 0.5x TBE for 15 minutes before destaining in water for 5 min. A 

gel documentation system was used to visualise DNA under UV light. DNA sizes were 

estimated by comparing to a 1kb+ DNA standard marker.  

2.2.5 DNA purification from agarose gel 
After DNA fragments were separated as in section 2.2.4, DNA bands were visualised 

under long wavelength UV light and excised ensuring a minimal amount of excess 

agarose is removed. DNA was purified using the E.Z.N.A® gel extraction kit from 

Omega. This method allows DNA to bind to the HiBind® matrix while proteins and 

other contaminants to be washed away. DNA can be released from the matrix using 

deionized water or a low salt buffer.  
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2.2.6 Restriction enzyme digestion 
Generally, 1 μg of DNA was digested with 1 μL of enzyme (5000 U/μL) in buffer 

conditions according to the manufacturer’s instructions. Digestions were incubated at 

37 C for at least two hours to ensure complete digestion.  Digestion products were 

examined by gel electrophoresis (section 2.2.4) and if appropriate, purified by gel 

purification (section 2.2.5) 

2.2.7 Calf intestinal phosphatase digestion 
Treatment of digested plasmid DNA with calf intestinal phosphatase (CIP) is to reduce 

religation of empty vector DNA by removing 5’ phosphate groups. One μL of CIP was 

added to plasmid digest reactions. No additional buffer was needed as all digestions 

were completed using the NEB system and CIP is active in all NEB buffers. CIP treated 

digestions were incubated for a minimum of 2 hours and maximally overnight at 37 C 

to ensure maximal removal of phosphate groups. CIP treatment was completed prior to 

purification via gel electrophoresis.  

2.2.8 DNA ligation 
DNA that had been digested and purified was used in ligation reactions. Between 50 – 

100 ng DNA per ligation was used in a molar ratio of 3:1 insert to vector DNA. 

Reactions were made up to a total volume of 10 μL with buffer and ligase (1 μL at 1 

U/μL) according to the manufacturer’s instructions. Ligations were incubated overnight 

at 14 C before being used for transformation of E.coli.  

2.2.9 Preparation of competent Escherichia coli (E.coli )cells 
Two strains of E.coli were used in this study, DH5α and DH10bac. Competent cell 

preparations of both strains were made in the following way:  

E.coli was streaked on LB plates (20 g/L LB, 1.5% (w/v) agar) and grown overnight at 

37 C. A single colony was picked and used to inoculate 5 mL LB (20 g/L LB) which 

was grown overnight at 37 C with shaking. A 100 mL LB broth was inoculated with 1 

mL of the overnight culture and grown at 37 C for two and a half hours. The culture 

was then split into two 50 mL tubes and centrifuged at 1500 g for 10 min at 4 C. The 

supernatant was removed and the two pellets were resuspended in 5 mL ice cold 0.1 M 

CaCl2. The pellets were pooled and centrifuged at 1500 g for 10 min at 4 C. The 

supernatant was removed and the pellet was resuspended in 3.2 mL of 0.1 M CaCl2 then 

incubated on ice overnight after which 0.8 mL of 50% glycerol (10% final concentration 
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(v/v)) was added to the cell suspension and gently mixed. Microfuge tubes were pre-

chilled at -20 C for 1 hour before cells were dispensed into 100 μL aliquots.  Aliquots 

were placed at -80 C for storage.  

2.2.10 Transformation of DH5α E.coli 
An aliquot of competent E.coli cells was thawed on ice. Once thawed, 0.5 μL of 

purified plasmid or 5 μL of a ligation reaction were added to the cells, gently mixed and 

incubated on ice for 30 min. Cells were heat-shocked at 42 C for 1 min before being 

placed back on ice for 2 min. Generally, 400 μL of LB was added to the cell mixture 

before being incubated at 37 C for 30 min with shaking. Approximately 150 μL of the 

reaction was spread onto an LB plate containing the appropriate selection antibiotic. 

Plates were incubated at room temperature until the reaction had been absorbed into the 

plate before being inverted and placed at 37 C or 30 C overnight.  

2.2.11 Plasmid purification from E.coli 
Several methods were used to purify plasmid DNA from E.coli depending on the 

application the DNA was required for.  

2.2.11.1 Rapid boil 
This method was used when screening more than 10 colonies when cloning. The buffer 

allows cells to be partially lysed, releasing plasmid DNA into the supernatant. The 

larger genomic DNA remains trapped in the cell debris and was separated from plasmid 

DNA by a simple centrifugation.  

 Colonies were picked from plates are used to inoculate 5 mL broths of LB with the 

appropriate selection antibiotic and grown overnight at 37 C or 30 C with shaking. One 

to two mL of culture is pelleted at 12000 g for 1 min at room temperature. The 

supernatant is removed before the pellet was resuspended in 350 μL of STET buffer (10 

mM Tris-HCl, pH 8.0, 1 mM EDTA, 0.1 M NaCl, 5 % Triton x-100) supplemented with 

25 μL freshly made lysozyme solution (10 mg/mL). The solution was boiled for 40 s 

before immediately being centrifuged at 12000 g for 10 min. The cell debris was 

removed using a sterile toothpick and 400 μL phenol: chloroform: Isoamyl alcohol 

(30:29:1) was added. Samples were inverted several times and centrifuged at 12000 g 

for 5 min. The upper aqueous phase was transferred to a new tube and 400 μL of 

isoproponal was added. Samples were mixed well before being incubated at -20 C for 

30 min before being centrifuged at 12000 g for 5 min. The remaining pellet was washed 
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once with ice-cold 96% EtOH followed by a final centrifugation at 12000 g for 2 min. 

The supernatant was removed and pellets were air dried before being resuspended in TE 

+ RNase (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, pH 8.0, 50 μg/mL RNase). Purified 

DNA was used for restriction endonuclease digestion (section 2.2.6) to allow 

conformation of plasmid identity. 

2.2.11.2 High quality small scale plasmid isolation 
Small scale plasmid isolations were performed using High Pure Plasmid Isolation Kit 

from Roche. Plasmid isolation was conducted according to the manufacturer’s 

instructions using 3 mL of E.coli culture. This kit uses alkaline lysis to lyse cells, 

releasing DNA into the supernatant. The cell debris and genomic DNA are separated 

from plasmid DNA using centrifugation. The buffer contains a chaotropic salt, that 

when mixed with plasmid DNA allows the plasmid DNA to bind to glass fibres within 

the filter. This allows the DNA to be washed, removing contaminants such as proteins 

and salt, before DNA is released from the glass fibres using a low salt buffer.  DNA can 

be quantified (section 2.2.14) and used for further applications.  

2.2.11.3 High quality large scale plasmid isolation 
Large scale plasmid isolations were performed using the QIAGEN Plasmid Midi Kit. 

Plasmid isolation was conducted according to the manufacturer’s instructions using 200 

mL of E.coli culture. This kit uses alkaline lysis to lyse cells, releasing DNA into the 

supernatant. The cell debris and genomic DNA is separated from plasmid DNA using 

centrifugation. The supernatant containing plasmid DNA is loaded on a column that 

used anion-exchange. DNA binds to the column in low-salt conditions, while impurities 

are removed using a medium-salt wash. DNA is eluted from the column using a high-

salt buffer and precipitated using isoproponal.  DNA pellets are washed with 70% EtOH 

and resuspended in TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA). Plasmid DNA 

was quantified (section 2.2.13) and used in further applications such as mammalian cell 

transfection experiments (section 2.4.3).  

2.2.12 Bacmid preparation 
The Bac-to-Bac® baculovirus expression system is an efficient way of cloning genes of 

interest for protein expression in SF9 cells. cDNAs were cloned into the multiple 

cloning site of the pFastBac1 vector where the multiple cloning site is flanked by 

transposition sequences. When pFastBac1 plasmids are used to transform DH10Bac 

E.coli, there will be transposition of the cassette containing the gene of interest from the 
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pFastBac1 vector into a baculovirus shuttle vector (bacmid). The bacmid contains a 

LacZ gene that will be interrupted when the cassette from pFastBac1 is inserted into the 

bacmid. This allows for blue-white selection of colonies.  

One hundred nanograms of pFastBac1 containing the gene of interest was added to an 

aliquot of DH10Bac E.coli that was been thawed on ice. Cells were incubated for 30 

min on ice before being heat-shocked at 42 C for 2 min. After the heat-shock, cells 

were placed on ice for 2 min before 900 μL of LB was added to the cells and placed at 

37 C with shaking for 4 hours. Before plating cells, a 1/10 dilution and a 1/100 dilution 

of cells were made. One hundred microliters of undiluted and diluted cells were plated 

onto LB agar plates containing 50 μg/mL kanamycin, 7 μg/mL gentamycin, 10 μg/mL 

tetracycline, 40 μg/mL IPTG and 100 μg/mL X-gal. Plates were incubated at 37 C for 2 

days for colonies to develop the blue colour indicative of bacmid that does not contain 

the gene of interest. White colonies were picked and grown in liquid LB containing 50 

μg/mL kanamycin, 7 μg/mL gentamycin and 10 μg/mL tetracycline.  Bacmid DNA is 

extracted as described in section 2.2.11.2. 

2.2.13 DNA sequencing 
Plasmid sequences were confirmed by Sanger sequencing. DNA was submitted to the 

Massey Genome Service for this purpose. DNA was supplied at 500 ng per 15 μL 

reaction with 4 pmol of primer.  

2.2.14 DNA quantification 
DNA was quantified by spectrophotometry using a Nanodrop® ND-1000 according to 

the manufacturer’s instructions. The absorbance was quantified using the 260/280 nm to 

assess the quality of DNA. 

2.2.15 DpnI digestion 
To remove template DNA from site-directed mutagenesis PCR reactions, NEB buffer 4 

was added to a final concentration of 1X and 1 μL of enzyme was added (20000 U/μL). 

Samples were incubated overnight at 37ᵒC before PCR products were purified according 

to section 2.2.2. 
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2.3 Protein methods 

2.3.1 Sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS-
PAGE) 
All electrophoresis was carried out using the Miniprotean Tetra System (Biorad). 

Generally 10% polyacrylamide gels were prepared. 2.5 mL of resolving gel buffer (1.5 

M Tris, pH 8.8, 0.4% SDS) was added to 2.5 mL of 40% acrylamide-bis (29:1) with 

water to 10 mL. One hundred micro litres of 10% ammonium persulphate (APS) and 

20μL TEMED was added and the resolving gel was immediately poured into the glass 

plates, covered with 70% ethanol and allowed to set for 15 min. The ethanol was 

removed and a stacking gel consisting of 1 mL Tris/SDS (0.5 M Tris, pH 6.8, 0.4% 

SDS), 0.4mL 40% acrylamide, 2.6 mL water, 40 μL 10% APS and 8 μL TEMED was 

poured on top of the resolving gel and had a comb inserted. The stacking gel was 

allowed to solidify for 30 min before it was used. Gradient polyacrylamide gels (4-15%) 

were cast using the Hoefer SG30 gradient maker. A stacking gel was overlaid as 

described above. 

Two step gradient gels were poured in two steps. First a 10% polyacrylamide gel was 

poured to fill the glass plates half way and allowed to solidify before a 5% 

polyacrylamide gel was poured to the top of the glass plate and allowed to solidify. A 

stacking gel was overlaid as described above. 

Protein samples were prepared with 6X SDS sample buffer (60 mM Tris, 10% glycerol, 

2% SDS, 0.01% bromophenol blue, 1.25% β-mercaptoethanol) and heated at 95˚C for 5 

min before being loaded onto the gel. Gels were run at a constant amperage of 30 mA 

generally for 1 h 15 min in SDS electrophoresis buffer (25 mM Tris, 192 mM glycine, 

0.1% SDS). 

2.3.2 Western Blotting 
Protein samples were resolved by SDS-PAGE as described in section 2.3.1 and left to 

equilibrate in chilled transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol) for 

20 min. PVDF membrane was charged by immersing it in methanol for 20 s, followed 

by washing with ddH2O for 20 s and finally immersing it in chilled transfer buffer for at 

least 5 min. Protein was transferred to the membrane from the polyacrylamide gel at 

150 mA for 4 h submerged in chilled transfer buffer using the Miniprotean Tetra 

System. When the blotting equipment was disassembled, the membrane was placed in 
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blocking buffer (10 mM Tris-HCl, pH 7.6, 150 mM NaCl, 0.2% Tween-20, 5% skim 

milk, 0.2% sodium azide) and shaken at room temperature for 1 h. The membrane was 

washed three times for 1 min with TBST (10 mM Tris-HCl, pH 7.6, 150 mM NaCl, 

0.2% Tween-20). The membrane was then placed into primary antibody diluted in 

antibody dilution buffer (10 mM Tris-HCl, pH 7.6, 150 mM NaCl, 0.2% Tween-20, 1% 

skim milk, 0.05% sodium azide) and incubated overnight at 4ᵒC with agitation. The 

primary antibody was removed and the membrane was washed three times for 10 min in 

TBST. The membrane was then incubated in secondary antibody diluted in antibody 

dilution buffer and incubated at room temperature for 30 min on a shaker. The 

secondary antibody was removed and the membrane was washed three times for 15 min 

in TBST. A chemiluminescent reagent together with X-ray film was used to detect the 

proteins of interest.  

A list of antibody concentrations can be found in Appendix 2. 

2.3.3 Immunoprecipitation 
Approximately 9x106 cells were lysed according to section 2.4.10 ensuring 30 μL of 

lysate was kept as an input sample. To the remaining 470 μL, generally 20 μL of 

antibody-agarose bead conjugates were added to the sample and incubated overnight on 

an orbital rotator at 4ᵒC. The beads were pelleted by centrifuging sample for 4 min at 

4000 g at 4ᵒC. Beads were washed 4 times in 500 μL of cell lysis buffer ( 20 mM 

HEPES pH 7.4, 120 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 50 mM NaF, 0.2% 

Tween-20, 0.5 mM DTT, 1 mM PMSF) and pelleted by centrifugation (4 min at 4000 g 

at 4ᵒC). The supernatant was removed and the beads were either used in a kinase assay 

(section 2.3.4) or examined by western blotting (section 2.3.2) 

 2.3.4 Kinase assay – antibody and p33 
Approximately 9x106 cells were lysed according to section 2.3.10 and subjected to 

immunoprecipitation as in section 2.3.3. After the 4 washes in lysis buffer, samples 

were washed twice in kinase wash buffer (50 mM HEPES, pH 7.4, 10 mM MgCl2, 50 

mM NaCl, 10 mM MnCl2, 1 mM DTT, 1 mM PMSF) and the beads were pelleted by 

centrifugation at 4000 g for 4 min at 4ᵒC. The supernatant was removed and all residual 

liquid was removed using a flattened gel loading tip. The beads were resuspended in 19 

μL of kinase reaction buffer (50 mM HEPES, pH 7.4, 10 mM MgCl2, 50 mM NaCl, 10 

mM MnCl2, 1 mM DTT, 1 mM PMSF, 10 μM acetylCoA, 0.5 mM okadiac acid) and 1 
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μL of 0.1 M ATP or 5 μCi of [P33] ATP. Samples were mixed well and incubated on a 

vortex at 30ᵒC for 60 min. Samples were resolved by SDS-PAGE and if membranes 

were to be examined by phosphospecific antibodies were subjected to western blotting 

according to section 2.3.3. For sample that contained [P33] ATP, proteins were 

transferred to membrane according to section 2.3.3, however instead of being subjected 

to blocking buffer, the membrane was dried and exposed to X-ray film to measure 

radiation.   

2.3.5 Coomassie Blue staining 
Protein samples were resolved using SDS-PAGE (section 2.3.1) and were placed in 

Brilliant blue Coomassie stain (BioRad) for 15 min on a shaker. Coomassie stain was 

removed and placed in destain solution (20% methanol, 10% acetic acid) until bands 

were visible.  

2.4 Cell Culture Methods 
All cell culture work was carried out in an ESCO Class II Biohazard safety cabinet.  

2.4.1 Cell passaging mammalian cells 
Mammalian cells were grown in standard conditions of 5% CO2 and 37ᵒC in a 

humidified atmosphere. Growth media for mammalian cells consisted of Dulbecco’s 

Modified Eagle Medium (DMEM), 5% Fetal Bovine Serum (FBS) and penicillin (5 

U/mL), streptomycin (0.5 mg/mL), amphotericin B (0.125 μg/mL).   

When cells were 90% confluent, medium was aspirated from the plate and cells were 

washed with PBS (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2H2PO4, 1.47 mM KH2PO4) 

which was subsequently aspirated.  For a 100 mm plate, 1 mL of 0.05% Trypsin/EDTA 

was added to the plate and after the cells were immersed, the trypsin/EDTA was 

removed by aspiration.  The cells were released from the base of the plate by gentle 

tapping. Cells were resuspended in 10 mL fresh media. Cells were diluted by taking 1.5 

mL of cell suspension and 8.5 mL fresh media before being plated and placed in a 

humidified incubator.  

Cells can be used for transfection reactions up to passage 20. Cells that are older than 

this may not behave as expected. 
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2.4.2 Cell passaging SF9 
SF9 cells were grown at 25ᵒC in normal atmospheric conditions in supplemented 

Grace’s Insect Media with 10 % FBS, 0.1 % Pluronic acid, 10 μg/mL gentamycin and 

penicillin (5 U/mL), streptomycin (0.5 mg/mL), amphotericin B (0.125 μg/mL). Cells 

are grown in suspension in a spinner flask until they reached a cell density of 1 x106 

cells/mL. When 1 x106 cells/mL was reached, a volume of cell suspension was removed 

from the spinner flask and discarded. Fresh media is added to reduce the cell density to 

2.5 x105 cells/mL and replaced in the 25ᵒC incubator on a magnetic stirrer.  

2.4.3 Transient Transfection of Mammalian cells 
Cells were transfected 24 h after passaging or when they were 50-60% confluent. For 

transfecting 100 mm plates, 500 μL of OPTI-MEM was dispensed into a microfuge 

tube. DNA was added and mixed with gentle tapping before a transfection reagent, 

generally Fugene6 or XtremeGene9, was added and mixed with gentle tapping. For 

every 1 μg of DNA, 4 μL of transfection reagent was used. Reactions were left to 

incubate for 30 min before being added drop-wise to the cells. Transfected cells were 

generally incubated for 48 h before any downstream processing. 

2.4.4 Transfection SF9 cells and generation of P1 baculovirus 
Before transfection, 10 mL of SF9 cells at a density of 1 x106 cells/mL were plated in a 

100 mm plate and left to adhere for 15 min. After cells had adhered to the plate, the 

media was aspirated and replaced with 10 mL of insect plating media (13.5% Grace’s 

insect media supplemented, 85% unsupplemented Grace’s insect media, 1.5% FBS). In 

a sterile microfuge tube, 32 μL of Cellfectin II was added to 400 μL of unsupplemented 

Grace’s insect media and mixed well.  In a separate microfuge tube, 4 μg of bacmid 

DNA was added to 400 μL of Grace’s insect media unsupplemented and mixed well. 

The two solutions were combined and mixed well then left to incubate at room 

temperature for 15-30 min. The combined solution was added drop-wise onto the cells 

and the cells were incubated at 25ᵒC for 3-5 h before the medium was removed and 

replaced with fresh growth media.  

Cells were incubated at 25ᵒC for 72 h before the media was collected and centrifuged at 

100 g for 4 min to pellet cell debris. The supernatant was filter-sterilised and collected 

in a sterile 15 mL tube. The tube is wrapped in tin-foil to protect the virus from the light 

and stored at 4ᵒC. This is the first generation of baculovirus (P1). 
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2.4.5 Baculovirus Propagation 
For protein expression, later generations of virus (P2 or P3) are used as these later 

generations have a higher viral titre. Generations past P3 were not used to avoid 

recombination. 

SF9 cells at a density of 1 x106 cells/mL were plated (10 mL per 100 mm plate) and 

allowed to adhere for 15 min at room temperature. To each plate, 1 mL of P1 virus is 

added drop-wise to the plate. Cells were incubated at 25ᵒC for 72 h before the medium 

was collected, centrifuged at 100 g for 4 min and filter-sterilised. P2 virus was stored in 

a light-proof container and at 4ᵒC.  

This process was repeated using P2 virus to produce P3 virus.  

2.4.6 SF9 infection with baculovirus 
 SF9 cells that are at a density of 1 x106 cells/mL were plated (10 mL per 100 mm plate) 

and allowed to adhere for 15 min at room temperature. An optimised amount of virus is 

added drop-wise to the plate and incubated at 25ᵒC for 48 h before down-stream 

processing.  

2.4.7 Cell freezing 
Cells that are frozen in exponential growth provide the best opportunity for successful 
reanimation 

2.4.7.1 Freezing mammalian cells 
Four 100 mm plates that were 80% confluent were used. Basic growth medium was 

aspirated from the plates and the cells were washed with PBS (137 mM NaCl, 2.7 mM 

KCl, 4.3 mM Na2H2PO4, 1.47 mM KH2PO4) which was subsequently aspirated. One 

mL of 0.05% Trypsin/EDTA was added to each plate and aspirated. The cells were 

dislodged from the plate by gentle tapping and each plate was resuspended in 5 mL of 

fresh basic media. The cell suspension was centrifuged at 1000 g for 5 min to pellet the 

cells and the supernatant was removed. Cells were resuspended in 4 mL of freezing 

media ( 10 % DMSO, 25% FBS, 65% DMEM) and 1 mL aliquots were transferred into 

cryovials and placed in a CoolCell® which was placed into a -80ᵒC freezer to slowly 

freeze the cells. Cells were transferred to liquid nitrogen for long term storage.  

2.4.7.2 Freezing SF9 cells 
SF9 cells in suspension were frozen when they reached a cell density of 8 x105 

cells/mL. For each vial that is to be frozen, 10 mL of culture was used. Cells were 
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pelleted by centrifugation at 1000 g for 5 min. The supernatant was removed and cells 

were resuspended in freezing media (10% DMSO, 25% FBS, 65% Grace’s insect media 

supplemented). One mL aliquots were transferred into cryovials and placed in a 

CoolCell® which was placed into a -80ᵒC freezer to slowly freeze the cells. Cells were 

transferred to liquid nitrogen storage for long term storage.  

2.4.8 Cell reanimation 
Vials of cells were thawed quickly at 37ᵒC to ensure the damage to cells from thawing 

is kept to a minimum. Thawed cells were transferred to 5 mL of pre-warmed fresh 

media, mixed gently and then centrifuged at 1000 g for 5 min. The supernatant was 

removed and the cells were resuspended in fresh grown media, plated and placed in the 

appropriate incubator.  

2.4.9 Confocal Microscopy 

2.4.9.1 Preparing coverslips 
For confocal microscopy, category #1 22 x 22 mm coverslips were used. Coverslips 

were washed with detergent in warm water and rinsed with ddH2O. Coverslips were 

then rinsed in 95% ethanol before being allowed to air dry. Coverslips were sterilised by 

being placed under UV light for 30 min.  

