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Abstract 

 

 

Abstract 

ATP-dependent chromatin remodelling enzymes regulate the structure of 

chromatin and are important in the prevention of genomic instability and 

tumourigenesis. Inaccurately repaired or unrepaired double-strand breaks 

can lead to mutations, cell death and cancer.  The Lsh subfamily of 

chromatin remodellers has been implicated in DNA repair, and mutations 

and overexpression of the human protein HELLS have both been linked with 

several types of cancer. Previous work from this group has shown HELLS 

is involved in the homologous recombination repair pathway particularly 

within heterochromatic regions of the genome. Biochemical activity of this 

subfamily is poorly characterised and further research into the properties of 

the mammalian HELLS and its budding yeast homolog Irc5 would aid the 

understanding of their role in vivo and permit assessment of their potential 

as therapeutic targets.  

This thesis investigates the role of Irc5 in genome stability in yeast and finds 

that Irc5 genetically interacts with HR genes and that loss of Irc5 activity 

results in defects in some DNA repair pathways. Catalytic activity of Irc5 will 

be examined in vivo to further understanding of the importance of its activity. 

Further to this, this thesis outlines the purification of recombinant HELLS 

and Irc5 proteins, which permits analysis of these proteins in vitro. 

Recombinant HELLS and Irc5 display DNA binding activity with a 

preference for structured DNA and this work finds that HELLS and Irc5 on 

their own do not display nucleosome sliding activity. Finally, this thesis 

studies binding of HELLS to other proteins and identifies interactions with a 

DNA repair protein and components of the nucleosome that provide insights 

to its mechanism of function.  

The work outlined in this thesis on both HELLS and Irc5 are consistent with 

the hypothesis that this subfamily plays a role in repair and genomic 

stability.
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1.1 Organisation of the eukaryotic genome 

The genome consists of all the genetic material of an organism required for 

survival, including encoded proteins, regulatory and structural elements. In 

eukaryotes, genetic information is stored within the nucleus. Each nucleus 

must contain an exact copy of the DNA sequence to maintain faithful 

transmission to the next generation. A principal difficulty is storing the entire 

length of DNA within the nucleus but in parallel, providing a means of 

accessing the underlying sequence to carry out cellular processes. In 

humans, the genome is composed of roughly 3 billion base pairs (bp), which 

stretched out end-to-end would equate to over 2 meters of DNA. Although 

the size of genomes and nuclei vary widely from yeast to humans, all 

eukaryotic organisms require a well-ordered system for storing this huge 

length of DNA. They fulfil this requirement by organising DNA through 

successive steps into highly complex nucleoprotein structures termed 

chromatin. This system protects DNA while simultaneously allowing and 

regulating access to the underlying DNA for gene expression, DNA 

replication and repair. 

1.1.1 Hierarchical arrangement of the eukaryotic genome 

Eukaryotic chromatin packaging is a highly organised process involving 

multiple stages of compaction and first begins with the wrapping of DNA into 

a nucleosome core particle. This first stage of compaction forms discrete 

nucleosomes that are linked by short sections of linker DNA which is 

repeated every ~200 bp of DNA. The core of the nucleosome consists of 

two molecules of each of the canonical histone proteins; H2A, H2B, H3 and 

H4, which together form an octamer. Around the central octamer, 147 bp of 

DNA wraps 1.67 times in a left-handed superhelical spiral 1–3. Stabilised by 

protein-protein and protein-DNA interactions, DNA is compacted 

approximately seven-fold within this 11 nM “beads on string” form of 

chromatin (Figure 1-1) 1–3. 
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Figure 1-1 The structure of the eukaryotic genome 

 DNA is compacted using histone proteins to produce nucleosomes creating the “beads on 
string” form of chromatin. Chromatin is then then arranged into a 30 nM fibre. Compaction 
and coiling of fibres lead to higher-order structures. During mitosis, chromatin is further 
compacted revealing the entire metaphase chromosome.  

The repeating nucleosomal units are then assembled into a higher-order 30 

nM chromatin fibre. Beyond the level of the nucleosome, the structure and 

organisation of these fibres is poorly understood. Several models exist 

which can explain the properties of this fibre including the zigzag and 

solenoid models, however the true arrangement of the fibre remains elusive 

for a number of reasons 4–6. 

The zig-zag model proposed that nucleosomes stack in a zig-zag fashion 

such that the linker DNA remains at the central axis of the fibre with the 

nucleosomes occupying the outer periphery 4. The solenoid model, or the 

one-start helix model, suggests that the 11 nM nucleosome-DNA string is 

compacted in a helical manner. Successive nucleosomes would be adjacent 
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to one another and nucleosomes interdigitate in order to form a much more 

densely packed fibre compared to the zig-zag model, but with the same 

overall diameter of 30 nM  5,6. This model would require the bending of linker 

DNA to allow the nucleosomes to structure themselves into a helical 

trajectory. It is likely that the chromatin fibre displays several structural 

forms; at least one study has shown that in vitro assembled chromatin fibres 

exhibited both the solenoid and zig-zag forms, meaning it is possible both 

have their own functional purposes 7. 

The main reason the current models have not been resolved is the 

discrepancy between the in vitro preparations from which these structures 

were determined and the in vivo conditions that would likely affect fibre 

formation and higher order compaction. For example, the zig-zag model 

was based on in vitro preparations that were notably missing linker histones 

which have been shown to interact with linker DNA in order to help 

chromatin condensation. Both zig-zag and solenoid models use the well-

known Widom 601 DNA sequence which can strongly place nucleosomes 

to distinct positions and is evidently infrequently found in nature 4–6. The 30 

nM fibre is compacted a further 10-fold by creating loops which are then 

compressed to form a fibre 300 nM wide. The mechanism of loop formation 

is still contested but the traditional view is that the loops condense into a 

scaffold comprising of a loose chromosome structure. The traditional 

hierarchical view of the 30 nM fibre successively folding into a 300 nM fibre 

has however been called into question. 3D chromatin visualisation in situ 

shows disordered fibre diameters ranging