2.4.9.2 Preparation of immunofluroscent samples 
In a 100 mm plate, several coverslips were added together with 10 mL of SF9 cells at a 

density of 8 x105 cells/mL. Cells were allowed to adhere for 15 min before being 

infected with the appropriate virus (section 2.4.6). Cells were incubated at 25ᵒC for a 

specified time before each coverslip was transferred to one well of a 6-well plate. Cells 

were washed three times for 5 min with PBS with no shaking. Cells were then fixed 

with 2% paraformaldehyde in PBS for 15 min at room temperature with no shaking 

followed by two 10 min washes with PBS with no shaking. Cells were permeabilized 

with 0.2% Triton X-100 in PBS for 5 min with a gentle mix every few minutes. Cells 

were again washed twice for 10 min with PBS before being placed in blocking buffer 

(PBS, 5% BSA, 0.05% Tween-20). Cells were blocked for 60 min with gentle rocking. 

Coverslips were overlaid with primary antibody diluted in blocking buffer and 

incubated overnight at 4ᵒC. In the morning, the primary antibody solution was removed 

and coverslips were washed three times for 5 min in PBS with 0.1% Triton X-100. 

From this point on, coverslips were be kept in the dark to prevent photo-bleaching. 

Coverslips were overlaid with secondary antibody diluted in blocking buffer and 
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incubated for 60 min at room temperature. Secondary antibody was removed and 

coverslips were washed three times for 5 min with 0.1% Triton X-100 in PBS and once 

with PBS for 5 min. Coverslips were then fixed in 2% paraformaldehyde in PBS for 15 

min at room temperature. Coverslips were washed twice with PBS for 5 min before a 

final wash for 5 min in 0.1% Triton X-100 in PBS. Coverslips were rinsed in ddH2O 

before being mounted on slides using 12 μL of ProLongGold®. Slides were left for 24 h 

before coverslips were fixed in place using nailpolish. 

Antibody Catalogue number Initial 

Concentration 

Final 

Concentration 

Primary or 

secondary 

M2 (FLAG) 

(mouse) 

Sigma F3165 1 mg/mL 1 μg/mL Primary 

HA (rabbit) SigmaSAB4300603 1 mg/mL 1 μg/mL Primary 

α-mouse Cy5 Life Technologies 

A10526 

2 mg/mL 2 μg/mL Secondary 

α-rabbit Cy3 Life Technologies 

A10524 

2 mg/mL 2 μg/mL Secondary 

Table 2.3 Antibodies used during confocal microscopy  

Samples were examined by confocal microscopy using a Leica DM6000B confocal 

laser scanning microscope (CLSM). The Dyes used in this study and their excitation 

and absorption wavelengths are shown in table 2.4 

Dye Excitation (nm) Absorption (nm) 

DAPI 405 407-496 

Cy3 514 571-616 

Cy3 633 645-725 

Table 2.4 Dyes used during confocal microscopy  

2.4.10 Cell lysis 
Media was aspirated from samples and 1 mL of PBS was added to each plate. Cells 

were released from the surface of the plate by scraping with a cell scraper. The cell 

solution was transferred to a microfuge tube and centrifuged at 1000 g for 5 min at 4ᵒC. 

The supernatant was removed and the cell pellet was resuspended in 500 μL of lysis 

buffer ( 20 mM HEPES pH 7.4, 120 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 50 mM 
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NaF, 0.2% Tween-20, 0.5 mM DTT, 1 mM PMSF) and incubated on ice for 10 min. 

Samples were subjected to 20 s of vortexing followed by centrifugation at 16000 g for 

10 min. The supernatant was transferred to a new microfuge tube while the pellet were 

used for histone extraction (section 2.4.11). An input sample of 30 μL of cell lysis was 

removed and the remaining lysate was subjected to immunoprecipitation (section 2.3.4).  

2.4.11 Histone extraction 
The pellet remaining after cell lysis (section 2.4.10) was resuspended in 1 mL ddH2O 

then centrifuged at 16000 g for 10 min. The supernatant was removed and the pellet is 

recentrifuged at 16000 g for 1 min. The residual supernatant is removed to ensure there 

was no additional liquid with the pellet. The pellet was resuspended in 200 μL of 0.2N 

HCl and left on ice overnight. The sample was centrifuged at 16000 g for 10 min and 

the supernatant was transferred to a new microfuge tube. To neutralise the acid in the 

sample, 10 μL of 2 M Tris was added.   

2.4.12 DNA damage induction 

2.4.12.1 Doxorubicin induction 
Doxorubicin was added directly to the cell culture media 4 h before harvesting. The 

final concentration was 1 μg/mL from an initial stock of 1 mg/mL in EtOH.  

2.4.12.2 Bleomycin induction 
Bleomycin was added directly to the cell culture media 4 h before harvesting. The final 

concentration was 1 μg/mL from an initial stock of 1 mg/mL in PBS.  

2.4.12.3 UV induction 
Cells were exposed to long wavelength ultraviolet light (UV) by being placed under an 

inverted Transilluminator UVP for 30 s. Plates were placed back in the incubator 

generally for a 1 h recovery period before harvesting.  
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3 Examination of TIP60 domains and 
p400 SANT domain helix deletion 
mutants in the DNA damage response 

3.1 TIP60 as an activator of the DNA double-strand break response.  

3.1.1 Introduction 
TIP60 is a histone acetyl transferase that has several known functions within the cell, 

particularly during the DNA double-strand break (DSB) response. TIP60 is 60 kDa in 

size with multiple domains, one of which is the MYST domain named after the 

founding members of the family, MOZ, YBF2/SAS3, SAS2 and TIP60. The MYST 

domain contains a zinc finger domain that has been associated with protein-protein 

interactions and is essential for histone acetyl transferase (HAT) activity (Nordentoft & 

Jorgensen, 2003; Xiao et al., 2003). The MYST domain also contains an acetyl-coA 

binding site that is commonly referred to as the HAT domain. In addition to the MYST 

and zinc finger domains, TIP60 contains a chromo domain that has been shown to bind 

to methylated H3K9 enriched in heterochromatic regions (Sun et al., 2009). TIP60 is 

known to acetylate both histone and non-histone protein targets. During the DNA 

damage response, it is generally understood that TIP60 will acetylate ataxia 

telangiectasia mutated (ATM), an important kinase involved in DNA repair, on lysine 

3016 which acts as a signal for ATM autophosphorylation on serine 1981 (shown in 

figure 3.1A) (Sun et al., 2005). This phosphorylation stimulates ATM to dissociate from 

an inactive dimer into an active monomer. This allows ATM to phosphorylate H2AX on 

serine 139 around break sites which provides a recognition signal for DNA repair 

proteins (Burma et al., 2001). Furthermore, TIP60 will acetylate histone H4 of the 

nucleosomes localised around the break site to help facilitate an open chromatin 

structure and allow repair proteins access to the break site (R. Murr et al., 2006). In 

addition to these well characterised functions of TIP60, a potentially novel function of 

TIP60 during DNA DSB repair has also been observed. Here, overexpressed TIP60 

resulted in an increase in H2AX phosphorylation without induction of DNA damage 

(Smith, 2010). To explain this observation it was postulated that the overexpression of 

TIP60 would be responsible for sequestering a potential negative regulator from the 

ATM-TIP60 complex, stimulating ATM activation (figure 3.1B). In connection, this 
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artificial activation of ATM, through sequestering a negative regulator, could be 

attributed to a single domain within TIP60. Therefore, cDNAs representing the domains 

within TIP60 were individually cloned and expressed and their ability to induce H2AX 

phosphorylation was examined. If an individual domain could be attributed to H2AX 

phosphorylation induction, this information could aid in the identification of the 

negative regulator by suggesting a region of TIP60 to which it binds.  

 

Figure 3.1 ATM activation by TIP60 and a hypothesised negative regulator. A. In an inactive state, 

two ATM proteins are in complex with TIP60. In the presence of DNA damage, TIP60 will acetylate 

ATM at lysine 3016 which will promote ATM monomerisation and subsequent autophosphorylation. 

ATM will then phosphorylate serine 139 sites on H2AX at sites of DNA damage while TIP60 will 

acetylate histone H4 around those break sites. B. It is hypothesised that a negative regulator is in complex 

with ATM and TIP60 preventing activation of the ATM-TIP60 complex. In the presence of DNA 

damage, the negative regulator (-VE) is removed and promotes ATM activation. Overexpressed TIP60 is 

hypothesised to sequester the negative regulator from the ATM-TIP60 complex and promote ATM 

activation in the absence of DNA damage.  Yellow spheres represent acetylation while blue spheres 

represent phosphorylation. 

3.1.2 Cloning and expression of TIP60 domains 
The nucleotide and protein sequence for TIP60, accession numbers U74667.1, GI 

1657981 respectively, were retrieved from the NCBI public database and were used to 

design primers with which to amplify individual domains or two adjacent domains. The 

domains found within TIP60 include the chromo domain, the zinc domain, and a histone 
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acetyltransferase (HAT) domain which are comprised of amino acids 25-76, 261-283, 

and 369-404 respectively (Figure 3.2). A previous study used the regions of residues 1-

132, 134-301 and 281-421 to examine each domain (Park et al., 2010), therefore, these 

same regions were used in this study.  The vector that was chosen for expression of the 

TIP60 domains was CBS-3HA. This vector contains a CMV promoter, which allows 

constitutive expression of the cDNA insert, a bovine 3’ poly-adenylation recognition 

sequence and three hemagglutinin (HA) motifs at the 5’ end of the construct. This 

vector also contained unique EcoRI and ClaI sites which allowed for directional cloning 

with the insert being in frame with the HA tag. The domain of interest was PCR-

amplified using Pfu proof-reading polymerase (section 2.2.1) with an EcoRI site at the 

5’ end and a stop codon followed by a ClaI site at the 3’ end of the amplicon. The 

amplified product was purified (Section 2.2) and the fragment was 3’ A-tailed (section 

2.2.3) to allow insertion into the pGEM-T vector. The pGEM-T easy™ kit uses blue-

white selection for easy identification of potential clones. White colonies were grown 

and plasmids were screened by digestion with EcoRI and ClaI and potential positive 

clones were sequenced to ensure there were no PCR-induced errors. Correct clones 

were digested with EcoRI and ClaI and the insert purified using gel electrophoresis 

followed by agarose gel purification (section 2.2.5). The purified insert was used 

together in ligation reactions with gel purified and phosphatase treated CBS-3HA 

plasmid DNA which also had been digested with EcoRI and ClaI. Potential colonies 

were screened by digestion with EcoRI and ClaI. Clones were confirmed by DNA 

sequencing (section 2.2.13). 
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Figure 3.2 Schematic representation of full length TIP60 and domains. Full length TIP60 is 513 

amino acids in length. It contains several functional domains including the chromo domain (amino acid 

25-76), the zinc domain (amino acid 261-284) and the MYST HAT domain (amino acid 284-386). Five 

constructs were produced; The HA-chromo domain (amino acid 1-132), the HA-chromozinc domain (1-

301), the HA-zinc domain (134-301), the HA-zincHAT domain (134-421) and the HA-HAT domain 

(281-421).  

The forward primer was designed with an EcoRI site at the 5’ end followed by the 

sequence for the region being amplified. The reverse primer was designed with a ClaI 

site at the 5’ end followed by a stop codon and the 3’ sequence of the region. PCR was 

carried out using the proofreading enzyme Pfu with results shown in Figure 3.3A. Lane 

1 is a negative control and lane 2-6 show the amplification of the chromo (400 bp), 

chromozinc (chromo plus zinc) (900 bp), zinc (500 bp), zincHAT (zinc plus HAT) (920 

bp) and the HAT (420 bp) domains respectively. The PCR amplification resulted in one 

major band for each amplicon (Figure 3.3A) with the negative control showing no 

amplification product. The zincHAT domain showed several non-specific amplification 

products, however, since the major band was the size of the predicted target sequence, 

the cloning process was carried out using this sample as well.  Before the PCR product 



44 
 

could be used for cloning into the pGEM-T vector, 3’ A tails were added using Taq 

polymerase as Pfu is a proofreading enzyme and will produce blunt ends which are 

incompatible with cloning into the pGEM-T easy vector (section 2.2.3). The adenylated 

PCR products were ligated into the pGEM-T vector according to the manufacturer’s 

instructions and chemically competent DH5α E.coli were transformed with the ligation 

reaction before being grown on LB/agar plates with ampicillin, X-gal and IPTG (section 

2.2.10).  

 

Figure 3.3 Cloning of CBS-HA-TIP60 domain constructs. A. PCR products for each of the domains of 

TIP60. L, DirectLoad™ wide range DNA marker from Sigma; Lane 1: Negative control, Lane 2: chromo 

domain, Lane 3: chromozinc domain, Lane 4: zinc domain, Lane 5: zincHAT domain, Lane 6: HAT 

domain.  PCR products were amplified using Pfu polymerase and 5% of the reaction was analysed on a 

1% agarose gel in 1x TBE for 1 h at 100 V. B. Colonies were screened for inclusion of the correct insert. 

DNA from pGEM-Insert colonies or CBS-Insert colonies (200 ng) were digested with ClaI and EcoRI 

enzyme to release the insert. Lane 1: pGEM-T empty, Lane 2: pGEM-chormo, Lane 3: pGEM-

chromozinc, Lane 4: pGEM-zinc, Lane 5: pGEM-zincHAT, Lane 6: pGEM-HAT, Lane 7: empty CBS-

3HA, Lane 8: CBS-chromo, Lane 9: CBS-chromozinc, Lane 10: CBS-zinc, Lane 11: CBS-zincHAT. 

Plasmid digests were analysed on a 1% agarose gel in 0.5x TBE for 1 h at 100 V before being stained 

with ethidium bromide (0.5 μg/mL in 0.5x TBE) and visualised under UV light.  
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Clones that contained the insert were first selected using blue-white selection, an 

intrinsic property of the pGEM-T system. Clones that showed the correct sized insert 

through ClaI and EcoRI digestion were confirmed using Sanger sequencing. Figure 

3.3B lanes 1-6 show the pGEM-insert clones digested with ClaI and EcoRI. All clones 

showed the correct size insert and Sanger sequencing confirmed the presence of these 

without any PCR-induced errors. Prior to cloning into the CBS-3HA vector, the pGEM-

insert clones were digested with ClaI and EcoRI and the inserts were resolved on a 1% 

agarose gel before being subjected to agarose gel purification (section 2.2.5).  The CBS-

3HA vector was also digested with ClaI and EcoRI to produce compatible sticky ends 

and the vector backbone was resolved on a 1% agarose gel before being purified using 

agarose gel purification (section 2.2.5). Linearised CBS-3HA vector and insert were 

ligated together using T4 ligase before E.coli DH5α were transformed with the ligation 

reaction (section 2.2.8). Potential colonies were screened using ClaI and EcoRI and 

positive clones are illustrated in Figure 3.3B lanes 7-11. Each plasmid when digested 

showed the correctly sized insert and Sanger sequencing (section 2.2.13) confirmed the 

production of error-free clones of TIP60 domains. Positive clones were identified for all 

inserts except for CBS-3HA-HAT. Since the HAT fragment (281-421) resides in the 

zincHAT fragment (134-421), construction of CBS-HAT was not further attempted.  

While Sanger sequencing and restriction enzyme digestion confirmed that expression 

vectors had been constructed successfully, these constructs may fail to produce protein 

possibly due to protein instability. Therefore, HEK293T cells were transfected with 

each construct as described in section 2.4.3. The cells were incubated for 24 hours 

before whole cell extract was prepared (section 2.4.10) and expression of the cloned 

domains was examined by immunoblotting (section 2.3.2). Use of the CBS-3HA 

construct ensures that there is a HA tag at the N-terminus of the protein; therefore, 

antibodies raised against HA were used to examine expression. Figure 3.4 shows the 

expression of HA-TIP60 together with three domain constructs that were successfully 

prepared, HA-chromo, HA-zinc and HA-zincHAT in lane 2-5 respectively. Whole cell 

extracts of cells transfected with empty CBS-3HA vector was used as a negative 

control, which is included in lane 1. The chromozinc domain failed to express at 

detectable levels by immunoblotting which may have been unstable in the cell. 

Expression of TIP60 and the three domains were relatively equal and robust (using actin 

as a loading control).   In summary, each separate domain of TIP60 was prepared as an 
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expression construct with the exception of the HAT domain alone.  However, the HAT 

domain was included within the zincHAT domain. 

 

Figure 3.4 Expression of HA-TIP60 constructs.  HEK-293T cells that were 60% confluent were 

transfected with 1 μg of DNA using FuGENE® HD as the transfection reagent. Whole cell extract was 

prepared after a 24 h incubation period and 10% (v/v) was resolved on a 10% polyacrylamide gel for 1 h 

at 30 mA. The proteins were transferred to a PVDF membrane for 3 h at 150 mA. The membrane was 

examined using antibodies raised against HA (α-HA) to visualise HA-TIP60 and domain derivatives. 

Equal loading was ensured by comparison to α-actin. Lane 1: CBS-3HA empty vector, Lane 2: CBS-HA-

TIP60, Lane 3: CBS-HA-chromo, Lane 4: CBS-HA-zinc, Lane 5: CBS-HA-zincHAT. 

3.1.3 H2AX phosphorylation by TIP60 domains 
A previous study showed that overexpressed TIP60 was able to induce H2AX 

phosphorylation in the absence of a DNA damaging agent (Smith, 2010). To examine 

the ability of individual domains to induce histone H2AX phosphorylation, HEK293T 

cells were transfected with CBS-3HA vector, CBS-HA-TIP60, CBS-HA-chromo, CBS-

HA-zinc or CBS-HA-zincHAT according to section 2.4.3 and were incubated for 24 h. 

Prior to harvest, one plate of cells transfected with CBS-3HA was treated with 

doxorubicin (section 2.4.12) and incubated for 4 h before being harvested for whole cell 

and histone extract (section 2.3.10 and 2.3.11). Whole cell extract (10% v/v) and 

histone extract (10% v/v) were examined by western blotting (section 2.3.2) using an 

antibody raised against HA to visualise TIP60 and TIP60 domain expression with α-

actin used as a loading control to show equal loading while phosphorylation levels of 
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histone H2AX were examined using a phosphospecific antibody against S139 

phosphorylation (α-H2AX-P) and a regular α-H2AX antibody as a loading control.  

 

Figure 3.5 H2AX phosphorylation assay of TIP60 domains. Whole cell extract (10% v/v) was loaded 

onto a 10% polyacrylamide gel and resolved by electrophoresis. Histones were extracted using HCl 

(section 2.4.11) and histone samples (10% v/v) were loaded onto a 12% polyacrylamide gel and resolved 

by electrophoresis. Samples were separated at 30 mA for 1 h before being transferred to a PVDF 

membrane at 150 mA for 2 h. The membrane was examined with α-HA antibody for TIP60 derivatives 

expression and α-actin antibody as a loading control. Histones were examined on an immunoblot using 

H2AX-P antibody for phosphorylation induction and H2AX as a loading control. Lane 1: CBS-3HA 

empty vector, Lane 2: CBS-3HA empty vector +DOX, Lane 3: CBS-HA-TIP60, Lane 4: CBS-HA-

chromo, Lane 5: CBS-HA-zinc, Lane 6: CBS-HA-zincHAT. 

Figure 3.5 shows the result of the H2AX phosphorylation assay. Lane 1 and 2 show 

cells transfected with empty CBS-3HA DNA in the absence (lane 1) and presence (lane 

2) of a DNA double-strand break inducer, doxorubicin. As expected, there is no signal 

seen in the α-HA panel as no HA tagged proteins were expressed. Lane 1 and 2 show 

the desired H2AX phosphorylation response in the absence and presence of DNA 

damage. In the absence of doxorubicin (lane 1) there is a basal level of histone H2AX 
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phosphorylation which is usually present due to replication stress (I.M Ward & Chen, 

2001). Lane 2 shows an increase in histone H2AX phosphorylation in response to 

doxorubicin. The α-HA panel shows expression of HA-TIP60, HA-Chromo, HA-Zinc 

and HA-ZincHAT in lanes 3-6 respectively. These proteins appear to express at 

relatively equal levels. Equal amounts of actin suggest that equal amounts of protein 

were loaded in each sample. When the H2AX phosphorylation levels were examined, 

there appeared to be no significant increase in phosphorylation in any samples, 

including TIP60 which had previously shown to increase H2AX phosphorylation levels 

(Smith, 2010). The H2AX panel showed that relatively equal amounts of histone were 

loaded in each sample.  Figure 3.5 is a one example figure of the experiment repeated 

upwards of 15 times. The phosphorylation level of H2AX failed to show any 

consistencies when TIP60 domains were overexpressed. However, each experiment 

resulted in a variation in H2AX phosphorylation levels. While the doxorubicin 

induction remained consistent in each experiment, the level of H2AX phosphorylation 

seen. In addition, various different cell lines including HEK293, HeLa and U2OS were 

also used in an attempt to show reproducible results. Again, these cell lines failed to 

show consistent H2AX phosphorylation induction with TIP60 or TIP60 domain 

overexpression. Therefore, no conclusions can be drawn about the ability of individual 

domains of TIP60 to induce H2AX phosphorylation in the absence of a DNA damaging 

agent.   

3.2 The SANT domain of p400 as an activator of the DNA double-
strand break response. 

3.2.1 Introduction 
p400 is an ATP-dependent chromatin remodeling protein that is responsible for 

exchanging H2A:H2B dimers for H2AZ:H2B dimers throughout the genome, 

particularly in promoter regions (Fuchs et al., 2001; Kobor et al., 2004; Kusch et al., 

2004). Additionally, p400 has been shown to have a functional role during DNA repair 

(Ye Xu et al., 2010). It is a multidomain protein comprising  a HSA (Helicase and 

SANT Associated) domain, a SWI2/SNF2 homology domain, a polyQ domain and a 

SANT domain. While the ATPase function of p400 has been associated with histone 

exchange,  little information is available about the function of the other domains within 

p400. p400 is found in two main complexes in a cell, the p400 complex and the TIP60 
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complex (Fuchs et al., 2001; T. Ikura et al., 2000). These two complexes are essentially 

the same in composition including proteins such as TRRAP, BAF53 (53 kDa 

BRG1/human BRG1-associated factor), TIP60 associated proteins TAP53α and β, as 

well as TIP49 (TATA binding protein (TBP)- interacting protein) with the exception 

that the the p400 complex does not contain TIP60.   

The SANT domains are commonly found within chromatin remodeling proteins and are 

postulated to have one of two roles. The first is a DNA binding activity. The SANT 

domain structure is similar to the helix-turn-helix motif of MYB and MYB-like 

domains which have known roles in DNA binding (Boyer et al., 2004; Mohrmann et al., 

2002). The SANT domain has also been suggested to play a role in protein-protein 

interactions (Humphrey et al., 2001; Sterner et al., 2002).  In 2010, Park et al. showed 

that the SANT domain of p400 was able to interact with TIP60 (a histone acetyl 

transferase found within the larger TIP60 complex) and subsequently, cause a robust 

inhibition of TIP60 HAT activity. Additionally, a previous study also showed that 

overexpression of the SANT domain caused an increase in histone H2AX 

phosphorylation in the absence of a DNA damaging agent (Smith, 2010). Two 

speculations were suggested to explain these observations. Firstly, as overexpression of 

TIP60 (discussed in section 3.1) may be able to sequester a negative regulator from the 

ATM-TIP60 complex, the overexpression of the SANT domain may be able to 

sequester the same negative regulator from the ATM-TIP60 complex which would 

result in activation of this complex and a consequent increase in H2AX phosphorylation 

(Figure 3.6A). The second speculation was that the SANT domain of p400 was able to 

bind independently to regions of DNA through a DNA-binding activity and imitate 

DNA damage, thus promoting H2AX phosphorylation (Figure 3.6B).  
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Figure 3.6 SANT domain activates ATM through sequestering a negative regulator or perturbing 

chromatin structure A. It is hypothesised that a negative regulator is in complex with ATM and TIP60 

preventing activation of the ATM-TIP60 complex. In the presence of DNA damage, the negative 

regulator (-VE) is removed and promotes ATM activation. Overexpressed SANT domain is hypothesised 

to sequester the negative regulator from the ATM-TIP60 complex and promote ATM activation in the 

absence of DNA damage.  Yellow spheres represent acetylation while blue spheres represent 

phosphorylation. B. Binding of the SANT domain to chromatin will perturb the chromatin structure, 

imitating DNA double-strand breaks and facilitate activation of the DNA double-strand break response. 

While the SANT domain structure of p400 has not yet been determined by X-ray 

crystallographic analysis, the SANT domain from the chromatin remodeler ISWI from 

Xenopus has been resolved and shows the expected helix-turn-helix motif that forms 

three α-helices. Additionally, closely related helix-turn-helix motifs, the MYB domain 

and the MYB-like domain share the same triple α-helical structure. While the MYB 

domain and the MYB-like domains are commonly described as DNA binding motifs, 

with the third helix forming the recognition helix, the function of the SANT domain 

remains ambiguous. Interestingly, in 2002, Sterner et al showed that the SANT domain 

of ADA2, a subunit of the SAGA complex, was able to interact with GCN5, a histone 

acetyl transferase, which is reminiscent of the interaction seen between the SANT 

domain of p400 and TIP60. The study also suggested that the SANT domain allows 

ADA2 to interact with nucleosomes, tempting to suggest that p400 may have a similiar 

ability (Sterner et al., 2002). Studies investigating the role of different helices in the 
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SANT domain-containing proteins such as the chromatin remodlers SWI3, RSC8 and 

ADA2 have shown that the third helix is responsible for the majority of function 

associated with the SANT domain (Barbaric et al., 2003; Boyer et al., 2002; Sterner et 

al., 2002).  

The functionality of these SANT domains appears to be conserved, therefore it is likely 

that a single helix within the SANT domain of p400 is responsible for the ability to 

increase H2AX phosphorylation in the absence of DNA damage. Accordingly, three 

helix deletion constructs, with small deletions within a helix or deletion of an entire 

helix, within the SANT domain of p400 were produced and used to examine SANT 

domain function.  

3.2.2 Identification of p400 SANT domain helices and selection of deletions 
To identify the position of the three helices within the SANT domain of p400, a 

ClustalW alignment of homologous sequences from 110 sources was obtained from 

prosite.expasy.org, a public database for protein domains, families and functional sites. 

Figure 3.7 shows the alignment of 110 SANT domains found in a variety of species 

ranging from yeast, drosophila, arabidopsis, mouse and human. Residues that are 

highlighted in dark grey are highly conserved through the aligned sequences while the 

residues highlighted in light grey show amino acids with conserved properties. 

The ability to predict the beginning and end of α-helices represents a significant 

challenge for secondary structure prediction programs. Here the helices have been 

defined through the alignment and presence of conserved amino acids.  Human p400, 

residues 2360-2429, is indicated by the blue arrow in Figure 3.7. Helix 1, shown in the 

first red box, is defined by the conserved tryptophan highlighted in dark grey and the 

conserved leucine also shown in dark grey (WLISEDWAL). Helix 2, shown in the 

second red box, is defined by the highly conserved tryptophan highlighted in dark grey 

and ends with a valine highlighted in light grey (WDLVSDVV). The final helix is 

defined by an arginine highlighted in dark grey and ends with a tyrosine residue 

(RSSKQCRNRY), shown in the third red box. 
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Figure 3.7 Alignment of SANT domain/MYB-like domain containing proteins. ClustalW has been 

used to align 110 sequences of SANT/MYB-like domains from a variety of species. Residues highlighted 

in dark grey show highly conserved residues while those highlighted in light grey show residues with 

conserved properties, eg, residues highlighted at this region are all basic residues. The human p400 SANT 

domain is highlighted by a blue arrow with predicted helices highlighted in a red boxes. Alignment was 

retrived from http://prosite.expasy.org/cgi-bin/aligner?psa=PS50090&color=1&maxinsert=10&linelen=0 
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To investigate the importance of each individual helix to induce H2AX 

phosphorylation, three helix deletion mutants were designed using the FLAG-SANT 

(2249-2472) construct. This construct had been used previously and was shown to 

increase H2AX phosphorylation in the absence of DNA damage (Smith, 2010). Other 

studies investigating the role of each helix within SANT domains have deleted regions 

from the beginning or middle of the domains, or deleted entire helices. In the current 

study, the first construct SANT-ΔH1 contained a three amino acid deletion in the 

middle of the first predicted helix (residues 2372-2374, EDW). This includes a highly 

conserved glutamate (E) residue. The second helix deletion, SANT-ΔH2 deleted three 

amino acids from the beginning of the second predicted helix (2402-2404, WDL). This 

includes a highly conserved tryptophan residue (W). The final helix deletion, SANT-

ΔH3 deletes an entire helix, including an amino acid either side of the two most 

conserved residues (2415-2427, YRSSKQCRNRYEN). The third helix is predicted to 

be the recognition helix and studies examining the function of this helix within SANT 

domains usually delete the entire helix. Therefore, to allow comparison with previous 

studies, Helix 3 was deleted.  

The sequence of the WT SANT domain and the helix deletions were examined using 

Phyre2 (Protein Homology/analogY Recognition Engine V 2.0), a resource available 

online, to determine the potential effect of deletion these regions may have on the 

secondary and tertiary structure of the SANT domain.  This program used PSI-Blast to 

search for homologues with known 3D structure to the target amino acid sequence. An 

alignment based on homologies and evolutionary changes is produced showing the 

predicted secondary and tertiary structure for the target amino acid sequence.  

Initially, the structure of the WT SANT domain of p400 (amino acids 2249-2472) was 

predicted based on the structure without deletions. The secondary structure read out 

(Figure 3.8A) shows several different types of analysis. First, the primary sequence that 

was used is shown on the first line of the read out. Below this is the predicted secondary 

structure and then below that, a coloured line indicating the confidence of the 

prediction. The key is included at the bottom of the readout with the highest confidence 

shown in red and the lowest confidence shown in blue. Below these two lines are the 

predicted Disorder and the Disorder confidence. Again red indicates the most 

confidence and blue for least confidence. Of the several alpha helices that are predicted 

throughout the secondary structure readout from Phyre2, the three predicted between 
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amino acids 84-150 represent the SANT domain of p400. This region corresponds with 

residues 2372-2434 of p400. The helices between 90-100, 117-125 and 134-143 are 

predicted with high confidence (shown by the red colour in the ‘SS confidence’ row). 

These predicted helices show extended regions; however these are predicted with low 

confidence and it is likely that each helix is only approximately 10 amino acids long. 

Figure 3.8B shows the predicted tertiary structure for amino acids 84-149 of the target 

sequence, which is shown in Figure 3.8A between the two black triangles. The tertiary 

structure in Figure 3.8B shows a helix-turn-helix motif as three α-helices with the N 

terminus shown in red and following the rainbow colours to violet at the C terminus. 

The program models the tertiary structure with 97.9% confidence against the known 

structure of the DNA-binding domain of the human cell division cycle 5 like protein.  

The SANT_ΔH1 amino sequence has a three amino acid deletion (EDW) in the 

predicted first helix, as indicated by the red arrow in Figure 3.9A. This small deletion 

does not appear to change the predicted secondary structure except to perhaps shorten 

the first predicted helix within the sequence between the two black triangles. The 

predicted tertiary structure (Figure 3.9B) shows amino acids 84-146 of the target 

sequence.  The tertiary structure in Figure 3.9B shows a helix-turn-helix motif as three 

α-helices with the N terminus shown in red and following the rainbow colours to violet 

at the C terminus. The third helix, shown in blue, appears to have a reduced helix motif 

and increased unstructured sequence. Again, the program models the tertiary structure 

with 97.1% confidence against the DNA-binding domain of the human cell division 

cycle 5 like protein.  It is possible that the three amino acid deletion which has been 

shown to be highly conserved may contribute to the overall stability and structure of the 

motif. With the changes observed, it is possible that this three amino acid deletion could 

cause dysfunction of the SANT domain; alternatively, as two helices appear unchanged, 

the three amino acid deletion have little effect on function.  

The SANT_ΔH2 amino sequence has a three amino acid deletion (WDL) in the 

predicted second helix, as indicated by the red arrow in Figure 3.10A. This small 

deletion results in the prediction of a significant change in secondary structure. This 

change can be seen in the first alpha helix between the black arrows where the alpha 

helix shows a change to a transmembrane helix and an additional small beta sheet. The 

predicted tertiary structure (figure 3B) does not show much change to the first and third 

helices, with both showing near identical positioning when compared to the WT SANT 
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domain. The second helix however, shows a large change with a much smaller helical 

structure and an increase in disordered sequence. This suggests that the three amino acid 

deletion may have a large effect on the second helix and its function while leaving the 

functionality of helix one and three intact. The tertiary structure for the SANT_ ΔH2 

mutant is also modelled with 97.1% confidence against the DNA-binding domain of the 

human cell division cycle 5 like protein. 

The SANT_ ΔH3 construct has a more severe deletion with the entire third helix 

removed in addition to one amino acid on the N terminal end and two additional amino 

acids on the C terminal end. The deleted amino acids, YRSSKQCRNRYEN, have been 

removed from the sequence as indicated by the red arrow on Figure 3.11A. This 

deletion results in a significant change in secondary structure compared to the WT 

SANT domain. The first two helices, seen between the two black triangles, do not show 

any difference compared to WT, however the third helix is missing and has been 

replaced with a short beta sheet. The predicted tertiary structure is illustrated in Figure 

3.11B and is modelled with 81.4% confidence against the DNA binding protein RDA2 

from Antirrhinium majus. This model uses amino acids 81-128 of the target sequence 

for the predicted structure which is significantly different when compared to the WT 

SANT domain. As the sequence used to produce the prediction is shorter than the 

previous sequences, the two helices shown are comparable to helix 1 and 2 of WT 

SANT domain. Additionally the two helices show a marked difference in length with 

the first helix being shorter and the second being much longer. This particular model is 

produced with a lower confidence than any other deletion and reflects the severity of the 

deletion. 

Overall, the WT SANT domain shows the same tertiary structure predicted from Phyre2 

which is predicted by current literature of a helix-turn-helix motif consisting of a three 

helix bundle. Additionally, the small deletions from helix 1 and 2 show a slight change 

in the predicted tertiary structure of the SANT domain but the overall orientation of the 

helices remains the same. The larger deletion of helix three shows the most significant 

change in tertiary structure and is likely to produce a different phenotype compared to 

the WT SANT domain.  
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Figure 3.8 Predicted secondary and tertiary structure for the SANT domain of p400 using Phyre2.

The amino acid sequence for the SANT domain (2249-2472) of p400 was used for modelling the 

secondary structure using the intensive mode. The predicted secondary structure is shown in panel A. The 

input sequence is shown on the top line (with numbers indicating the amino acid number). Underneath 

this is the predicted secondary structure followed by a colour indicator of the confidence of the prediction 

(high to low confidence is represented by the colours of the rainbow as shown at the bottom of panel A). 

The lower two lines show disorder and confidence for the disorder. B shows the tertiary structure that is 

predicted for amino acids 84-149, the residues between the two black triangles. The N terminus of the 

structure is shown in red and follows the rainbow colours to the C terminus in violet.  
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Figure 3.9 Predicted secondary and tertiary structure for the SANT-ΔH1 domain of p400 using 
Phyre2. The amino acid sequence for the SANT domain (2249-2472) of p400 was used for modelling the 

secondary structure using the intensive mode. The predicted secondary structure is shown in panel A. The 

input sequence is shown on the top line (with numbers indicating the amino acid number). Underneath 

this is the predicted secondary structure followed by a colour indicator of the confidence of the prediction 

(high to low confidence is represented by the colours of the rainbow as shown at the bottom of panel A). 

The lower two lines show disorder and confidence for the disorder. B shows the tertiary structure that is 

predicted for amino acids 84-146, the residues between the two black triangles. The three amino acid 

deletion of EDW is indicated by the red triangle. The N terminus of the structure is shown in red and 

follows the rainbow colours to the C terminus in violet.  
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Figure 3.10 Predicted secondary and tertiary structure for the SANT-ΔH2 domain of p400 using 
Phyre2. The amino acid sequence for the SANT domain (2249-2472) of p400 was used for modelling the 

secondary structure using the intensive mode. The predicted secondary structure is shown in panel A. The 

input sequence is shown on the top line (with numbers indicating the amino acid number). Underneath 

this is the predicted secondary structure followed by a colour indicator of the confidence of the prediction 

(high to low confidence is represented by the colours of the rainbow as shown at the bottom of panel A). 

The lower two lines show disorder and confidence for the disorder. B shows the tertiary structure that is 

predicted for amino acids 84-146, the residues between the two black triangles. The three amino acid 

deletion of WDL is indicated by the red triangle. The N terminus of the structure is shown in red and 

follows the rainbow colours to the C terminus in violet.  
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Figure 3.11 Predicted secondary and tertiary structure for the SANT-ΔH3 domain of p400 using 
Phyre2. The amino acid sequence for the SANT domain (2249-2472) of p400 was used for modelling the 

secondary structure using the intensive mode. The predicted secondary structure is shown in panel A. The 

input sequence is shown on the top line (with numbers indicating the amino acid number). Underneath 

this is the predicted secondary structure followed by a colour indicator of the confidence of the prediction 

(high to low confidence is represented by the colours of the rainbow as shown at the bottom of panel A). 

The lower two lines show disorder and confidence for the disorder. B shows the tertiary structure that is 

predicted for amino acids 81-128, the residues between the two black triangles. The 10 amino acid 

deletion of YRSSKQCRNRYE is indicated by the red triangle. The N terminus of the structure is shown 

in red and follows the rainbow colours to the C terminus in violet.  
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3.2.3 Production and expression of SANT domain deletion mutants.  
Site-directed mutagenesis based on the QuikChange® method was used to produce the 

helix deletions. Primers were designed to flank the deleted sequence (looping out the 

deleted sequence) with the addition of a 5’ phosphate group on the end of the primers so 

that when the E.coli were transformed with the PCR product, the endogenous ligase 

could religate the long PCR product to make a circular plasmid. Primers for Helix 

deletion 1 were designed to delete residues 2372-2374 of the SANT domain while 

primers for Helix deletion 2 were designed to delete residues 2402-2404 of the SANT 

domain. Primers for the Helix 3 deletion were designed to delete 12 amino acids 

(residues 2415-2426) of the SANT domain. Additionally, the asparagine immediately 

after the helix deletion in the Helix 3 (residue 2427)  was mutated to produce an aspartic 

acid by substituting an adenine for a guanine. This  essentially changes a basic amine to 

a carboxylate group. While this may seem like a significant change it is less significant 

than the deletion of the entire helix. This single nucleotide substitution allowed for the 

introduction of a ClaI site for the easy identification of deletion clones. Restriction sites 

were not included in helix deletion 1 or 2 as this would have been a far more significant 

change. Instead, clones were to be screened by sequencing to identify positive clones. A 

full list of primers can be found in appendix 1. A schematic diagram showing the 

constructs used in this chapter can be seen in in figure 3.12.  
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Figure 3.12 Schematic representation of full length p400 and derivatives used in this study. Full 

length p400 is 3122 amino acids in length. It contains several functional domains including the HSA 

domain (amino acid 763-834), the SWI2/SNF2 homology domain (amino acid 1050-1977) the SANT 

domain (amino acid 2372-2426) and the PolyQ domain (amino acid 2756-2784). Several constructs were 

provided from a previous study including the N-Terminus (amino acid 1-1589), the C-terminus (amino 

acid 1587-3122 with the first 101 amino acids at the N terminus), SANT 4-2 (amino acid 2162-2472 of 

p400), WT SANT (amino acid 2249-2472) and F6 (amino acid 2750-3122). Three constructs were 

produced in this study; SANT-ΔH1(Δ2372-2374), SANT-ΔH2(Δ2402-2404) and SANT-ΔH3(Δ2415-

2426) 

PCR reactions were carried out with the Elongase® from Life Technologies, which is a 

proofreading enzyme  designed to amplify long regions of DNA with high fidelity. The 

programs used for PCR amplification are included in appendix 1. PCR products were 

subjected to DpnI digestion (section 2.2.15) to remove any template DNA before being 

purified according to section 2.  E.coli DH5α cells were transformed with the purified 

DpnI treated PCR product and grown on LB agar plates with ampicillin (50 μg/mL) 

(section 2.2.10). Clones for helix 3 were screened using ClaI digestion which should 
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result in the release of a 250 bp fragment if mutagenesis was successful (section 2.2.6). 

Potential clones for helix 1 and 2 deletions were screened using Sanger sequencing. 

Clones of helix 3 deletion showing the expected digestion pattern were verified by 

Sanger sequencing (section 2.2.13).  

 

Figure 3.13 Digestion of FLAG-SANT WT and deletion mutants with ClaI. Plasmid DNA for WT 

FLAG-SANT, FLAG-SANT-ΔH1, FLAG-SANT-ΔH2 and FLAG-SANT-ΔH3 (200 ng) were digested 

with ClaI according to section 2.2.6. The samples were resolved on a 1% agarose gel in 0.5x TBE for 1 h 

at 180 V (section 2.2.5). The gel was stained with ethidium bromide (0.5 μg/mL in 0.5x TBE) before 

being examined using the BioRad Gel Doc™. The ladder used is the DirectLoad ™ wide range marker 

from Sigma. Lanes are labeled with the name of the plasmid used in each sample. ™ 

Plasmid DNA of FLAG-SANT, FLAG-SANT-ΔH1, FLAG-SANT-ΔH2 and FLAG-

SANT-ΔH3 were purified according to section 2.2.11.2 before being subjected to 

restriction enzyme digestion with ClaI according to section 2.26. The samples, along 

with an undigested control, were resolved on an agarose gel according to section 2.2.5. 

Figure 3.13 shows the digestion of plasmid DNA with ClaI. Lanes 1-4 show undigested 
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plasmid from FLAG-SANT, FLAG-SANT-ΔH1, FLAG-SANT-ΔH2 and FLAG-

SANT-ΔH3 respectively while lanes 5-8 show FLAG-SANT, FLAG-SANT-ΔH1, 

FLAG-SANT-ΔH2 and FLAG-SANT-ΔH3 respectively digested with ClaI. The WT 

SANT, ΔH1 and ΔH2 have one ClaI restriction site and therefore show one band in the 

digested samples. FLAG-SANT-ΔH3 has an additional ClaI restriction site and results 

in a 250 bp band being released. This can be seen in lane 8.  The release of this band 

suggests that the ΔH3 mutation has been successfully incorporated into this construct. 

Sanger sequencing was required to confirm both these results and those for ΔH1 and 

ΔH2. 

To confirm the production of FLAG-SANT-ΔH1, FLAG-SANT-ΔH2 as well as 

confirm the deletion of FLAG-SANT-ΔH3, the plasmid DNA was sequenced by the 

Massey Genome Service using Sanger sequencing as described in section 2.2.13 in both 

the forward and reverse directions. The primers used for sequencing in the CBS vector 

are listed in appendix 1. The sequences were then aligned against the sequence for WT 

SANT using Vector NTI® from Life Technologies. This alignment program uses 

ClustalW for pairwise alignment. Figure 3.14 shows the alignments that were produced. 

Figure 3.14A confirms the production of FLAG-SANT-ΔH1. The alignment shows that 

a 9 nucleotide gap in the forward and reverse sequence, corresponding to the deletion. 

Figure 3.14B confirms the production of FLAG-SANT-ΔH2 with the alignment 

showing the 9 nucleotide gap in the forward and reverse sequence corresponding to the 

deletion. Figure 3.14C shows the alignment for FLAG-SANT-ΔH3 and confirms the 

production of the plasmid as expected. The alignment shows a 36 nucleotide gap which 

corresponds with the deletion. Additionally, the alignment also shows the A to G 

mutation which produces the ClaI restriction site. Overall, the production of all three 

deletion mutants was confirmed and no additional variants were found. This means that 

any difference observed when the protein is expressed should be due to the introduced 

deletions and not any additional PCR-induced errors.  



69 
 

 

Figure 3.14 Sequence alignments of the SANT domain and helix deletion mutants. Constructs were 

sequenced in both the forward and reverse directions and aligned against the sequence for WT SANT 

using Vector NTI with ClustalW as the alignment algorithm. The top panel shows the alignment for the 

ΔH1 mutant. The sequence from the forward primer is shown in the top yellow line (SANT_H1_For) and 

the sequence from the reverse primer is shown in the bottom yellow line (SANT_H1_Rev). The WT 

SANT domain sequence is shown in the middle yellow line (SANT_2249-2472). The nucleotides 

highlighted in yellow show the nucleotides in common between all three aligned sequences. The ‘-‘ 

indicate missing sequence and thus the region that has been deleted. The nomenclature is the same for the 

ΔH2 mutant (middle panel) and the ΔH3 mutant (bottom panel).    

It is important that the SANT domain and the three helix deletion constructs are 

expressed to  approximately the same amounts. To examine this, HEK293T cells were 

transfected with 1 μg of plasmid DNA (section 2.4.3). Whole cell extract was produced 

after a 24h incubation according to section 2.4.10 and extracts were by western blotting 

(section 2.3.1 and 2.3.2). As the SANT domain and the deletion mutants are all FLAG 

tagged, the membranes were probed with an antibody against FLAG (α-FLAG) to 

examine the expression of the SANT domain derivatives and β actin was used as a 

loading control (Fig 3.16). The immunoblot analysis shows that the SANT domain 

(Lane 2) and the three helix deletions, ΔH1-3 respectively (Lanes 3-5) all express, 

however, ΔH2 and ΔH3 appear to express at a lower level. While only a few amino 

acids were deleted in each deletion mutant, there is a visible difference if migration on a 

SDS-PAGE between the WT SANT domain and Helix 1 and 3 deletions. The Helix 2 

deletion  does not show much difference in size compared to WT SANT. The robust 

expression of all helix deletion constructs suggests that they have stable protein folding 

and are not being targeted for proteosomal degradation. 
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Figure 3.15 Expression of SANT and Helix deletion mutants. HEK293T cells were transfected with 

empty CBF vector (lane 1) or CBF-SANT, CBF-SANT-ΔH1, CBF-SANT-ΔH2, CBF-SANT-ΔH3 (lanes 

2-5 respectively). Cells were incubated for 24 h before whole cell extract was produced (section 2.4.10). 

Ten percent (v/v) of the prepared extract was loaded onto a 10% SDS polyacrylamide gel and resolved by 

electrophoresis. Samples were separated at 30 mA for 1 h before being transferred to a PVDF membrane 

at 150 mA for 2 h. The membrane was examined with α-FLAG antibody for SANT domain expression 

and α-actin as a loading control.  

3.3.4 H2AX phosphorylation by p400 derivatives  
In a previous study, overexpression of the SANT domain of p400 led to an increase in 

H2AX phosphorylation in the absence of a DNA damaging agent (Smith, 2010). Here, 

the ability of the SANT domain with deletions in each of the three predicted SANT 

domain helices was examined for the ability to induce H2AX phosphorylation in the 

absence of DNA damage. HEK293T cells were transfected with 1 μg of empty CBF 

vector, CBF-SANT 4-2, CBF-SANT, CBF-SANT-ΔH1, CBF-SANT-ΔH2, CBF-

SANT-ΔH3 or CBF-F6 (section 2.4.3). Whole cell and histone extract was prepared 

after 24 h incubation (section 2.4.10 and 2.4.11). Prior to harvest, one plate of cells 

transfected with empty CBF was treated with doxorubicin (section 2.4.12). Whole cell 

and histone extracts were examined by western blotting using an antibody raised against 

FLAG (α-FLAG) to visualise the expression of FLAG tagged p400 SANT domains and 

F6 with α-actin used as a loading control to show equal loading. Fragment 6 was used 

as a negative control as this region had previously shown not to interact with TIP60 and 

does not contain and known domain structures (Park et al., 2010). Phosphorylation 
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levels of H2AX were examined using α-H2AX-P with α-H2AX used as a loading 

control.  

  

Figure 3.16 H2AX phosphorylation assay of SANT domain derivatives. HEK293T cells were 

transfected with CBF vector (lane 1 and 2) or CBF-SANT 4-2, CBF-SANT, CBF-SANT-ΔH1, CBF-

SANT-ΔH2, CBF-SANT-ΔH3 or CBF-F6 (lane 3-8 respectively). Cells were incubated for 24 h before 

whole cell extract was produced (section 2.4.10). Cells in lane 2 were treated with doxorubicin (1 μg/mL) 

for 4 h before being harvested. Whole cell extract (10% v/v) was loaded onto a 10% polyacrylamide gel 

and resolved by electrophoresis. Histones were extracted using HCl (section 2.4.12) and histone samples 

(10% v/v) were loaded onto a 12% polyacrylamide gel and resolved by electrophoresis. Samples were 

separated at 30 mA for 1 h before being transferred to a PVDF membrane at 150 mA for 2 h. The 

membrane was examined with α-FLAG antibody for p400 derivative expression and α-actin as a loading 

control. Histones were examined using H2AX-P antibody for phosphorylation induction and H2AX as a 

loading control.  

Figure 3.16 shows an example image of the H2AX phosphorylation assay with SANT 

domain derivatives. Lane 1 and 2 contains empty CBF vector and therefore show no 

protein expression in the FLAG panel. These two lanes show the response of H2AX 

phosphorylation in the absence (lane 1) and presence (lane 2) of DNA damage in the α-

H2AX-P panel in Figure 3.16. Basal levels of H2AX phosphorylation, presumably from 

replication, can be seen in lane 1 with a large increase in H2AX phosphorylation in lane 
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2 which has been treated with the DNA double-strand break inducer doxorubicin. The 

FLAG panel shows that the p400 derivatives expressed at relatively equal levels except 

for SANT 4-2 and F6 which show reduced expression. There is no increase in H2AX 

phosphorylation seen in lanes 3-8 suggesting that the overexpression of SANT domain 

derivatives do not promote activation of the ATM pathway. This figure is an example 

image of the assay repeated upwards of 15 times. On different occasions, the SANT 

domain and SANT domain derivatives have not been consistent and reproducible in 

regards to the increase of H2AX phosphorylation. In addition to HEK293T cells, the 

experiment was repeated in several additional cell lines including HeLa cells and U2OS 

cells (data not shown). These additional cell types also failed to produce reproducible 

results.  

If the SANT domain of p400 was acting to sequester a negative regulator from the 

ATM-TIP60 complex, full length p400 or half-length p400 containing the SANT 

domain should have the same effect. To examine this, HEK293T cells were transfected 

with 1 μg of empty CBF vector, 2 μg of CBF-p400, CBF-p400 ATPase mutant, CBF-N 

Terminus, CBF-C Terminus, 1 μg of CBF-SANT, CBF-F6 or CBF-TIP49. The N-

terminal half of p400 does not include the SANT domain and should therefore not 

induce H2AX phosphorylation if the hypothesis is correct. Additionally, F6 of p400 and 

TIP49 (a member of the TIP60 complex) were used as additional negative controls. 

Whole cell and histone extract was prepared from cells that had in transfected for 24 h 

and examined by western blotting (section 2.4.3, 2.4.10 and 2.3.2). Membranes were 

examined using an antibody raised against FLAG (α-FLAG) to visualise the expression 

of FLAG tagged p400 domains, TIP49 and F6 and α-actin antibody as a loading control 

to show equal loading. Phosphorylation levels of histone H2AX were examined using 

α-H2AX-P antibody which were compared to total histone H2AX levels as a loading 

control.  
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Figure 3.17 H2AX phosphorylation assay of p400 derivatives. HEK293T cells were transfected with 

CBF vector (lane 1-2) or CBF-p400, CBf-p400 ATPase mutant, CBF-N terminal, CBF-C terminal, CBF-

SANT, CBF-F6 or CBF-TIP49 (lanes 3-9 respectively). Cells were incubated for 24 h before whole cell 

extract was produced (section 2.4.10). Cells in lane 2 were treated with doxorubicin (1 μg/mL) for 4 h 

before being harvested. Whole cell extract (10% v/v) was loaded onto a 4-12% polyacrylamide gel and 

resolved by electrophoresis. Histones were extracted using HCl (section 2.4.11) and histone samples 

(10% v/v) were loaded onto a 12% polyacrylamide gel and resolved by electrophoresis. Samples were 

separated at 30 mA for 1 h before being transferred to a PVDF membrane at 150 mA for 2 h. The 

membrane was examined with α-FLAG antibody for p400 derivative expression and α-actin antibody as a 

loading control. Histones were examined using H2AX-P antibody for phosphorylation induction and total 

H2AX levels as a loading control. 

Figure 3.17 shows the H2AX phosphorylation assay with larger p400 constructs. H2AX 

phosphorylation shows a DNA damage-dependent response with an increase in H2AX-

P seen with doxorubicin treatment (compare lane 1 to 2). Of the proteins expressed, 

only the p400 ATPase mutant did not express well. This sample was included to show 
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that if p400 induced H2AX phosphorylation, it was an effect either dependent or 

independent of the ATPase activity of p400. However, as full length p400 failed to 

induce any H2AX phosphorylation (compare H2AX-P in lane 2 and 3) and as p400 

ATPase mutant failed to express to acceptable levels, no conclusions can be drawn 

about the ATPase activity of p400 being involved in promoting H2AX phosphorylation. 

The N and C terminal fragments of p400 expressed robustly (lane 5 and 6 respectively 

in the α-FLAG panel) but also did not show any significant increase in H2AX 

phosphorylation upon their expression compared to the control in lane 1. The final three 

samples, SANT, F6 and TIP49 (lanes 7-9 respectively) all expressed well (see α-FLAG 

panel) but all failed to induce H2AX phosphorylation to any level above the control 

(lane 1). This is a representative figure from three repeats. In these repeats, the 

consistency and reproducibility of each sample to induce H2AX phosphorylation were 

variable.  

3.3 Discussion 
 Cellular systems rely on a coordinated effort between a large number of factors in a 

number of pathways, often with crosstalk between the different pathways. DNA repair 

is one such system that requires effective recognition and signalling, often with proteins 

having more than one function within a pathway. This study focused on the activation 

of the ATM-TIP60 complex, particularly the ability of overexpressed TIP60 or the 

SANT domain of p400 to induce the double-strand break response in the absence of a 

DNA damaging agent.  A previous study had suggested that overexpression of these 

two proteins caused an increase in H2AX phosphorylation in the absence of a DNA 

damaging agent (Smith, 2010), possibly due to sequestration of a negative regulator 

associated with the ATM/TIP60 complex.  

TIP60 is intricately involved in the double-strand break response. A major role of TIP60 

is acetylation of histone H2AX and H4 around break sites as well as acetylation of 

ATM which promotes ATM activation (Tsuyoshi Ikura et al., 2007; Rabih Murr et al., 

2006; Sun et al., 2005). Additionally, TIP60 has been described as a haploinsufficient 

tumour suppressor  where reduction in TIP60 levels are frequently seen in human head-

and-neck and mammary carcinomas as well as in lymphomas (Gorrini et al., 2007). This 

decrease in TIP60 may result in inadequate activation of ATM and other TIP60-related 

functions. Consistent with a role as a haploinsufficient tumour suppressor, 
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overexpression of TIP60 leads to a preemptive activation of the double-strand break 

response with H2AX phosphorylation in the absence of a DNA damaging agent (Smith, 

2010).  

This study hypothesised that overexpression of TIP60 or a single domain of TIP60 

could activate the ATM-TIP60 complex and promote activation of the DNA double-

strand break response. Previous studies have shown that the zinc finger domain of 

TIP60 was responsible for facilitating protein-protein interactions (J.-W. Kim et al., 

2008; M.-Y. Kim et al., 2007) while the chromodomain was responsible for facilitating 

the interaction between TIP60 and methylated histone H3K9 (Sun et al., 2009). 

Individual or two consecutive domains were cloned into a mammalian expression vector 

and their ability upon overexpression to induce H2AX phosphorylation was examined. 

Multiple attempts to examine the induction of H2AX phosphorylation upon 

overexpression of full length TIP60 or the TIP60 domains failed to produce any 

consistent results. The experiments were repeated upwards of 15 times and the H2AX 

phosphorylation level varied from experiment to experiment with the exception of 

doxorubicin induction which consistently showed an increase in H2AX 

phosphorylation. While this study and the one completed in 2010 were completed in 

HEK293T cells, the cells varied considerably in age and passage number and this may 

have resulted in different composition of proteins for the two experiments (Smith, 

2010).  It is possible that the induction observed in the previous study may have been an 

artefact of the cell type or the state the cell was in, therefore a number of different cell 

lines, including HeLa and U2OS were used in addition to HEK293T cells in an attempt 

to determine if the response may be cell type specific (data not shown). Again, the 

induction of H2AX phosphorylation varied upon repeats.  

The previous study that showed TIP60 induced H2AX phosphorylation also showed an 

increase in H2AX phosphorylation with the overexpression of the SANT domain of 

p400 (Smith, 2010). Two hypotheses regarding how this was stimulated by the SANT 

domain were conceived. Firstly, the SANT domain may sequester or displace the 

putative negative regulator associated with the ATM-TIP60 complex and promote 

activation of this complex. The SANT domain of p400 has been shown to interact with 

TIP60 (Park et al., 2010) and when overexpressed may displace the putative negative 

regulator associated with the complex. Secondly, the SANT domain of p400 may bind 

to chromatin and induce a conformational change similar to that found in double-strand 
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breaks thus inducing ATM activation similar to an effect shown by chloroquine and 

HDAC inhibitors, methods known to alter the structure of chromatin (Bakkenist & 

Kastan, 2003). Interestingly, a study completed in 2009 described an increase in ATM 

phosphorylation and the induction of the DNA double-strand break response with the 

knockdown of p400 (L. Mattera et al., 2009). A follow up study in 2010 suggested the 

induction of the DNA damage response upon p400 knockdown was due to an increase 

in reactive oxygen species (C. Courilleau et al., 2010; Lise Mattera et al., 2010). In this 

study, the knockdown of p400 was repeated and no activation of the DNA damage 

response was seen (data not shown). A subsequent study illustrated the involvement of 

p400 in the stability of nucleosomes in response to DNA damage resulting in increased 

radiosensitivity and chromosome aberrations (Ye Xu et al., 2010). These two studies 

suggest that changes to chromatin structure through the loss of nucleosome stability 

may play a role in inducing the DNA double-strand break response supporting the 

hypothesis that SANT domain induced alterations in chromatin structure may induce the 

DNA double-strand break response.  

The SANT domain structure is related to the Myb and Myb-like domains (Grune et al., 

2003). These domains share a common helix-turn-helix motif which manifests as a three 

helix bundle. The third helix in these structures has been identified as the recognition 

helix, and mutations within this helix result in a decrease or loss of function of the motif  

(Barbaric et al., 2003; Boyer et al., 2002; Ogata et al., 1994; Sterner et al., 2002). In this 

study, mutations were introduced into each of the three helices of the SANT domain of 

p400 and used to examine the induction of H2AX phosphorylation upon 

overexpression. While all three helix deletion mutants were constructed and expressed, 

the ability to induce H2AX phosphorylation was inconsistent and not reproducible. 

Additionally, WT SANT domain overexpression also failed to induce H2AX 

phosphorylation. These experiments were completed upwards of 15 times in a number 

of cell lines including U2OS and HeLa cells to exclude the possibility that the effect 

from overexpression was a cell type specific effect. As mentioned previously, the two 

experiments were conducted over a year apart and even though the same cell line was 

used in both experiments, the age and passage number of the cells varied and this may 

have changed the composition of proteins within the cell lines. It is also possible that 

the H2AX phosphorylation seen in the previous study was simply an artefact.  
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While the overexpression of TIP60 or the SANT domain of p400 failed to induce the 

DNA double-strand break response in this study, the importance of these two proteins in 

DNA repair cannot be ignored. Alterations in the TIP60:p400 ratio have been 

implicated in the transformation of colorectal cells and a key factor in the expression of 

the cell cycle regulator p21. When the ratio was altered to increase TIP60 compared to 

p400, an increase in p21 expression was observed, and conversely a TIP60 knockdown 

resulted in decreased p21 expression (L. Mattera et al., 2009). Additionally, the SANT 

domain of p400 has previously been implicated in inhibiting TIP60 HAT activity (Park 

et al., 2010). The effect these two proteins have on each other during DNA repair may 

be a valuable area of research as they provide a potential target for novel cancer 

therapies. The inhibition of the HAT activity of TIP60 by the SANT domain may have 

an effect on histone H4 and H2AX acetylation and ATM acetylation, all of which are 

essential for effective DNA repair (T. Ikura et al., 2000; Tsuyoshi Ikura et al., 2007; R. 

Murr et al., 2006; Sun et al., 2005). The effect of altering the TIP60:p400 ratio 

subsequently affecting DNA repair may be due to this interaction between TIP60 and 

the SANT domain of p400. Investigation into this area may assist in understanding the 

regulation of DNA repair and may act as a platform for manipulation in cancer 

therapies.  
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4 A novel interaction between ATM and 
p400 

4.1 An interaction between ATM and p400 in a mammalian system 

4.1.1 Introduction 
ATM (ataxia-telangiectasia mutated) is a member of the PIKK (phosphatidyl inositol 3' 

kinase-related kinase) family of proteins that include other members such as ATR 

(ataxia- and Rad3-related) and TRRAP (transformation/transcription domain-associated 

protein) (Shiloh, 2003). These proteins are implicated in cellular signalling and DNA 

repair. ATM and ATR have essential roles in DNA repair by phosphorylating H2AX 

around DNA break sites, by which H2AX acts as a marker molecule to assemble other 

repair proteins (Burma et al., 2001; Kinner, Wu, Staudt, & Iliakis, 2008; Stiff et al., 

2004). TRRAP is the only member of the PIKK family that lacks a kinase activity. It is 

however, integral in DNA repair systems and cells lacking TRRAP show remarkably 

compromised DNA repair (R. Murr et al., 2006). The PIKK proteins generally require 

interactions with other proteins for activity. For instance, latent dimeric ATM is known 

to interact with the histone acetyl transferase, TIP60  (Sun et al., 2005). When DNA 

damage is detected by a yet undefined mechanism, TIP60 is known to acetylate ATM 

and promote monomerisation, in which monomerised ATM subsequently 

phosphorylations histone H2AX (Bakkenist & Kastan, 2003). TRRAP is a subunit of 

the multi-subunit complex known as the TIP60 complex which contains a number of 

proteins with different functions including helicases and acetylases (T. Ikura et al., 

2000). TRRAP has previously been shown to immunoprecipitate with p400 (Fuchs et 

al., 2001). Interestingly, the members of the PIKK family have been shown to have 

modular domains, where if a domain within one member is swapped with the domain of 

another member, the chimeric protein retains its function (Jiang et al., 2006).  TIP60 has 

been shown to interact with p400 in addition to its interaction with ATM. The TIP60-

p400 interaction has shown to be facilitated primarily by the SANT domain of p400 and 

cause a robust inhibition of TIP60 histone acetylase activity (Park et al., 2010). The 

commonality of binding partners (TIP60) between ATM and p400, and the modular 

domain structure of PIKK proteins suggests that there may be an interaction between 

ATM and p400.  
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Co-immunoprecipitation is a useful tool to examine the interaction between proteins or 

within a larger protein complex. In this study, epitope tagged ATM and p400 were used 

to investigate the interation.  FLAG-tagged full-length constructs of both ATM and 

p400 were provided by Dr Armin Gamper and Dr Jeong Park respectively.  In order to 

facilitate examination of the interaction between the two proteins, HA epitope tagged 

variants of both ATM and p400 were also prepared in addition to the FLAG tagged 

constructs.  

4.1.2 Cloning and expression of HA-ATM 
ATM has a large cDNA of 9.1 kb which would increase the chance of PCR-induced 

errors when it is amplified as one large product. Therefore a small 1300 bp fragment 

that includes a FLAG tag was exchanged for one containing a HA tag to reduce the 

chance of PCR induced errors. Figure 4.1 shows the strategy employed for the 

production of the pcDNA-HA-ATM construct. The mammalian expression vector for 

FLAG-ATM that was provided at the beginning of this study was pcDNA-FLAG-ATM. 

This particular construct has several features that were utilised during the production of 

a HA tagged version. Firstly, there are two EcoRV sites found within the construct. The 

first is immediately 5’ of the transcriptional start site and the second is 1300 bp within 

the ATM sequence. Secondly, this construct contains two KpnI sites. The first is also 

immediately 5’ of the transcriptional start site and the second is 4000 bp into the ATM 

sequence. A forward primer was designed that contained an EcoRV site followed 

immediately by a KpnI site, the sequence for HA and finally the first 20 nt of the ATM 

sequence to produce a primer 70 nt in length. The reverse primer was designed with the 

EcoRV site 1300 bp into the sequence with an additional 20 nt of ATM 3’ of the 

restriction site. These primers were designed to amplify the first 1300 nt of ATM with 

the inclusion of the new HA tag at the N terminus of the protein and an additional KpnI 

site that will allow easy identification of correct clones. The PCR product was amplified 

using Roche FastStart Taq polymerase which is a high fidelity polymerase, minimising 

the possible errors introduced during PCR amplification. This polymerase is also a hot 

start polymerase which requires an initial heating step to become activated which allows 

the long forward primer to bind to the correct sequence and thus prevent secondary 

products from forming. The specific primer sequences and amplification program can 

be found in found in appendix 1.  
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Figure 4.1 Cloning strategy for HA-ATM. A 1300 bp insert (including 2 EcoRV sites, a KpnI site and a 

HA sequence) was amplified and 3’A tailed. The insert was ligated into pGEM-T easy and the insert was 

released by EcoRV digestion. The pcDNA-FLAG-ATM plasmid was digested with EcoRV and the vector 

backbone was incubated together with the HA-insert from pGEM-T to create the full length pcDNA-HA-

ATM construct. The vector backbone is represented by a single solid line while the open reading frame is 

represented by the open boxes.  
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FastStart Taq polymerase was used to amplify the PCR product. This polymerase 

produces blunt-ended products which would be incompatible with cloning into the 

pGEM-T vector. Therefore the 1300 bp amplicon was adenylated (section 2.2.3) to 

allow ligation into the pGEM-T™ vector. Ligation of the insert and pGEM-T vector 

was carried out according to the manufacturer’s instructions and E.coli DH5α were 

transformed according to section 2.2.10 then plated onto LB/Agar plates with ampicillin 

(50 μg/mL), X-gal (80 μg/mL) and IPTG (0.5 mM).  Colonies were screened by blue-

white selection and purified plasmid DNA was screened by digestion with EcoRV 

(section 2.2.10.2 and 2.2.6). Clones that showed the expected banding pattern were 

confirmed by Sanger sequencing (section 2.2.13).  Figure 4.2 shows the digestion of 

200 ng of empty pGEM-T (lane 1 and 3, undigested and digested respectively) and 

pGEM-ATM-insert (lane 2 and 4 undigested and digested respectively) with EcoRV. 

Lane 4 shows the presence of the 1.3 kb insert that is consistent with the production of 

the pGEM-ATM-insert clone. Sequencing of this construct confirmed the production of 

the pGEM-ATM-insert clone with no PCR induced errors.  
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Figure 4.2 Identification of pGEM-HA-ATM. 200 ng of empty pGEM-T clones and pGEM-T-ATM-

insert were digested with EcoRV. DNA was analysed on a 1% agarose gel in 1x TBE for 1 h at 150 V. L 

shows the DirectLoad™ ladder from Sigma while lane 1 and 2 show undigested empty pGEM-T and 

pGEM-HA-ATM, respectively. Lane 3 and 4 show empty pGEM-T and pGEM-HA-ATM, respectively 

digested with EcoRV. The gel was stained with ethidium bromide before being visualised under UV light.  

Plasmid DNA from pGEM-ATM-insert and the pcDNA-FLAG-ATM vector were 

digested with EcoRV and the insert and backbone respectively were purified using 

agarose gel purification (section 2.25). The purified HA-tagged insert and the pcDNA 

backbone were used in a ligation reaction according to section 2.2.8 before E.coli DH5α 

were transformed with the ligation reaction (section 2.2.9). Potential clones were 

screened using KpnI digestion. Clones that have the insert in the correct orientation 

should show two large bands of 11000 bp and 4000 bp and one small band of 40 bp 

while clones with the insert in the incorrect orientation will show a large 11000 bp band 

and two medium sized bands of 2855 bp and 1320 bp, upon KpnI digestion.  Clones that 

showed the expected banding pattern were also verified by Sanger sequencing (section 

2.2.13).   
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Figure 4.3 Restriction endonuclease digestion of pcDNA-FLAG-ATM and pcDNA-HA-ATM. Full 

length pcDNA-FLAG-ATM (200 ng) and pcDNA-HA-ATM (300 ng) were digested with KpnI or NdeI, 

respectively. L shows the DirectLoad™ ladder from Sigma while lane 1 and 2 show undigested pcDNA-

FLAG-ATM and pcDNA-HA-ATM respectively. Lane 3 and 4 show pcDNA-FLAG-ATM and pcDNA-

HA-ATM respectively digested with KpnI. Lane 5 and 6 show undigested pcDNA-FLAG-ATM and 

pcDNA-HA-ATM respectively while land 7 and 8 show pcDNA-FLAG-ATM and pcDNA-HA-ATM 

respectively digested with NcoI. DNA was resolved on a 1% agarose gel in TBE for 1 h at 150 V. The gel 

was stained with ethidium bromide before being visualised under UV light.  

Figure 4.3 shows the digestion of full length pcDNA-FLAG-ATM and pcDNA-HA-

ATM with KpnI and NdeI to confirm the production of pcDNA-HA-ATM. Lane 1 and 2 

shows undigested pcDNA-FLAG-ATM and pcDNA-HA-ATM respectively while lane 

3 and 4 show pcDNA-FLAG-ATM and pcDNA-HA-ATM respectively digested with 

KpnI. Both samples show the larger 11 kb fragment and the smaller 4 kb fragment. This 

suggests that the insert has been inserted in the correct orientation in the HA-ATM 

construct. An additional means of confirming production of pcDNA-HA-ATM is 

digestion with NdeI. Here, the FLAG-ATM construct will produce a unique 500 bp 

band that is absent from the HA-ATM construct. Lane 5 and 6 show undigested 

pcDNA-FLAG-ATM and pcDNA-HA-ATM respectively while lane 7 and 8 show 

pcDNA-FLAG-ATM and pcDNA-HA-ATM respectively digested with NdeI. The 



85 
 

presence of the 500 bp fragment in lane 7 that is absent in lane 8 confirms the 

production of pcDNA-HA-ATM.  

 

Figure 4.4 Expression of HA-ATM and FLAG-ATM. HEK293T cells that were 60% confluent were 

transfected with 1 μg of DNA with 4 μL of FuGENE™ HD. Cells were incubated for 48 hours and 

harvested for whole cell extract. 10% of the extracts were separated on a 5% polyacrylamide gel by SDS-

PAGE for 1 h at 30 mA. Proteins were transferred to PVDF membrane by immunoblotting at 150 mA for 

4 h. Samples were examined with α-HA, α-FLAG, α-ATM and α-actin antibodies. Lane 1: CBF empty 

vector, Lane 2: pcDNA-FLAG-ATM, Lane 3: pcDNA-HA-ATM. 

The expression of HA-ATM from pcDNA-HA-ATM was examined in HEK293T cells. 

HEK293T cells were transfected with 1 μg of either pcDNA-HA-ATM or control 

pcDNA-FLAG-ATM. The cells were incubated for 48 h before being harvested for the 

preparation of whole cell extract in a volume of 200 μL. The whole cell extract (10 % 

v/v) was resolved by SDS-PAGE and examined by western blotting using antibodies 

raised against HA, FLAG, ATM and β-actin (Figure 4.4). Examination with α-FLAG 

and α-HA antibodies showed that both constructs were able to express the correct 

epitope tagged protein (see lane 2 α-FLAG panel and lane 3 α-HA panel). Examination 

with α-ATM antibody showed that there was approximately the same expression from 

both constructs and the amount of ATM produced was significantly more than 

endogenous levels (lane 1 compared to 2 and 3 in the α-ATM panel). The loading 
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control of α-actin showed approximately the same amount of protein had been loaded in 

each lane. Overall, the construction of pcDNA-HA-ATM was successful with the 

construct having approximately equal expression to the original expression vector 

pcDNA-FLAG-ATM. 

4.1.3 Cloning and expression of HA-p400 
Figure 4.5 shows the strategy employed for the production of the HA-p400 construct.  

The FLAG-tagged p400 construct that was provided at the beginning of this study was 

CBS-FLAG-p400. This has FLAG-p400 under the control of a constitutively active 

CMV promoter. Several features of this construct were exploited to generate the HA-

tagged p400 construct. There is a single EcoRI site immediately 5’ of the transcriptional 

start site as well as a single KpnI site that is found at the 3’ end of the coding sequence, 

after the transcription termination site. Additionally, there is a single FseI site 700 bp 

downstream of the 5’ end of the gene. The forward primer was designed to containe an 

EcoRI site followed immediately by a KpnI site then the HA sequence and the initial 20 

nt of the p400 coding sequence. The reverse primer contained a FseI site and the 20 nt 

5’ of the FseI site in the p400 sequence. The KpnI site that was included in the forward 

primer should allow easy identification of positive clones. It also provided the Kozac 

sequence that promotes binding of the ribosome. The PCR product using these primers 

is 770 bp in length which will reduce the possibility of introducing PCR-induced errors. 

The PCR product was amplified using Roche FastStart polymerase (Appendix 1). The 

specific primer sequences and amplification program for HA-p400 can be found in 

appendix 1.  
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Figure 4.5 Cloning strategy for HA-p400. A 770 bp insert (including an EcoRI site, a KpnI site 

and a HA sequence and a FseI site) was amplified and adenylated to produce 3’ A overhangs. The insert 

was ligated into pGEM-T easy and then released by EcoRI and FseI digestion. The CBS-FLAG-p400 

construct was digested with EcoRI and FseI and the vector backbone was ligated to the HA-insert from 

pGEM-T to create the full length CBS-HA-p400 construct. The vector backbone is represented by a 

single solid line while the open reading frame is represented by the open boxes.  
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Amplified PCR products were adenylated using Taq polymerase (section 2.2.3) before 

being used for ligations into the pGEM-T easy vector. This is a linear vector with 5’ T 

overhangs that adenylated PCR products can be ligated into. Ligations were carried out 

according to the manufacturer’s instructions and used to transform E.coli DH5α. Cells 

were plated on LB/Agar plates with ampicillin (50 μg/mL), X-gal (80 μg/mL) and IPTG 

(0.5 mM) to allow for blue/white selection. Plasmids from white colonies were purified 

being examined by digestion with EcoRI and FseI. Clones that showed the expected 

banding pattern were verified by Sanger sequencing (2.2.13). Of the 5 clones that were 

screened, all showed the correct digestion pattern with EcoRI and FseI and Sanger 

sequencing confirmed all were the correct amplicon with no PCR-induced errors. Figure 

4.6 shows the digestion of 200 ng of pGEM-T and pGEM-HA-p400 undigested (lane 1 

and 2) and digested with EcoRI and FseI (lane 3 and 4). The pGEM-HA-p400 plasmid 

shows the release of a 770 bp fragment with EcoRI and FseI digestion (lane 4) while the 

empty vector does not (lane 3).  
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Figure 4.6 Identification of pGEM-HA-p400. 200 ng of empty pGEM-T clones (blue colony) and 

pGEM-HA-p400 (white colony) were digested with EcoRI and FseI. Plasmid DNA was analysed on a 1% 

agarose gel in 1x TBE for 1 h at 150 V. L shows 1 kb+ ladder while lane 1 and 2 show undigested empty 

pGEM-T and pGEM-HA-p400 respectively. Lane 3 and 4 show empty pGEM-T and pGEM-HA-p400 

respectively digested with EcoRI and FseI. The gel was stained with ethidium bromide before being 

visualised under UV light.  

pGEM-HA-p400 and CBS-FLAG-p400 were digested with EcoRI and FseI to release 

the insert and prepare the backbone respectively (section 2.2.6) before being resolves on 

a 1% agarose gel in 0.5X TBE (2.2.4). The insert and backbone were purified by 

agarose gel purification (2.2.5) before being ligated together (section 2.2.8) to produce 

CBS-HA-p400. Potential clones were screened using KpnI digestion. Clones that have 

the HA insert should show two large bands of 9597 bp and 4609 bp while CBS-FLAG-

p400 will show one large band of 14206 bp. Additionally, digestion with NcoI should 

show bands of 5199 bp, 3662 bp, 1881 bp, 1558 bp, 815 bp, 435 bp and 54 bp in 

common between the FLAG and HA tagged constructs. In addition to these, each 
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construct had a unique band. CBS-HA-p400 had a unique band of 602 bp while CBS-

FLAG-p400 construct has 562 bp and 31 bp bands unique to it upon NcoI digestion. 

Figure 4.7 shows the digestion of 200 ng of full length CBS-FLAG-p400 and CBS-HA-

p400.  Lane 1 and 2 show undigested CBS-FLAG-p400 and CBS-HA-p400 while lane 3 

and 4 show CBS-FLAG-p400 and CBS-HA-p400 respectively digested with KpnI. The 

double bands that are distinctive of CBS-HA-p400 can be clearly seen in lane 4 while 

the single band of CBS-FLAG-p400 can be seen in lane 3. Lane 5 and 6 again show 

undigested CBS-FLAG-p400 and CBS-HA-p400 respectively and lane 7 and 8 shows 

CBS-FLAG-p400 and CBS-HA-p400 respectively digested with NcoI. The CBS-HA-

p400 was verified by Sanger sequencing (2.2.13) which confirmed the construct had 

been correctly made.  

 

Figure 4.7 Digestion of FLAG-p400 and HA-p400. CBS-FLAG-p400 (200 ng) and CBS-HA-p400 (200 

ng) was digested with NcoI or KpnI. Undigested and digested plasmids were subjected to electrophoresis 

on a 1% agarose, 0.5x TBE gel  at 100 V for 1 h. Samples were visualised using ethidium bromide under 

UV light. L: Ladder, 1: CBS-bsk-FLAG-p400 undigested, 2: CBS-HA-p400 undigested, 3: CBS-bsk-

FLAG-p400 digested with KpnI, 4: CBS -HA-p400 digested with KpnI, 5: CBS-bsk-FLAG-p400 

undigested, 6: CBS-HA-p400 undigested, 7: CBS-FLAG-p400 digested with NcoI, 8: CBS-HA-p400 

digested with NcoI.  
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Expression of HA-p400 was confirmed by transfection of HEK293T cells with 1 μg of 

CBS-HA-p400 DNA or 1 μg control CBS-FLAG-p400 DNA. The cells were incubated 

for 48 h before being harvested for whole cell extract. Ten percent (v/v) of the prepared 

whole cell extract was examined by western blotting (section 2.3.2) using antibodies 

raised against HA, FLAG, p400 and α-Ku86 which was used as a loading control 

(Figure 4.8). Examination with α-FLAG and α-HA showed that both constructs were 

able to express the correct epitope tagged protein (see lane 2 α-FLAG for FLAG-ATM 

expression and lane 3 α-HA for HA-ATM expression). Examination with α-p400 

showed that there was approximately the same expression from both constructs and the 

amount of p400 produced was significantly more than endogenous levels (lane 1 

compared to 2 and 3). The loading control with α-Ku86 showed approximately the same 

amount of protein had been loaded in each lane. Overall, the construction of CBS-HA-

p400 was successful with the construct having approximately equal expression to the 

original expression vector CBS-FLAG-p400.  

 

Figure 4.8 Expression of HA-p400 and FLAG-p400. HEK293T cells were transfected with 1 μg of 

DNA with 4 μL of FuGENE™ HD. Cells were incubated for 48 hours and harvested for whole cell 

extract. 10% (v/v) of the samples were separated on a 5% polyacrylamide gel by SDS-PAGE for 1 h at 30 

mA. Proteins were transferred to PVDF membrane at 150 mA for 4 h. Samples were examined on an 

immunoblot with α-HA, α-FLAG, α-p400 and α-Ku86 antibodies. Lane 1: CBF empty vector, Lane 2: 

CBS-FLAG-p400, Lane 3: CBS-HA-p400. 
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4.1.4 Association between ATM and p400. 
With the production of a HA-p400 expression construct, the interaction between ATM 

and p400 in vivo could be investigated through a co-immunoprecipitation assay. As 

interactions between ATM and TIP60 and TIP60 and p400 have previously been 

established, these were used as positive controls. HEK293T were transfected with 

pcDNA-FLAG-ATM (4 μg), CBS-HA-TIP60 (1 μg), CBF-TIP60 (1 μg), CBS-HA-

p400 (4 μg) in various combinations and were incubated for 48 h before being lysed in 

500 μL of whole cell extract (section 2.4.10) with 30 μL being kept as an input sample. 

The whole cell extract was subjected to immunoprecipitation using 15 μL of EziView 

HA-conjugated beads according to section 2.3.3. Input and immunoprecipitates were 

resolved on 5-10% two-step gradient polyacrylamide gels before being immunoblotted 

(section 2.3.1 and 2.3.2). As seen in Figure 4.9, the single FLAG-tagged proteins 

(FLAG-TIP60, lane 2 and FLAG-ATM, lane 4) were unable to be pulled down by the 

HA beads. The HA-tagged constructs (HA-TIP60, lane 3 and HA-p400, lane 5) were 

pulled down by the HA beads. This was expected and shows the specificity of the beads 

to pull down only HA-tagged proteins. In lane 6, HA-p400 was able to successfully pull 

down FLAG-TIP60, an interaction that has previously been confirmed. Additionally, in 

lane 7, HA-TIP60 was able to pull down FLAG-ATM, another previously characterised 

interaction. Interestingly, lane 8 shows that HA-p400 was able to pull down FLAG-

ATM, an as yet uncharacterised interaction. The antibody that was conjugated to the 

beads used for the pull down can be seen in the two TIP60 panels in the 

immunoprecipitation blots.  
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Figure 4.9 Co-immunoprecipitation between ATM and p400. HEK293T cells were transfected with 

pcDNA-FLAG-ATM (4 μg), CBS-HA-TIP60 (1 μg), CBF-TIP60 (1 μg), CBS-HA-p400 (4 μg) or with 

various combinations using FuGENE™ HD with a DNA: FuGENE ratio of 1:4. Both input and 

immunoprecipitation samples were separated on a 5-10% two step gradient SDS polyacrylamide gel that 

was electrophoresised at 30 mA for 1 h 15 min. The samples were transferred to a PVDF membrane at 

150 mA for four hours. Both input and immunoprecipitation membranes were examined on an 

immunoblot using α-HA and α-FLAG antibodies while the input samples were also examined with α-

actin antibody as a loading control to show relative loading. Lane 1: empty vector, Lane 2: FLAG-TIP60, 

Lane 3: HA-TIP60, Lane 4: FLAG-ATM, Lane 5: HA-p400, Lane 6: FLAG-TIP60 and HA-p400, Lane 7: 

HA-TIP60 and FLAG-ATM, Lane 8: FLAG-ATM and HA-p400.  

The reciprocal interaction was attempted with ATM being used to pull down p400 

however was unable to show the interaction (data not shown). It was speculated that it 

was due to the apparent weak interaction between p400 and ATM. Only a small amount 

of ATM was able to be pulled down with a significant amount of ATM (figure 4.9, lane 

8). Therefore, the amount of p400 that could be pulled down with ATM may not be 

detectable by western blot. However, the reciprocal interaction is addressed later in the 

study (see figure 4.19). 

The interaction observed between ATM and p400 in Figure 4.9 may be direct or indirect 

as p400 is a subunit of the larger TIP60 complex and ATM may be interacting with any 

other member of the TIP60 complex. Therefore, co-immunoprecipitation experiments 

between ATM and other subunits of the TIP60 complex were carried out in order to 
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show that the interaction between ATM and p400 is distinct. It is important to note that 

the proteins that were used for this co-immunoprecipitation experiment, BAF53 and 

GAS41, are integral members of the TIP60 complex and if pulled down, should co-

purify the entire TIP60 complex along with them.  HEK293T cells were transfected 

with pcDNA-FLAG-ATM (4 μg), CBS-HA-TIP60 (1 μg), CBS-HA-GAS41 (1 μg), 

CBS-HA-BAF53 (1 μg) in various combinations and incubated for 48 h before being 

subjected to whole cell extract preperation in a total volume of 500 μL with 30 μL being 

kept as an input sample. The whole cell extract was subjected to immunoprecipitation 

using 15 μL of α-HA antibody conjugated beads described in section 2.3.3. The input 

and immunoprecipitation samples were resolved on a 5-10% two step gradient gel and 

examined by western blotting (section 2.3.1 and 2.3.2) using α-HA and α-FLAG 

antibodies. Equal loading was confirmed using α-actin antibody. 

 

Figure 4.10 Interaction between ATM and members of the TIP60 complex. HEK293T cells were 

transfected with pcDNA-FLAG-ATM (4 μg), CBS-HA-TIP60 (1 μg), CBS-HA-GAS41 (1 μg), CBS-HA-

BAF53 (1 μg) individually of with various combinations using FuGENE™ HD with a DNA: FuGENE 

ratio of 1:4. Both input and immunoprecipitation samples were separated on a 5-10% two step gradient 

SDS polyacrylamide gel that was electrophoresised at 30 mA for 1 h 15 min. The samples were 

transferred to a PVDF membrane at 150 mA for four hours. Both input and immunoprecipitation 

membranes were examined using α-HA and α-FLAG antibodies while the input samples were also 

examined with α-actin antibody to show relative loading. Lane 1: empty vector, Lane 2: HA-GAS41, 

Lane 3: HA-BAF53, Lane 4: HA-TIP60, Lane 5: FLAG-ATM, Lane 6: FLAG-ATM and HA-GAS41, 

Lane 7: FLAG-ATM and HA-BAF53, Lane 8: FLAG-ATM and HA-TIP60. 
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Each of the individually expressed HA-tagged constructs (TIP60, GAS41 and BAF53) 

show equal amount of pull down (Figure 4.10,  α-HA IP panel, lanes 2-5) even though 

GAS41 and BAF53 appear to have slightly lower expression levels compared to TIP60 

(see input lanes 2 and 3). This suggests that when incubated with the beads, the binding 

capacity of the beads becomes fully saturated. Again, FLAG-ATM is unable to bind to 

the HA beads by itself (IP panel lane 5). The control immunoprecipitation between 

ATM and TIP60 shows an interaction (IP panel lane 8) while the other two members of 

the TIP60 complex do not show the ability to pull down ATM (IP panel lane 6 and 7).  

This suggests that the interaction seen between ATM and p400 is not due to an 

interaction of ATM with the TIP60 complex but instead, a distinct interaction between 

ATM and p400. The absence of ATM association with TIP60 complex members is not 

due to low ATM expression levels as there are relatively equal amounts of ATM seen in 

each input sample (see lane 6-8 input panel α-ATM) 

ATM and p400 have both been associated with DNA repair (Berkovich, Monnat, & 

Kastan, 2007; Burma et al., 2001; Doyon & Cote, 2004). It is possible that the 

interaction may be dependent on DNA damage. To investigate this possibility, the 

interaction between ATM and p400 was examined in the presence of bleomycin, an 

inducer of DNA double-strand breaks. HEK293T cells that were 50% confluent were 

transfected in duplicate with pcDNA-FLAG-ATM (4 μg) alone or with CBS-HA-TIP60 

(1 μg) or CBS-HA-p400 (4 μg) as above. Before harvesting, one plate of ATM alone, 

one of TIP60 together with ATM and one of p400 together with ATM were treated with 

bleomycin for 4 h. The cells were harvested for whole cell extract and subjected to 

immunoprecipitation with α-HA antibody conjugated beads. A 6% input sample was 

saved and the insoluble chromatin fraction was subjected to histone extraction (section 

2.4.11). Immunoprecipitation was carried out according to section 2.3.3 before being 

resolved on a 5-10% two-step gradient gel (section 2.3.1) and transferred to a PVDF 

membrane (section 2.3.2). Histone samples were resolved on a 12% polyacrylamide gel 

and transferred to a PVDF membrane (section 2.3.1 and 2.3.2). Figure 4.11 shows the 

results of the immunoprecipitation. Input and immunoprecipitates were examined using 

α-HA and α-FLAG antibodies while the input sample was also examined with α-actin 

antibody as a loading control. The histone samples were also examined with α-H2AX-

S139P antibody to investigate the induction of the DNA damage response total histone 

H2AX levels as a loading control. 
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Figure 4.11 Co-immunoprecipitation between ATM and p400 in the presence and absence of DNA 

damage. HEK293T cells were transfected with pcDNA-FLAG-ATM (4 μg) alone or with CBS-HA-

TIP60 (1 μg) or CBS-HA-p400 (4 μg) and incubated for 48 h. Cells were treated with bleomycin for 4 h 

before being harvested and whole cell extract subjected to immunoprecipitation. Samples were resolved 

on a 5-10% two step gradient gel for 1 h 15 min before being transferred to a PVDF membrane for four 

hours at 150 mA. Membranes were examined with α-HA and α-FLAG antibodies while the input samples 

were also examined with α-actin antibody to see equal loading. To examine the activity of bleomycin, 

histone samples were resolved on a 12 % acrylamide gel for 50 min at 30 mA before being transferred to 

a PVDF membrane for 2 h at 150 mA. The membranes were examined with α-H2AX and α-H2AX-

S139P. Lane 1: empty vector, Lane 2: empty vector and bleomycin, Lane 3: FLAG-ATM, Lane 4: FLAG-

ATM and bleomycin, Lane 5: FLAG-ATM and HA-TIP60, Lane 6: FLAG-ATM and HA-TIP60 and 

bleomycin, Lane 7: FLAG-ATM and HA-p400, Lane 8: FLAG-ATM and HA-p400 and bleomycin. 

Each pair of samples shows an increase in H2AX phosphorylation in the presence of 

bleomycin, indicating that DNA double-strand breaks were induced and repair pathways 

were activated in bleomycin treated cells (Figure 4.11 compare lane 1 to 2, 3 to 4, 5 to 6 

and 7 to 8). Additionally, each pair of samples ± bleomycin showed equal amounts of 

ATM and either p400 or TIP60 which allowed direct comparison between the two 

samples. The pull down of ATM together with TIP60 in the presence and absence of 
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DNA damage remained the same (compare lane 5 and 6). This is consistent with 

previously literature (Sun, Xu, Roy, & Price, 2007). Similarly, the pull down of ATM 

together with p400 remained equal in the presence and absence of DNA damage. As the 

interaction between ATM and p400 does not change in the presence of DNA damage, it 

suggests that the interaction is not affected by the activation of ATM or any potential 

posttranslational modifications that p400 may experience in the presence of DNA 

damage. This experiment used over expressed ATM and p400 and therefore it is 

possible that the system would not function in the same manner as an endogenous 

system. It remains to be determined whether the interaction between endogenous ATM 

and p400 occurs in a DNA damage-independent manner.   

 

Figure 4.12 Schematic representation of full length p400 and derivatives used in this study. Full 

length p400 is 3122 amino acids in length. It contains several functional domains including the HSA 

domain (amino acid 763-834), the SWI2/SNF2 homology domain (amino acid 1050-1977) the SANT 

domain (amino acid 2372-2426) and the PolyQ domain (amino acid 2756-2784). Several constructs were 

provided from a previous study including the N-Terminus (amino acid 1-1589), the C-terminus (amino 

acid 1587-3122 with the first 101 amino acids at the N terminus), Fragment 1 (amino acid 1-719 of p400), 

Fragment 2 (amino acid 490-1222) and Fragment 3 (amino acid 1217-1862), Fragment 4 (SANT) (amino 

acid 2249-2472), Fragment 5 (amino acid 2466-3057) and Fragment 6 (amino acid 2750-3122). All p400 

derivatives are FLAG-tagged in the mammalian expression vector CBF. 

The interaction between ATM and p400 was investigated in further detail. Two 

constructs were provided by Dr Jeong Park which express FLAG tagged  N terminus of 

p400, residues 1-1589, or FLAG tagged C terminus of p400, residue 1587-3122 

containing a short N-terminal p400 fragment. A schematic representation of the p400 
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derivatives used in this study can be seen in Figure 4.12. HEK293T cells were 

transfected with pcDNA-HA-ATM (4 μg) and either CBS-FLAG-p400 (4 μg), CBS-

FLAG-N-terminus (1.5 μg) or CBS-FLAG-C-terminus (1.5 μg) as described in section 

2.4.3. Cells were incubated for 48 h before they were used to produce whole cell extract 

(section 2.4.10). Immunoprecipitation was carried out according to section 2.3.3 using 

15 μL of α-FLAG antibody conjugated beads before samples were resolved on a 5-10% 

two-step gradient SDS polyacrylamide gel and immunoblotting (section 2.3.1 and 

2.3.2). The blots were examined with antibodies raised against ATM and FLAG with β-

actin used as a loading control and the results are shown in Figure 4.13. From the α-

ATM panel, overexpressed ATM can be seen in lane 2, 4 and 5 with endogenous levels 

of ATM in lane 1 and 3. The expression of HA-ATM in lane 3 is not obvious since the 

level of total ATM is comparable to the endogenous level of ATM in lane 1. The FLAG 

tagged p400 (lane 3), and N and C termini of p400 (lane 4 and 5) all expressed to 

relatively similar amount. In the immunoprecipitation panel, the positive control of 

ATM being pulled down by p400 can be seen in lane 3. The amount of ATM that is 

pulled down is low, but this relates to the amount of ATM in the input. It is possible that 

HA-ATM did not express in this sample and the ATM that is pulled down would likely 

be endogenously expressed ATM. Interestingly, both N and C terminal fragments of 

p400 were able to pull down ATM, with the N terminus fragment (lane 4) precipitating 

a greater amount of ATM than the C terminus (lane 5).  It is possible that ATM interacts 

with several regions of p400, or that the interaction between ATM and p400 is 

facilitated between residues 1-108 of p400 that were present in both N and C terminal 

constructs. The interaction of ATM with p400 was attempted to map using 6 fragments 

of p400.  
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Figure 4.13 Co-immunoprecipitation between ATM and N and C terminus of p400. HEK293T cells 

were transfected with pcDNA-HA-ATM (4 μg) alone or with CBF-FLAG-p400 (4 μg) or CBF-N-

Terminus (1.5 μg) or CBF-C Terminus (1.5 μg) with a DNA to FuGENE ratio of 1:4 and incubated for 48 

h before being harvested and whole cell extract subjected to immunoprecipitation. Samples were resolved 

on a 5-10% two step gradient gel for 1 h 15 min before being transferred to a PVDF membrane for four 

hours at 150 mA. Membranes were examined with α-HA and α-FLAG antibodies while the input samples 

were also examined with α-actin antibody to see equal loading. Lane 1: empty vector, Lane 2: HA-ATM, 

Lane 3: HA-ATM and FLAG-p400, Lane 4: HA-ATM and FLAG-N-Terminus, Lane 5: HA-ATM and 

FLAG-C-Terminus. 

To map the interaction of ATM to a region within p400, six FLAG-tagged fragments of 

p400 were provided by Dr Jeong Park (Figure 4.12) and were used in co-

immunoprecipitation experiments with HA-ATM. HEK293T cells were transfected with 

pcDNA-HA-ATM (4 μg) alone or with CBS-FLAG-p400 (4 μg), CBS-FLAG-F1 (1 

μg), CBS-FLAG-F2 (1 μg), CBS-FLAG-F3 (1 μg), CBS-FLAG-SANT (2249-2472) (2 

μg), CBS-FLAG-F5 (2 μg) or CBS-FLAG-F6 (1 μg). Cells were incubated for 48 h 

before they were used to produce whole cell extract (section 2.4.10). 

Immunoprecipitation was carried out according to section 2.3.3 before samples were 

resolved on a 5-10% two-step gradient SDS polyacrylamide gel and immunoblotting 

(section 2.3.1 and 2.3.2). The blots were examined with antibodies raised against HA 

and FLAG and with β-actin antibody as a loading control.  
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Figure 4.14 Co-immunoprecipitation between ATM and Fragment 1-6 of p400. A 100 mm plate of 

HEK293T cells were transfected with pcDNA-HA-ATM (4 μg) alone or with CBF-FLAG-p400 (4 μg) or 

CBF-F1 (1 μg), CBF-F2 (1 μg), CBF-F3 (1.5 μg), CBF-SANT (2249-2472) (1.5 μg), CBF-F5 (1 μg), 

CBF-F6 (1 μg) using a DNA to FuGENE ratio of 1:4 and incubated for 48 h before being harvested and 

whole cell extract subjected to immunoprecipitation. Samples were resolved on a 5-10% two step gradient 

gel for 1 h 15 min before being transferred to a PVDF membrane for four hours at 150 mA. Membranes 

were examined with α-HA and α-FLAG antibodies while the input samples were also examined with α-

actin antibody to check equal loading. Lane 1: empty vector, Lane 2: HA-ATM, Lane 3: HA-ATM and 

FLAG-p400, Lane 4: HA-ATM and FLAG-F1, Lane 5: HA-ATM and FLAG-F2, Lane 6: HA-ATM and 

FLAG-F3, Lane 7: HA-ATM and FLAG-SANT (2249-2472), Lane 8: HA-ATM and FLAG-F5, Lane 9: 

HA-ATM and FLAG-F6. 

Figure 4.14 shows the co-immunoprecipitation between HA-ATM and the FLAG 

tagged fragments of p400. The input shows that all FLAG-tagged p400 constructs 

expressed (see α-FLAG panel, lanes 3-9) and HA-ATM expressed in samples 2-9 (see 

input α-FLAG panel). The level of ATM in sample 3 was significantly lower than in the 

other samples as well and lane 5 also showed a slight reduction in ATM expression. 

When the immunoprecipitates were examined, the positive control of ATM and full 

length p400 (lane 3) showed ATM co-immunoprecipitating with p400. The amount of 

ATM pulled down is low but this reflects the poor expression of ATM seen in the input 

sample. Interestingly, ATM was able to co-immunoprecipitate with several fragments of 

p400 as seen in the α-FLAG IP panel lanes 4-8. There is a significant co-
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immunoprecipitation of ATM with fragments 1, 2 and 3 of p400 which reflects the 

strong association of ATM with the N terminus of p400 in Figure 4.13. ATM was also 

able to co-immunoprecipitate with the SANT domain (2249-2472) which is fragment 4 

of p400. This co-immunoprecpitation appears to be not as strong as fragments 1, 2 and 3 

as only a small amount of ATM was pulled down. Fragment 5 showed an even lower 

amount of ATM co-immunoprecipitating and may not be a true interacting domain.  

4.2 An interaction between ATM and p400 in a non-mammalian 
system. 

4.2.1 Introduction 
The interaction between ATM and p400 has been identified in HEK293T cells using 

overexpressed ATM and p400. While this is the first time such an interaction has been 

identified, it is complicated by the fact that a diverse range of interacting proteins are 

present in a mammalian cells and these may act as a bridge to associate instead of a bon 

a fide direct interaction between ATM and p400. To further support the existence of the 

interaction, further experiments were carried out in a non-mammalian system where 

there is less chance of other bridging proteins that allow the interaction between ATM 

and p400. The SF9 expression system was chosen to visualise the interaction. SF9 are 

an immortalised cell line established from the moth Spodoptera frugiperda. 

Overexpression of proteins is achieved by introducing baculovirus that has been 

engineered to express a protein of interest. Baculoviral constructs for HA-p400 were 

produced in this study while FLAG-ATM, HA-TIP60 and HA-RAR had previously 

been produced by Dr Jeong Park and Chris Burrows. All of these constructs were used 

to investigate an interaction between p400 and ATM in this heterologous system. 

4.2.2 Subcloning HA-p400 into pFastBac1 
The Bac-to-Bac® baculovirus expression system is an efficient way of cloning cDNA 

of interest for protein expression in SF9 cells. cDNAs can be cloned into the multiple 

cloning site (MSC) of the pFastBac1 vector which is flanked by transposition 

sequences. When E.coli DH10Bac are transformed with pFastBac1 plasmids, there is 

transposition of the cassette containing the coding region of interest from the pFastBac1 

vector into a baculovirus shuttle vector (bacmid). The bacmid contains a LacZ gene that 

is interrupted when the cassette from pFastBac1 will be inserted into the bacmid. This 

allows for blue-white selection of colonies.  
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Figure 4.15 Subcloning HA-p400 into pFastBac1. pFastBac1 (200 ng) and pFastBac1-HA-p400 (200 

ng) was digested with EcoRI or XhoI. Undigested and digested plasmids were subjected to electrophoresis 

on a 1% agarose in 0.5x TBE gel  at 100 V for 1 h. Samples were visualised using ethidium bromide 

under UV light. L: Ladder, Lane 1: pFastBac1 undigested, Lane 2: pFastBac1-HA-p400 undigested, Lane 

3: pFastBac1 digested, Lane 4: pFastBac1-HA-p400 digested.  

Both CBS-HA-p400 and pFastBac1 were sequentially digested with EcoRI and XhoI as 

described in section 2.2.6 in order to sub-clone HA-p400 into pFastBac1. Neither EcoRI 

or XhoI cuts within the HA-p400 coding sequence but sites occur in the plasmid 

backbone of CBS-HA-p400 and within the MCS of pFastBac1. Digested HA-p400 

insert and pFastBac1 vector backbone were purified by agarose gel electrophoresis and 

purification (section 2.2.4 and 2.2.5) before being used in a ligation reaction as 

described in section 2.2.8. E.coli DH5α were transformed with the ligation reaction and 

plated onto LB/agar plates containing ampicillin (50 μg/mL) as described in section 

2.2.10. Colonies were screened for the inclusion of the insert by digestion with EcoRI 

and XhoI. Figure 4.15 shows digestion of pFastBac1 and pFastBac1-HA-p400 with 

EcoRI and XhoI. 200 ng of plasmid DNA was digested with EcoRI and XhoI according 

to section 2.2.6 before uncut (lane 1 and 2 for pFastBac1 and pFastBac1-HA-p400 
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respectively) or digested plasmid (lane 3 and 4 for pFastBac1 and pFastBac1-HA-p400 

respectively) were separated on a 1% agarose gel (section 2.2.4). The pFastBac1-HA-

p400 plasmid releases a band of 12 kb which is consistent with the size of the HA-p400 

cDNA. The additional band seen in lane 4 is the vector backbone of pFastBac1. This 

can also be seen in lane 3. 

E.coli DH10Bac were transformed with pFastBac1-HA-p400 plasmid DNA according 

to the manufacturer’s instructions. Cells were grown on plates containing 50 μg/mL 

kanamycin, 7 μg/mL gentamycin, 10 μg/mL tetracycline, 40 μg/mL IPTG and 100 

μg/mL X-gal to allow blue-white selection of bacmid containing colonies. Two white 

colonies were picked and grown in 5 mL of LB supplemented with 50 μg/mL 

kanamycin, 7 μg/mL gentamycin, 10 μg/mL tetracycline and the bacmid was prepared 

according to section 2.2.12. Purified Bacmid was used to transfect SF9 cells as 

described in section 2.2.12 and HA-p400 baculovirus was propagated to passage 3 (P3) 

according to sections 2.4.3 and 2.4.5. 

4.2.3 Optimising expression of proteins from baculovirus 
The SF9 expression system is robust and generally produces large quantities of protein. 

The downside to this is that there is also a large amount of degradation products which 

is more problematic in expression large proteins such as ATM or p400. A time course 

of expression was undertaken to maximise the amount of full length protein produced 

and minimise the amount of degradation products. In this study, three proteins were 

examined over a period of 72 h to visualise optimal expression of proteins.  

To examine expression of HA-TIP60, SF9 cells were plated before being infected with 

20 μL of P3 HA-TIP60 virus as described in section 2.4.6. Cells were incubated at 26ᵒC 

and harvested for whole cell extract with a total volume of 500 μL (section 2.4.10) 

every 12 hours between 36 and 72 h post infection. Samples (30 μL) were resolved on a 

10% SDS polyacrylamide gel before being immunoblotted (section 2.3.1 and 2.3.2) or 

stained using Commassie blue as a loading control (section 2.3.5). Figure 4.16 shows 

the expression of HA-TIP60 over the 72 h time period. Lane 1 shows uninfected SF9 

cells as a control that was harvested at the 72 h time point. Lane 2-5 represent the HA-

TIP60 expression samples at 36 h, 48 h, 60 h and 72 h post infection respectively. A 

single band can be seen in the α-HA panel in lanes 3-5. This shows that HA-TIP60 

peaks at 72 h post-infection but required a minimum of 48 h of infection to visualise 
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expression. The Coomassie blue stained gel was included as a loading control to show 

that each lane contained similar protein amounts.  

 

Figure 4.16 Time course of HA-TIP60 expression in SF9 cells. A 100 mm plate of SF9 cells that were 

plated at a density of 1x106 cells/mL were infected with 20 μL of P3 HA-TIP60 virus or without virus 

(lane 1). Cells were incubated for 36, 48, 60 or 72 hours (lane 2-5 respectively) before being harvested for 

whole cell extract with a final volume of 500 μL.  Samples (6% v/v) were resolved on a 10% SDS 

polyacrylamide gel for 1 h before being transferred to a PVDF membrane for two hours at 150 mA. 

Membranes were examined with α-HA to see HA-TIP60 expression while an additional gel was stained 

with Coomassie Blue to see equal loading. Lane 1: Non-infected SF9, Lane 2: HA-TIP60 36 h, Lane 3: 

HA-TIP60 48 h, Lane 4: HA-TIP60 60 h, Lane 5: HA-TIP60 72 h. 

To examine the expression of FLAG-ATM SF9 cells were seeded before being infected 

with 0.5 mL of FLAG-ATM P3 virus as described in section 2.4.6. Cells were harvested 

to make whole cell extract (section 2.4.10) at 36 h, 48 h, 60 h, and 72 h with the 

uninfected sample harvested at 72 h. Samples were resolved on a 5% SDS 

polyacrylamide and either stained with Coomassie blue or used for western blotting 

(section 2.3.1, 2.3.2 and 2.3.5).  Figure 4.17 shows the results of FLAG-ATM 

expression. Coomassie staining shows equal loading in each lane. The staining is quite 

light however bands can be seen around the 100 kDa mark. The α-FLAG panel shows 

the expression of a high molecular weight band above 260 kDa in lane 2-5 that 

represents FLAG-ATM. This band is absent in the non-infected control (lane 1). 

Expression of this large protein is optimal at 48 h and 60 h (lane 3 and 4) with lower 

levels seen at 36 h and 72 h (lane 2 and 5 respectively). There appears to be some level 

of degradation of FLAG-ATM at each time point.  
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Figure 4.17 Time course of FLAG-ATM expression in SF9 cells. A 100 mm plate of SF9 cells that 

were plated at a density of 1x106 cells/mL were infected with 20 μL of P3 FLAG-ATM virus or without 

virus (lane 1). Cells were incubated for 36, 48, 60 or 72 hours (lane 2-5 respectively) before being 

harvested for whole cell extract with a final volume of 500 μL.  Samples (6% v/v) were resolved on a 5% 

SDS polyacrylamide gel for 1 h before being transferred to a PVDF membrane for four hours at 150 mA. 

Membranes were examined with α-FLAG to see FLAG-ATM expression while an additional gel was 

stained with Coomassie blue to confirm equal loading. Lane 1: Non-infected SF9, Lane 2: FLAG-ATM 

36 h, Lane 3: FLAG-ATM 48 h, Lane 4: FLAG-ATM 60 h, Lane 5: FLAG-ATM 72 h. 

To examine the expression of HA-p400, SF9 cells were seeded and infected with 1 mL 

of HA-p400 P3 virus per plate as described in section 2.4.6. Cells were harvested to 

make whole cell extract (section 2.4.10) at 24 h, 36 h, 48 h, 60 h, and 72 h with the 

uninfected sample harvested at 72 h. Samples were resolved on a 5% SDS 

polyacrylamide gel and either stained with Coomassie blue or used for immunoblotting 

(section 2.3.1, 2.3.2 and 2.3.5).  Figure 4.17 shows the results of HA-p400 expression. 

Coomassie staining shows equal loading in each lane. p400 expression was examined 

using an antibody raised against p400 and can be seen in the α-p400 panel. There is 

little to no expression of p400 seen in lane 2, 3 or 6 which represent 24 h, 36 h and 72 h 

with significantly more p400 expressed in lanes 4 and 5 which represent 48 h and 60 h. 

There is a significant amount of degradation products seen in all lanes and a small 

amount of cross reacting protein which can be seen in lane 1 which is non-infected SF9 

cells.  
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Figure 4.18 Time course of HA-p400 expression in SF9 cells. A 100 mm plate of SF9 cells that were 

plated at a density of 1x106 cells/mL were infected with 20 μL of P3 HA-p400 virus or without virus 

(lane 1). Cells were incubated for 24, 36, 48, 60 or 72 h (lane 2-6 respectively) before being harvested for 

whole cell extract with a final volume of 500 μL.  Samples (6% v/v) were resolved on a 5% SDS 

polyacrylamide gel for 1 h before being transferred to a PVDF membrane for four hours at 150 mA. 

Membranes were examined with α-HA antibody to see HA-p400 expression while an additional gel was 

stained with Coomassie blue to see equal loading. Lane 1: Non-infected SF9, Lane 2: HA-p400 24 h, 

Lane 3: HA-p400 36 h, Lane 4: HA-p400 48 h, Lane 5: HA-p400 60 h, Lane 6: HA-p400 72 h. 

Overall, human recombinant proteins of HA-TIP60, FLAG-ATM and HA-p400 were all 

expressed in SF9 cells using the baculoviral system. The time points of 48 h and 60 h 

produced the highest level of expression for FLAG-ATM and HA-p400 with 48 h 

showing slight decreased levels for HA-TIP60 compared to 60 h. A significant protein 

degradation or truncated protein expression occurred regardless of time course in both 

FLAG-ATM and HA-p400. This was expected as they are significantly larger proteins 

compared to HA-TIP60 which did not exhibit any degradation products. 

4.2.4 Examining the interaction between ATM and p400 in SF9 cells 
The interaction between ATM and p400 has been identified by co-immunoprecipitation 

with proteins expressed in mammalian cells. To confirm this direct interaction it needs 

to be shown in a different system. Additionally, the co-immunoprecipitation in 

mammalian cells was only completed using a single type of antibody-conjugated beads 

as the reciprocal co-immunoprecipitation experiment failed to show an interaction (data 

not shown). Here, the interaction between ATM and p400 was investigated with 

reciprocal pull down experiments.  
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SF9 cells were plated at a density of 1x106 cells/mL and allowed to adhere for 15 min 

before being infected with baculoviruses of HA-p400, FLAG-ATM, HA-TIP60, HA-

RAR or a combination of these to investigate the interaction between ATM and p400. 

RAR was used as a negative control to show that the interaction seen between FLAG-

ATM and HA-p400 was not dependent on the HA tag but rather on the interaction 

between the two proteins. RAR is a nuclear retinoic acid receptor that is expected not to 

interact with either ATM or p400. The cells were incubated for 48 h before being 

harvested to collect whole cell extract. The samples were split into two equal volumes 

and were subjected to immunoprecipitation using M2 agarose (for FLAG-tagged 

protein) or α-HA antibody conjugated beads. The samples were incubated overnight on 

an orbital rotator at 4oC before being washed thoroughly with lysis buffer to remove any 

non-specific binding proteins. The samples were resolved on a 5-10% two-step gradient 

gel before being transferred to a PVDF membrane and examined with α-FLAG or α-HA 

antibody.  

From the results shown in Figure 4.19, a reciprocal interaction between ATM and p400 

has been established. The input panels show that protein is expressed in all appropriate 

lanes. The expression levels of p400 are relatively weak in the input panel (lanes 3 and 

6). However the HA immunoprecipitation showed that HA-p400 was able to be pulled 

down in both samples indicating that HA-p400 was indeed expressed in these samples. 

The α-FLAG IP shows clearly that HA-p400 is able to precipitate with FLAG-ATM and 

that p400 is unable to be pulled down in the absence of FLAG-ATM (compare lane 3 

with lane 6). Additionally, the positive control of FLAG-ATM interacting with HA-

TIP60 can clearly be seen in lane 5. HA-TIP60 was unable to be pulled down in the 

absence of FLAG-ATM (see lane 2). The negative control of FLAG-ATM and HA-

RAR (lane 8), was included to show that the interactions seen between ATM and p400 

and ATM and TIP60 are specific and not due to an interaction between the HA and 

FLAG tags or any non-specific interaction. Additionally, HA-RAR was unable to bind 

to the α-FLAG antibody beads to be pulled down (lane 7). The reciprocal experiment 

using α-HA antibody conjugated beads showed complementary results to the α-FLAG 

IP. Here, HA-p400 was able to pull down FLAG-ATM (lane 6) while FLAG-ATM was 

unable to be pulled down by the α-HA antibody conjugated beads (lane 4). The positive 

control of HA-TIP60 interaction with FLAG-ATM can also be seen in lane 5. 

Additionally, the negative control of HA-RAR together with FLAG-ATM (lane 8) 
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failed to show ATM being pulled down by HA-RAR. HA-RAR was precipitated using 

α-HA beads (lane 7).  

 

Figure 4.19 Co-immunoprecipitation between ATM and p400 in SF9 cells. Cells that were infected 

with a combination of FLAG-ATM, HA-p400, HA-TIP60 and HA-RAR baculovirus were incubated for 

48 h before being subjected to whole cell extraction. Samples were immunoprecipitated with M2 agarose 

(α-FLAG) or with α-HA antibody conjugated beads. The samples were resolved on a 5-10% two-step 

gradient gel at 0.03 A for 1 h 15 min. Proteins were transferred to a PVDF membrane for 4 h at 150 mA 

before being examined using α-FLAG, α-HA or α-p400. Coomassie Blue stain was used for the input 

sample to show equal loading. . Lane 1: Non-infected SF9, Lane 2: HA-TIP60, Lane 3: HA-p400, Lane 4: 

FLAG-ATM, Lane 5: FLAG-ATM and HA-TIP60, Lane 6: FLAG-ATM and HA-p400, Lane 7: HA-

RAR, Lane 8: FLAG-ATM and HA-RAR. 

4.2.5 Localisation of FLAG-ATM and HA-p400 in SF9 cells 
Confocal microscopy is a powerful technique that can be used to visualise the 

localisation of proteins within a cellular system. Here, FLAG-ATM and HA-p400 were 
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examined at different time points to determine their position with SF9 cells and if co-

localisation could be seen. Here, SF9 cells were seeded onto coverslips as described in 

section 2.4.9 and infected with FLAG-ATM P3 virus, HA-p400 P3 virus or a 

combination of FLAG-ATM and HA-400 virus. Cells were stained according to section 

2.4.9 and were imaged using a confocal microscope. 

Figure 4.20 shows the localisation of FLAG-ATM 24 h, 36 h and 48 h post infection. 

FLAG-ATM, shown in red, is distributed throughout the cell in both nucleus and 

cytoplasm at each time point. There is staining that localises with DAPI, which stains 

DNA, indicating that there is ATM present in the nucleus of the cell. Additionally, a 

small amount of ATM staining appears in the cytoplasm surrounding the nucleus. 

Figure 4.21 shows the staining of HA-p400 24 h, 36 h and 48 h post infection. Here, 

p400 is shown in green and at 24 h stains throughout the cell in both the nucleus and 

cytoplasm. At 36 h and 48 h post infection, p400 is found solely in the cytoplasm. This 

is shown by a distinct lack of staining in the nuclear region in the α-p400 panel and 

there is no co-localisation of DAPI with HA-p400 staining. Interestingly, when the two 

proteins are co-expressed as in Figure 4.22, both proteins are initially expressed 

throughout the cell including the nucleus (Figure 4.22, 24 h panel). At the later time 

points, 36 h and 48 h, ATM is no longer localised in the nucleus and is completely 

sequestered in the cytoplasm with p400. This change in localisation supports the 

hypothesis that there is an interaction between ATM and p400 resulting in p400 binding 

to ATM, sequestering it in the cytoplasm. All experiments were repeated on three 

separate occasions and representative images from these are shown. For all time points, 

at least 30 cells were examined.  
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4.3 Functional analysis of the p400-ATM interaction 

4.3.1 Introduction 
The potential interaction between ATM and p400 has been established through several 

different methodologies including co-immunoprecipitation in mammalian cells and SF9 

cells, as well as by colocalisation in SF9 cells by confocal microscopy. It is 

hypothesised that the interaction between ATM and p400 will be significant in 

regulating several functions of ATM and p400 within the cellular system. These 

include; p400 will alter the activity of ATM kinase in the presence or absence of DNA 

damage; ATM kinase will alter the activity of p400 chromatin exchange in the presence 

or absence of DNA damage; or finally, that the interaction between ATM and p400 is a 

means of bringing both proteins to the site of DNA damage. The kinase activity of 

ATM was assessed in the presence of DNA damage and in the presence of p400.  

4.3.2 ATM kinase activity 
To investigate the autophosphorylation of ATM in the presence and absence of DNA 

damage HEK293T cells were transfected with pcDNA-HA-ATM (4 μg) using and were 

incubated for 48 h before being harvested for whole cell extract (section 2.4.10). Prior 

to harvest, cells were treated with UV for 2 min and allowed to recover for 1 h. Samples 

were subjected to immunoprecipitation using α-HA antibody conjugated beads (2.3.3) 

and used in a kinase assay with [P33] ATP as a phosphate source (section 2.3.4). 

Samples were resolved on a 5-10% two-step gradient SDS polyacrylamide gel and 

transferred to a membrane as in section 2.3.1 and 2.3.2. Phosphorylation of proteins was 

examined by X-ray film. Membranes were also examined for ATM expression using 

antibodies raised against HA.  
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Figure 4.23 ATM autophosphorylation in the presence of UV induced DNA damage. HEK293T cells 

were transfected with ATM (4 μg) with FuGENE™ HD. Prior to harvest, samples were treated with UV 

for 2 min and left to recover for 60 min. Whole cell extract was made (2.4.10) and samples were 

subjected to immunoprecipitation with α-HA conjugated beads before being used in an 

autophosphorylation kinase assay (2.3.3 and 2.3.4). Samples were resolved on a 5-10% two-step gradient 

SDS polyacrylamide gel and resolved at 30 mA for 1 h 15 min. Samples were transferred to PVDF 

membrane at 150 mA for 4 h before being examined for phosphorylation and immunoblot using α-HA 

antibody. Lane 1 and 2: non-transfected 293T cells in the absence and presence of [P33] ATP respectively, 

Lane 3 and 4: non-transfected 293T cells treated with UV in the absence and presence of [P33] ATP 

respectively, Lane 5 and 6: immunoprecipitated ATM in absence and presence of [P33] ATP respectively, 

Lane 7 and 8: immunoprecipitated ATM treated with UV in absence and presence of [P33] ATP 

respectively. 

Figure 4.23 shows the autophosphorylation of ATM in the presence and absence of UV 

induced DNA damage. Lane 1 and 2 shows non-transfected 293T cells in the absence 

and presence of [P33] ATP respectively and lane 3 and 4 shows non-transfected 293T 

cells treated with UV in the absence and presence of [P33] ATP respectively. Lane 5 

and 6 show immunoprecipitated ATM in absence and presence of [P33] ATP 

respectively while lane 7 and 8 show immunoprecipitated ATM treated with UV in 

absence and presence of [P33] ATP respectively. In the samples that have no [P33] ATP 

in the reaction there is no background signal indicating that what is seen in the [P33] 
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ATP samples occurred during the kinase reaction (Lane 1, 3, 5 and 7). Lane 2 and 4 

which do not express ATM show some lower weight proteins are phosphorylated. This 

suggests that some non-specific kinases are pulled down and will phosphorylate 

proteins in the immunoprecipitated sample. There appears to be no difference between 

samples treated with UV compared to those that have not been treated. Lane 6 and 8 

show some extra bands above the 260 kDa mark that represent HA-ATM. When 

examined with α-HA, bands of the same size are seen. The amount of HA-ATM in lane 

5 -8 is relatively equal. The P33 panel shows ATM is phosphorylated in lanes 6 and 8 

however, there is no way to distinguish whether the observed phosphorylation occurs by 

autophosphorylation or due to non-specific kinases pulled down in the reaction. There 

appears to be no increase in ATM phosphorylation in the presence of UV induced DNA 

damage. Additionally, an immunoblot of histone H2AX-P showed the increase in 

H2AX phosphorylation associated with DNA damage and ATM activation (data not 

shown).  

Immunoprecipitated ATM or co-immunoprecipitated ATM/TIP60 or ATM/p400 were 

examined for autophosphorylation of ATM to investigate whether ATM can be 

activated in the absence of DNA damage by an interaction between ATM and p400. 

SF9 cells were plated in 100 mm plates at a density of 1x106 cells/mL and allowed to 

adhere for 15 min before being infected with P3 HA-TIP60 virus (20 μL), P3 FLAG-

ATM virus (0.5 mL) or P3 HA-p400 virus (1 mL) or a combination of the viruses. Cells 

were incubated for 48 h before being used to make whole cell extract (section 2.4.10). 

Whole cell extract was subjected to immunoprecipitation and then used for a kinase 

assay (section 2.3.3 ad 2.3.4).  

Figure 4.24 shows the results of the kinase assay. The input samples show the 

expression of the proteins used in each sample. Lane 1 is a negative control. Lane 2, 3 

and 4 show the single expression of HA-TIP60, HA-p400 and FLAG-ATM respectively 

while lane 5 shows the co-expression of HA-TIP60 and FLAG-ATM and lane 6 shows 

the co-expression of HA-p400 and FLAG-ATM. The IP panel shows the 

immunoprecipitation of proteins that was used in the kinase assay in the P33 panel 

below. Lane 1 is a kinase assay with no immunoprecipitated material to act as a 

negative control. Lane 2 and 3 show the kinase assay completed using 

immunoprecipitates with α-HA and α-FLAG beads with SF9 extract respectively. This 

was used because samples 4 and 5 were performed using α-HA beads to pull down HA-
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TIP60 and HA-p400 while lanes 6-8 use α-FLAG beads to pull down FLAG-ATM and 

its co-immunoprecipitation partners HA-TIP60 and HA-p400. The IP panel successfully 

shows the immunoprecipitation and co-immunoprecipitation of all proteins. p400 in 

lane 5 appears as a large smear however, a bulge can be seen at the same place as p400 

in lane 8 showing that p400 was precipitated in this sample. The large smear may have 

occurred from precipitation of a large amount of cross reacting proteins. When looking 

at the P33 panel, there appears to be no phosphorylation of ATM in any of the samples 

(lane 6-8) however, p400 appears to be heavily phosphorylated in lane 5. This likely 

comes from non-specific kinases immunoprecipitated in the samples. The amount of 

p400 immunoprecipitated in lane 8 compared to lane 5 is very low, therefore it is 

unlikely that any phosphorylation of p400 would be seen in this sample. ATM failed to 

become phosphorylated in this assay possibly because ATM expressed in SF9 cells may 

not be active due to incorrect folding or incorrect signalling for activation.  
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Figure 4.24 Autophosphorylation of recombinant ATM expressed in SF9 cells. SF9 cells were plated 

in 100 mm plates at a density of 1x106 cells/mL and allowed to adhere for 15 min before being infected 

with P3 HA-TIP60 virus (20 μL), P3 FLAG-ATM virus (0.5 mL) or P3 HA-p400 virus (1 mL) or a 

combination of the viruses. Cells were incubated for 48 h before being used to make whole cell extract 

(section 2.4.10). Whole cell extract was subjected to immunoprecipitation with α- HA or α-FLAG 

conjugated beads and then used for a kinase assay (section 2.3.3 ad 2.3.4). Samples were resolved on a 5-

10% two-step gradient SDS polyacrylamide gel and resolved at 30 mA for 1 h 15 min. Samples were 

transferred to PVDF membrane at 150 mA for 4 h before being examined for phosphorylation and 

immunoblotting using α-HA antibody. Input panel shows expression of proteins in SF9 cells. Lane 1: 

non-infected, Lane 2: HA-TIP60, Lane 3: HA-p400, Lane 4: FLAG-ATM, Lane 5: FLAG-ATM, Lane 6: 

FLAG-ATM and HA-TIP60, Lane 6: FLAG-ATM and HA-p400. IP panel shows; Lane 1: No 

immunoprecipitated material, Lane 2: Non-infected SF9 cells immunoprecipitated with α-HA beads, Lane 

3: Non-infected SF9 cells immunoprecipitated with α-FLAG beads, Lane 4: HA-TIP60, Lane 5: HA-

p400, Lane 6: FLAG-ATM, Lane 7: FLAG-ATM, Lane 7: FLAG-ATM and HA-TIP60, Lane 8: FLAG-

ATM and HA-p400. 
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4.4 Discussion 
Protein-protein interactions govern many processes within a cell. This is exemplified 

through DNA repair pathways where a coordinated effort of proteins strives to maintain 

the integrity of DNA and reduce the probability of cellular transformation. One of the 

key proteins involved in double-strand break repair is ATM kinase. This protein is 

responsible for phosphorylating histone H2AX at break sites as well as a vast number of 

proteins involved in DNA repair or checkpoint control (Burma et al., 2001; Geng et al., 

2007; B. Xu et al., 2002). As a regulator of ATM, histone acetyl transferase TIP60 is 

known to acetylate ATM in the presence of DNA double-strand breaks facilitating 

ATM activation (Sun et al., 2007). This study investigated the interaction of ATM with 

the p400 ATPase for which there are several lines of evidence to suggest that the ATM-

p400 interaction was likely to occur. Firstly, ATM is a member of the PIKK family of 

kinases. These family members share a similar domain structure including FAT (FRAP-

ATM-TRRAP) domain, a FATC domain (a FAT domain located at the C-terminus of 

the protein), a PIKK regulatory domain and a PI3K kinase domain (Shiloh, 2003). 

Interestingly there appears to be functional redundancy of these domains. If the FATC 

domain of ATM is exchanged for the homologous domain from ATR, TRRAP or DNA-

PKcs, the overall function of the protein is retained (Jiang et al., 2006). This suggests 

that there may be common binding partners for the domains within PIKK proteins. 

Further evidence for an interaction between ATM and p400 is supported by TIP60. 

TIP60 has been shown to interact with the SANT domain of p400 and as well as ATM 

(Park et al., 2010; Sun et al., 2007). Additionally, a paper in 2010 suggested a 

relationship between ATM and p400 as knockdown of p400 was able to induce the 

activity of ATM (Lise Mattera et al., 2010).  Interestingly, mice generated to knockout 

either ATM and p400 prove to be embryonic lethal serves to emphasise the importance 

of these two repair proteins and the difficulty in determining their function (Daniel et 

al., 2012; Ueda et al., 2007). 

Co-immunoprecipitation experiments were carried out to visualize the interaction 

between ATM and p400 (Figure 4.9). HA-tagged p400 was pulled down by α-HA 

conjugated agarose beads and FLAG-tagged ATM was shown to coimmunoprecipitate. 

An attempt to perform the reciprocal experiment pulling down ATM and 

coimmunoprecipitating p400 was unsuccessful in mammalian cells. When examining 

the interaction between ATM and p400 in a reverse co-immunoprecipitation 
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experiment, only a small amount of ATM was pulled down and the reciprocal 

interaction was not consistently detectable due to the low interaction amount (data not 

shown). In order to confirm the interaction, ATM and p400 were expressed in an insect 

system using SF9 cells. Coimmunoprecipitation experiments were carried out and the 

interaction between ATM and p400 could be observed (Figure 4.19). In this set of 

experiments, the interaction was shown using a reciprocal coimmunoprecipitation assay. 

While proteins expressed in insect cells showed a large amount of degradation products 

(Figure 4.16 and 4.18) which may have facilitated the interaction between ATM and 

p400, the proteins expressed in mammalian cells (figure 4.4 and 4.8) showed a single 

band consistent with the size of full length ATM or p400. This suggests that the 

interaction between ATM and p400 is through the full length protein and not through 

the smaller degradation products.  

An additional method to observe the interaction between ATM and p400 was confocal 

microscopy to examine protein localization. Recombinant human ATM expressed in 

SF9 cells localized to both the nucleus and cytoplasm over the 48 h time period 

examined while recombinant human p400 expressed in SF9 cells initially localizes to 

the nucleus and cytoplasm at 24 h post-infection but became solely cytoplasmic at 36 h 

post-infection (Figure 4.20 and 4.21).  Interestingly, when recombinant human ATM 

and p400 are co-expressed in SF9 cells, a clear change in localization of ATM could be 

seen at 36 h and 48 h post infection (Figure 4.22) where ATM is only found in the 

cytoplasm. This suggests that the p400 restricts ATM to the cytoplasm through a direct 

interaction. While ATM and p400 are both nuclear proteins in mammalian cells, it 

appears that the nuclear localization sequence in p400 may not be functioning for 

localization to the nucleus of SF9 cells. Examination of the literature did not yield a 

consensus nuclear localization sequence for SF9 cells as these cells are primarily used 

for protein expression and not as a model system for examining protein function. The 

change in localization of ATM upon p400 coexpression may be an artifact of protein 

expression in SF9 cells as ATM has been described to be a nuclear protein with small 

amounts in cytoplasmic vesicles in mammalian cells (Dar et al., 2006; Gately et al., 

1998; Watters et al., 1997). This localization does not change upon DNA damage by 

UV irradiation. However, to confirm that p400 is not involved in localization of ATM 

in mammalian cells, the localization of ATM can be investigated in the presence of 

p400 that has undergone mutagenesis of the nuclear localization signal.  
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To elucidate the potential role of the ATM-p400 interaction, the dynamics of the 

interaction was examined. p400 is known to act as part of the larger TIP60/p400 

complex in DNA repair (Kobor et al., 2004; Kusch et al., 2004). The interaction of p400 

with ATM suggests two possible scenarios. Firstly, ATM may be associated with the 

TIP60 complex or alternatively, p400 may be associated with a distinct ATM-TIP60 

complex. The coimmunoprecipitation between ATM and members of the TIP60 

complex was examined to determine if the interaction between ATM and p400 was in 

the context of the TIP60 complex, or part of the ATM-TIP60 complex. GAS41 and 

BAF53 are two integral members of the TIP60 complex that if pulled down, should 

bring down the additional members of the complex. Figure 4.10 illustrated that 

immunoprecipitated BAF53 or GAS41 were not capable of pulling down ATM 

suggesting that the interaction between ATM and p400 is not through the TIP60 

complex. As the interaction between ATM and TIP60 is not altered in the presence or 

absence of DNA damage (Sun et al., 2007), the interaction between ATM and p400 was 

examined under these same conditions. Figure 4.11 confirmed that as the ATM-TIP60 

interaction remains unaltered in the presence and absence of DNA damage, the 

interaction between ATM and p400 also remains in the presence and absence of 

damage. Interestingly, the observation of expression of p400 and ATM in SF9 cells 

using confocal microscopy was conducted in the absence of DNA damage and showed 

that there was a change in localization of ATM when expressed with p400 presumably 

due to an interaction. This supports the hypothesis that the interaction occurs in the 

presence and absence of DNA damage, however this result may be confounded by the 

fact that SF9 cells do not express the complete set of mammalian proteins involved in 

DNA repair. 

The SANT domain of p400 has previously been shown to interact with TIP60 and cause 

an inhibition of TIP60 acetyl transferase activity (Park et al., 2010). As p400 has been 

shown to interact with ATM (Figure 4.9) presumably through the ATM-TIP60 complex, 

mapping the interacting domain of p400 to ATM could help provide evidence as to 

whether the ATM-p400 interaction is facilitated through TIP60 or in an independent 

manner. Initially coimmunoprecipitation between ATM and the N- and C-termini of 

p400 were examined. Both domains showed ATM was able to be precipitated (Figure 

4.13). The N-terminal p400 construct appeared to precipitate a larger amount of ATM 

compared to the C-terminal construct of p400. The small amount of ATM that was 
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pulled down using the C-terminus construct may have been due to the small amount of 

N-terminal p400 that was included in this construct. To examine this further, six 

fragments of p400 were used to precipitate ATM (Figure 4.14). The three N-terminal 

fragments (F1, F2 and F3) all precipitated a significant amount of ATM while two C-

terminal fragments (F4 (SANT) and F5) showed weak precipitation. F6 failed to show 

any precipitation of ATM. The ability of multiple domains of p400 to interact with a 

single protein has previously been reported with Fragment 1-4 all showing the ability to 

precipitate with TIP60 (Park et al., 2010). The N-terminal fragments contain both the 

HSA domain and regions of the SWI2/SNF2 homology domains while fragment 4 

contains the SANT domain of p400. While the SWI2/SNF2 homology domain is 

associated with the nucleosome exchange function of p400 (Kobor et al., 2004), there is 

no literature provided suggesting a role for the HSA domain or any of the associated 

regions within the N-terminal region of p400. The weak interaction between ATM and 

fragment 4 and 5 suggests that it is the N-terminus of p400 that is responsible for the 

reaction. Importantly, fragment 2 of p400 showed both a strong interaction with ATM 

(this study, Figure 4.14) and with TIP60 (Park et al., 2010). While fragment 2 did not 

show an effect on TIP60 acetylase activity (Park et al., 2010), it may be important for 

bridging the interaction between ATM and p400 and hence requires further 

investigation.  

Protein-protein interactions facilitate a variety of functions including signalling, 

regulation of activity and acting as bridging moieties. With the interaction of p400 and 

ATM established, the function of the interaction needed to be assessed. Three possible 

functions were suggested but due to time constraints, only one was examined. The 

possibilities include; p400 affects ATM kinase activity directly or indirectly through 

inhibiting TIP60 activity; ATM affects p400 nucleosome exchange activity; or the 

interaction acts to facilitate bringing either ATM or p400 to the break sites. In this 

study, the kinase activity of ATM was assessed in the presence and absence of p400. 

Initially, the autophosphorylation of ATM was assessed in the presence and absence of 

DNA damage.  No visible difference in phosphorylation levels of ATM was detected 

regardless of DNA damage induction (Figure 4.23). This is potentially an experimental 

design error as ATM activation occurs rapidly after DNA damage induction and in this 

experiment the cells were not harvested for several hours after the addition of 

doxorubicin. ATM may have already been phosphorylated at the DNA dependent sites 
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and the small amount of phosphorylation seen in the assay may have been due to a non-

specific kinase pulled down in association with the proteins. In an attempt to remove the 

confounding effects of the ATM kinase assay in a mammalian system, the intrinsic 

activity of ATM was assessed using recombinant protein expressed in SF9 cells (Figure 

4.24). Here ATM and/or p400 was immunoprecipitated and used in a kinase assay. No 

visible ATM phosphorylation was seen, however p400 phosphorylation was observed. 

This p400 phosphorylation was present in the absence of ATM and is likely caused 

through non-specific kinases but poses several questions; do p400 post-translational 

modifications occur in mammalian cells, what are they and what are their functions?  

With the kinase assay producing inconclusive results, attention turns to the areas that 

could be investigated further. Acetylation of ATM by TIP60 is required for ATM 

activation in the presence of DNA damage and the SANT domain of p400 has been 

previously shown to inhibit the histone acetyl transferase activity of TIP60 (Park et al., 

2010; Sun et al., 2005; Sun et al., 2007). The novel interaction between ATM and p400 

may represent an additional method of regulation by inhibiting the acetylase activity of 

TIP60. Examination of TIP60 acetylase function on ATM in the presence and absence 

of p400 or the SANT domain of p400 may provide valuable information regarding the 

effect of p400 on ATM activity. Interestingly, p400 appears to be capable of being 

phosphorylated (Figure 4.24). While no p400 post-translation modifications have been 

reported, it is possible that some of these modifications will alter the activity of p400. It 

would be interesting to identify sites of post-translational modification and investigate 

roles of these modifications in regard to p400 activity. Finally, the interaction between 

ATM and p400 may provide a mechanism for recruitment of proteins to the DNA break 

site. A study conducted in 2010 has identified a role for p400 in nucleosome 

destabilisation at the initial steps of DNA repair with knockdown of p400 resulting in an 

increase in radiosensitivity and overall reduction in repair (Ye Xu et al., 2010). The 

completion of ChIP at sites of DNA damage combined with knockdown of ATM or 

p400 may provide data to confirm the dependency of either protein in the recruitment to 

break sites.  

Examination of the literature may indirectly support the possibility of a functional 

ATM/p400 interaction in the process of DNA repair. Both enzymes have been 

implicated with proper signalling, modification and localisation of RAD51 at sites of 

DNA damage (Chen et al., 1999; Celine Courilleau et al., 2012; Yuan, Chang, & Lee, 
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2003). RAD51 is a protein that plays several roles during homologous recombination 

including binding single stranded DNA and strand invasion (Sung, Krejci, Van Komen, 

& Sehorn, 2003). In 2003, Chen et al illustrated how ATM knockout cells had 

decreased formation of RAD51 foci, while in 2012 Courilleau et al. described how 

depletion of p400 resulted in delayed RAD51 foci formation (Chen et al., 1999; Celine 

Courilleau et al., 2012). These independent investigations suggest that there is a 

relationship between the two enzymes, which could be a result of the interaction 

described in this study. A potential mechanism to examine if the interaction between 

ATM and p400 is required for RAD51 formation at sites of DNA damage is to produce 

mutants that abolish the interaction between ATM and p400 and examine RAD51 foci 

formation when these proteins are overexpressed. This would provide a mechanism to 

investigate function of the interaction in vivo, adding validity to the presence of the 

ATM/p400 interaction.  

The identification of a novel interaction between ATM kinase and the ATPase p400 

provides insight to the complexity of DNA repair. While no evidence could be provided 

for the function of the interaction, this study provides a platform for more in depth 

investigation into the influence of p400 on DNA repair.  
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5 Summary and Future directions 

5.1 Summary 
The DNA double-strand break response is arguably one of the most important cellular 

processes with its ability to repair breaks and prevent genetic instability that is 

associated with the development of cancer. A plethora of proteins with a variety of 

functions is involved in DNA repair. This study focuses on three major proteins 

involved in DNA repair; TIP60, a histone acetyl transferase; ATM, a serine/threonine 

kinase from the PIKK family; and p400, a chromatin remodeler.  

In a previous study, overexpression of TIP60 or the SANT domain of p400 resulted in 

the phosphorylation of H2AX in the absence of a DNA damaging agent. This 

phosphorylation is a sign of activation of the DNA double-strand break response. It was 

hypothesised that the activation of this pathway was due to overexpressed TIP60 or the 

SANT domain of p400 being able to sequester a negative regulator associated with the 

ATM-TIP60 complex resulting in activation of ATM. This study was aimed at 

examining in greater detail the ability of TIP60 and the SANT domain of p400 to induce 

the activation of the DSB response. Therefore, individual domains of TIP60 were 

cloned and examined for their ability to induce H2AX phosphorylation. Additionally, 

deletions were introduced into each of the three helices of the SANT domain to 

determine if a single helix was responsible for the induction of H2AX phosphorylation. 

Unfortunately, H2AX phosphorylation induced by TIP60 and SANT domain 

overexpression was not consistently reproduced. Similarly, expression of the TIP60 

domains and SANT domain helix deletions failed to show any meaningful results.  

Protein-protein interactions are found throughout the cell in various pathways and DNA 

repair is no exception. ATM has previously been shown to interact with TIP60 and this 

interaction proves essential for ATM activation during DNA repair which involves 

TIP60 acetylation of ATM resulting in autophosphorylation and activation of ATM. 

TIP60 has also been shown to interact with p400, presumably in the context of the 

TIP60 chromatin remodeling complex. TRRAP, another member of the PIKK family 

has previously been shown to interact with p400. Interestingly, members of the PIKK 

family show functional redundancy in their domains. For example, when the FATC 
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domain of ATM was replaced with the homologous domain from ATR, DNA-PKcs, or 

TRRAP, ATM retained the ability to interact with TIP60 (Jiang et al., 2006). This study 

hypothesised that p400 was able to interact with ATM, given that TRRAP and ATM 

share common domains found within the PIKK proteins. The present study used co-

immunoprecipitation in mammalian cells and in SF9 cells to confirm the interaction 

between ATM and p400. Additionally, co-immunoprecipitation showed that ATM 

could precipitate with both the N-terminal and C-terminal regions of p400 with a 

stronger interaction with the N-terminal region. This was reflected in the interaction of 

ATM and fragments 1-6 of p400. There appeared to be a strong interaction between 

ATM and fragments 1-3 which are N-terminal fragments and fragment 4 and 5 pulling 

down less ATM. Confocal microscopy also supports the hypothesis of an interaction 

between ATM and p400. The ATM localisation was altered from a uniform distribution 

throughout the whole cell to completely cytosolic localisation upon coexpression of 

p400.  

While the function of the ATM-p400 interaction was not determined during this study, 

the results in this study provide a platform for a more in depth investigation into the 

function of the interaction during DNA repair. Limitations and some future experiments 

are discussed below. 

5.2 Limitations 
It is important to recognise several limitations that were encountered during this study.  

The DNA damage response encompasses a range of pathways and the mechanisms used 

to recognise them are often redundant. For example, both homologous recombination 

and non-homologous end joining use histone H2AX phosphorylation as a marker of the 

break site however the protein kinase responsible for phosphorylation vary and include 

ATM, ATR and DNA-PKcs. In the case of the experiment described in chapter 3, the 

increase in H2AX phosphorylation that was seen with TIP60 or SANT domain 

expression may have been due to activation of any of these proteins. As these 

experiments were performed in vivo, identifying the pathway involved poses a 

challenge.  

The original experiment examining the induction of H2AX phosphorylation with 

overexpression of TIP60 or the SANT domain of p400 was completed using the same 

cell line as in this study. However, due to the time interval between experiments the age 
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and passage number of the cells varied considerably. The genetic homogeneity and 

protein composition between the two groups of cells may have been markedly different 

resulting in the variable results between studies. This problem represents a major issue 

when comparing similar studies. It also needs to be considered when comparing work 

between different authors and previous studies. The difference in cellular protein 

composition could result in inconsistencies.  

The experiments planned in this study were performed in vivo where the interaction 

between ATM and p400 may have been influenced by any number of proteins in the 

cell. The following describes strategies that could be used to validate the interaction 

between ATM and p400 and methods to investigate the function of the interaction.  

5.3 Future Directions 

5.3.1 Functional analysis of SANT domain Helix deletion constructs 
In a previous study it was suggested that the SANT domain of p400 was able to induce 

the phosphorylation of H2AX in the absence of a DNA damaging agent, possibly 

through the activation of ATM. This study examined the ability of three helix deletion 

mutants of the SANT domain of p400 for their ability to induce a similar effect. The 

SANT domain and the SANT domain helix deletions were however, unable to provide 

reproducible results. The SANT domain of p400 could still be playing a role in the 

DNA damage response through the interaction with the histone acetyl transferase 

TIP60. Previously the SANT domain of p400 was shown to produce a robust inhibition 

of TIP60 HAT activity (Park et al., 2010). Investigation into the SANT domain of other 

chromatin remodeling proteins has suggested that the majority of function is associated 

with the third helix within the domain (Barbaric et al., 2003; Pinson et al., 1998; Sterner 

et al., 2002). To investigate the importance of each of the helices within the SANT 

domain of p400, the helix deletion constructs produced in this study could first be 

examined for their ability to immunoprecipitate with TIP60. Following this the HAT 

activity of TIP60 can be assessed in the presence of the SANT domain helix deletion 

mutants to assess their ability to inhibit TIP60 associated HAT activity as described by 

Park et al 2010.  

It is possible that the H2AX phosphorylation assay used in this study was an 

inappropriate method to examine the effect on the DNA damage response. An 
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alternative method to assess the involvement of the SANT domain of p400 in the DNA 

damage response could be to assess the viability of cells expressing the various helix 

deletion constructs in the presence of a DNA damaging agent. If the SANT domain is 

able to activate the DNA double-strand break repair pathway in the absence of damage, 

this may translate to increased viability of cells in the presence of DNA damage. 

Examination of the viability of cells expressing the SANT domain or helix deletion 

constructs may provide some insight into the protective effect of the domains. Several 

methods are available to examine the viability of cells including the xCELLigence 

system from Roche which allows real-time monitoring of cell viability as well as the 

ability to distinguish cellular states such as cellular senescence and apoptosis. Chemical 

based assays are also available to examine cell viability including the ApoTox-Glo™ 

Triplex Assay and CellTiter 96® AQueous One Solution Cell Proliferation Assay 

System, both from Promega, that can be used to determine proliferation, viability and 

apoptosis. Comparing the viability of cells expressing WT SANT domain or a helix 

deletion mutant to non-transfected cells in the presence or absence of DNA damage 

could be used to test whether the SANT domain has an effect on the DNA damage 

response and if one or more of the helices within the domain play a major role in this 

function. 

If the function of the helix deletions appears to show a significant effect, it will also 

need to be characterised in a whole protein context. To examine this, the mutations 

could be introduced into full length p400 and used to see if the full length protein with 

mutations has the same effect as the smaller helix deletion mutants.  

5.3.2 Confirming the ATM-p400 interaction 
This study used several methods to examine an interaction between ATM and p400 

including co-immunoprecipitation between overexpressed proteins in a mammalian 

system and an insect cell system as well as examining the change in localisation of 

ATM and p400 when co-expressed in SF9 insect cells. To confirm the interaction in the 

absence of overexpressed proteins, immunoprecipitation experiments pulling down 

endogenously expressed proteins should be completed. While this experiment was 

attempted in this study (data not shown), the combination of the ATM and p400 

antibodies was not conducive to obtaining clear results as the p400 antibody produces a 

non-specific band at the size of ATM. Additionally, it is ideal to immunoprecipitate 

with an antibody raised in one animal and complete the immunoblot with an antibody 
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raised in another animal to prevent background signals. These were not available for 

this study.  

Another method that could be used to confirm the interaction between ATM and p400 is 

a GST pulldown assay. While cloning and expressing p400 in E.coli is not feasible due 

to its size, expression of GST-tagged Fragment 1-6 of p400 could be expressed and used 

in conjunction with FLAG-ATM expressed in SF9 cells. This assay could be used to 

identify which domains of p400 are able to interact with ATM and support the results 

shown in Figure 4.14. If it were possible to identify specific interacting domains, the 

next step could be to examine the ability of these domains to alter the DNA damage 

response. This could be examined through cell viability or apoptosis assays as described 

in section 5.3.1.   

It was hypothesised that there was an interaction between ATM and p400 because 

TRRAP, another member of the PIKK family, has the ability to interact with p400 and 

the domains within the PIKK family members are functionally equivalent. Additionally, 

TIP60 has the ability to interact with both ATM and p400. This study used 

immunoprecipitation as a means to assess the interaction between ATM and p400 and 

while they can co-immunoprecipitate this may be due to an interaction with a bridging 

protein such as TIP60. To assess this, tandem immunoprecipitation could be used. Here, 

TIP60, ATM and p400, each with a different tag would need to be coexpressed. The 

first immunoprecipitation would pull down TIP60 as this is known to pull down both 

ATM and p400. TIP60 could be eluted from the beads to produce a solution with TIP60 

and the associated ATM and p400 and this solution could be subjected to a second 

immunoprecipitation pulling down either ATM or p400. If the ATM-p400 interaction is 

bridged by TIP60, all three proteins should be present in the precipitate. If ATM-TIP60 

and p400-TIP60 are two separate complexes only TIP60 would be 

coimmunoprecipitated. Alternatively, the immunoprecipitation of ATM and p400 could 

be investigated in the presence of siRNA targeting TIP60. If TIP60 can facilite the 

interaction between ATM and p400, the absence of TIP60 may result in the inability of 

ATM and p400 to coimmunoprecipitate.  

5.3.3 Functional assays associated with the ATM-p400 interaction 
While a novel interaction between ATM and p400 was identified, the functional 

analysis attempted in this study was not able to define a specific role for interaction. 
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The interaction may regulate ATM kinase activity, p400 histone exchange or may act as 

a mechanism for bringing ATM and p400 together at DNA break sites.  

ATM is a serine/threonine kinase that is responsible for phosphorylating a range of 

proteins involved in DNA repair. It is possible that the interaction between ATM and 

p400 may alter the kinase activity of ATM. The kinase assay that was used in this study 

did not provide any information regarding ATM kinase activity as nonspecific kinases 

appeared to be copurified. To more efficiently examine the kinase activity, an in vitro 

kinase assay could be developed that will reduce the amount of background while being 

able to clearly show the activity of ATM. In this study, the autophosphorylation of 

ATM was examined through immunoprecipitating ATM and using the protein on the 

beads to assess activity. This resulted in a large amount of background phosphorylation. 

Elution of ATM from the beads to produce a pure ATM sample may help overcome this 

background noise. Additionally, as well as being able to examine autophosphorylation, 

the purified ATM sample could be used to assess the phosphorylation of ATM target 

proteins such as H2AX and p53. The phosphorylation could be examined through the 

use of phospho specific antibodies or by [P33] ATP. Examining the activity of ATM in 

the presence of p400 and in the presence and absence of DNA damage could assess the 

importance of p400 on ATM kinase activity.  

Both ATM and p400 have been described independently to have an effect on RAD51 

with knockdown or depletion of either protein reducing RAD51 foci formation in the 

presence of DNA damage (Chen et al., 1999; Celine Courilleau et al., 2012). It is 

possible that these effects may be due to the ATM-p400 complex described in this 

study. To investigate this, mutagenesis to prevent the interaction between ATM and 

p400 can be completed and confirmed through coimmunoprecipitation. If the formation 

of RAD51 foci at break sites is reliant on the ATM-p400 complex, disruption to the 

interaction should reduce the foci formation. This can be examined using live cell 

imaging to observe the formation of RAD50 at DNA break sites.  

The SANT domain of p400 has been shown to inhibit the HAT activity of TIP60 using 

core histones purified from HeLa cells (Park et al., 2010). The current study has 

identified an interaction between ATM and p400 and suggests that the p400 SANT 

domain may affect the acetylation of ATM through inhibiting the HAT activity of 

TIP60. The in vitro HAT assay that was described in Park et al, 2010 paper could be 
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altered to use purified ATM as the target. Alternatively, the acetylation status of ATM 

could be assessed in vivo through an antibody specific to lysine acetylation at 3016 of 

ATM in the presence and absence of the SANT domain of p400.  

p400 is a chromatin remodeler that is responsible for exchanging H2A-H2B dimers for 

H2AZ-H2B dimers throughout the genome. While p400 has been found to be essential 

in DNA repair, its actual function is unclear. A homologous protein Domino in 

Drosophila is responsible for exchanging the H2AX/H2AZ homologue H2AV at break 

sites after repair. This function was also assessed in the Saccharomyces cerevisiae 

homologue SWR1 (Mizuguchi, Wu, Alami, & Luk, 2012). The Mizuguchi study 

provides a method for an in vitro chromatin exchange assay which could be used to 

examine the effect ATM may have on p400 chromatin exchange.  

Interestingly, the phosphorylation status of p400 has not been discussed in literature. 

The results of the kinase assay performed in section 4.3 showed that p400 is capable of 

being phosphorylated. Examination of the phosphorylation status of p400 in the 

presence and absence of DNA damage could elucidate if phosphorylation of p400 has 

any effect on its activity. Purification of p400 in the presence and absence of DNA 

damage followed by mass spectrophotometry could be used to identify phosphorylation 

sites on p400. Examining these sites may provide an idea of what type of kinase is 

responsible for the phosphorylation of p400.  If specific sites within p400 are found to 

be differentially phosphorylated, production of phospho-mimic constructs or non-

phosphorylatable constructs and their effect on the DNA damage response could 

provide information regarding the activation. One such assay that could be used to 

assess the effect of phosphorylation of p400 is a chromatin exchange assay asking the 

question; does phosphorylation of p400 affect chromatin exchange? 

An interesting observation was seen when examining the localisation of p400 and ATM 

expressed in SF9 cells. ATM was found to be sequestered in the cytoplasm my p400 

when the two proteins were coexpressed as opposed to a more general localisation 

throughout the cytoplasm and nucleus when only ATM was expressed. While this 

phenomenon was observed in a nonmammalian system, how the localisation of ATM 

and p400 in mammalian cells in the presence and absence of DNA damage remains to 

be examined. The combination of fluorescently tagged ATM and p400 and live cell 

imaging will provide an efficient system to examine the localisation of these proteins. 



135 
 

Additionally, treatments such ATM inhibitors, siRNA mediated knockdown of protein, 

or expression of kinase- or ATPase-deficient mutants can be used to determine if any 

change in localisation is dependent on activity of specific proteins.  

Chromatin immunoprecipitation (ChIP) is a technique that identifies protein interation 

sites on DNA in vivo. In this study, the interaction between ATM and p400 was 

identified using immunoprecipitation and subcellular localisation via confocal 

microscopy. A method that could be used to identify if the ATM-p400 interaction 

occurs at break sites is ChIP in conjunction with zinc finger nuclease technology. Zinc 

finger nucleases are generally used for site-directed mutagenesis within the genome 

through the introduction of DNA double-strand breaks and homologous recombination. 

The use of zinc finger nucleases in this case could be used to introduce DNA double-

strand breaks at a known region in the genome. This method has been previously 

described to investigate the accumulation of proteins at a specific break site (Ye Xu et 

al., 2010). ChIP could be performed pulling down either ATM or p400 and examining 

the break site targeted by the zinc finger nuclease. This could elucidate whether ATM 

and p400 are localising to the break sites at the same time. ChIP could be repeated with 

the knock down of ATM or p400 and the ability of these proteins to localise to the break 

sites in the absence of one or the other could help to shed light on whether one protein is 

responsible for bringing the other to the site of DNA damage.  

Live cell imaging is a powerful technique that can be used to study DNA break sites in 

real time. Fluorescence resonance energy transfer (FRET) is a technique used to 

examine the proximity of fluorescent coupling. This technique requires two proteins 

that are fluorescently labelled to be in close proximity to each other. When one 

fluorescent tag is excited, if the second tag is in close proximity, the excitation energy 

of the primary tag will excite the second tag which will produce a signal. FRET will 

only occur if the two proteins are within approximately 200 nm of each other. The 

FRET signal could be examined in the presence and absence of DNA damage to provide 

information about the interaction between ATM and p400.  That is, whether the 

interaction is dynamic and only present under the stress of DNA damage or if the 

interaction persists under non-stressed conditions.  

To examine the accumulation of ATM and p400 at DNA break sites in real time, live 

cell imaging using fluorescence recovery after photobleaching (FRAP) could be used to 
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examine protein dynamics with the use of photoactive tags. This technique would use 

p400 or ATM that has been tagged with a photoactive motif that is stably expressed in 

cells. When cells are photobleached to induce DNA damage, the accumulation and 

spread of the photoactively tagged proteins could be examined. Examining this process 

with the knockdown of ATM or p400 could provide information about the interaction 

and if it is necessary for bringing one or the other protein to the site of DNA damage.  

5.5 Conclusion 
While this study failed to reproduce the induction of H2AX phosphorylation seen with 

overexpression of TIP60 or the SANT domain of p400, it has provided evidence for a 

novel interaction between ATM kinase and p400 ATPase. This study provides a 

platform for further investigation into the function associated with this interaction and a 

number of methods by which this could be assessed have been suggested. Both ATM 

and p400 have previously been shown to have essential functions during DNA damage 

and understanding the biology behind DNA repair may provide a new target for 

pharmacological intervention in cancer therapies. 
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Appendix 1 PCR Primers and 
Protocols 

Table A.1 Primer sequences and annealing temperatures used in this study. 

Name Orientation Sequence (5’  3’) Annealing 

Temp(ᵒC) 

CBS 
sequencing 

Forward CGTGACGGTTGTTGTGCT  
Reverse CTAGAAGGCACAGTCGAGG  

Chromo Forward AAGGAATTCATGGCGGAGGTGGGGGAGATAATC  
52 Reverse GGAATCGATCTAAACCTTCTTTCTCTTCTTCTTGGGCT

GGTCAGGCTCGCCACCGGGAAT 
Chromozinc Forward AAGGAATTCATGGCGGAGGTGGGGGAGATAATC 52 

Reverse GGAATCGATCTAAACCTTCTTTCTCTTCTTCTTGGGGG
AGATGGTGCCCTTGCGGTAAAT 

Zinc Forward GACGAATTCCTCTCCTCCAGCTCCTGCCTGCAG 52 
Reverse GGAATCGATCTAAACCTTCTTTCTCTTCTTCTTGGGGG

AGATGGTGCCCTTGCGGTAAAT 
ZincHAT Forward GACGAATTCCTCTCCTCCAGCTCCTGCCTGCAG 52 

Reverse GATATCGATCTAAACCTTCTTTCTCTTCTTCTTGGGGG
TCTGGGACCAGTAGCTTCGATA 

HAT Forward CGTGAATTCACCAAGTGTGACCTACGACATCCT 52 
Reverse GATATCGATCTAAACCTTCTTTCTCTTCTTCTTGGGGG

TCTGGGACCAGTAGCTTCGATA 
ΔH1 Forward TGCAGCAGCGCACTGATGAGCCACTCGGGGTTG 60 

Reverse GGCTCATCAGTGCGCTGCTGCAGGCTGTAAAGC 
ΔH2 Forward ACGTCACTGACATTAGGTGTGTGAGCAGGTGAC  

60 Reverse ACACACCTAATGTCAGTGACGTTGTTAACTCCTG 
ΔH3 Forward TCCTGTAGCCGAATCGATGTCATCATTCCACGAGAGGA

G 
 
63 

Reverse TGGAATGATGACATCGATTCGGCTACAGGAGTTAACA
AC 

HA-p400 Forward ATCGAATTCGGTACCATGTACCCATACGATGTTCCTGA
CTATGCGGGGATGCACCATGGCACTGGCCCCCAG 

55 

Reverse TGCAGGCCGGCCCCACCCGCGGCT 
HA-ATM Forward TTCTTCGATATCGGTACCATGTACCCATACGATGTTCC

TGACTATGCGGGGATGAGTCTAGTACTTAATGATCTG 
 55 

Reverse ACTACTGATATCTGCCATCAATTCAATC 
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PCR protocol HA-ATM. Reactions were carried out using KAPA HiFi HotStart 

polymerase as described below. Annealing temperatures for primer pairs are shown in 

table A.1. 

Component Volume (μL) 

2x KAPA HiFi HotStart 

ReadyMix 

25 

Forward Primer (10 μM) 1.5 

Reverse Primer (10 μM) 1.5 

Template DNA (10 ng/μL) 1 

PCR Grade Water 21 

Table A.2 KAPA HiFi HotStart PCR reaction composition 

 

Temperature Time Repeats 

95 C 3 min 1 

98 C 

55 C 

72 C 

20 sec 

15 sec 

30 sec 

 

30x 

72 C 5 min 1x 

4 C Hold  

Table A.3 KAPA HiFi HotStart PCR protocol 
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PCR protocol for HA-p400. Reactions were carried out using FastStart Taq from Roche. 

Annealing temperatures for primer pairs are shown in table A.1. 

Component Volume (μL) 

10 X PCR reaction buffer (20 mM 

MgCl2) 

5 

Forward Primer (10 μM) 2.5 

Reverse Primer (10 μM) 2.5 

dNTPs (10 mM) 5 

Template DNA (10 ng/μL) 2.5 

Phusion Polymerase (5 U/μL) 0.5 

PCR Grade Water 32 

Table A.4 FastStart Taq PCR reaction composition 

 

Temperature Time Repeats 

95 C 4 min 1 

95 C 

55 C 

72 C 

30 sec 

35 sec 

1.5 min 

 

30x 

72 C 7 min 1x 

4 C Hold  

Table A.5 FastStart Taq PCR protocol 
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Appendix 2 Antibodies used in 
immunoblotting 
 

Antibody Company Catalogue 

number 

Initial 

concentration 

Immunoblot 

concentration 

Rabbit 

or 

Mouse 

H2AX Milipore 07-627 1 mg/mL 5 μg/mL Rabbit 

H2AX 

S139P 

Milipore 07-164 1 mg/mL 5 μg/mL Rabbit 

β-actin Sigma A5316 1 mg/mL 1 μg/mL Mouse 

ATM Calbiochem 819844 0.1 mg/mL 1 μg/mL Rabbit 

FLAG Sigma F3165 1 mg/mL 2 μg/mL Mouse 

HA Sigma SAB4300603 1 mg/mL 2 μg/mL Rabbit 

TIP60 N/A N/A 1 mg/mL 5 μg/mL Rabbit 

p400 N/A N/A 0.7 mg/mL 0.7 μg/mL Rabbit 

Ku86 Santa Curz E0307 0.2 mg/mL 0.4 μg/mL Mouse 

  

Antibodies raised against TIP60 and p400 were custom antibodies raised by Dr Jeong 

Park.  

Secondary antibodies that were used in this study were SC2054 and SC2055 (α-rabbit 

and α-mouse respectively) were purchased at a concentration of 2 mg/mL and used at a 

final concentration of 0.2 μg/mL.  
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Appendix 3 Plasmid Maps 
 

 

 

 

 

 

 

Figure A3.1 Plasmid map of pGEM-T Vector.  
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Figure A3.5 Plasmid map of pcDNA-FLAG-ATM 
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Figure A3.6 Plasmid map of pFastBac1 

 

 

 

 

 

 


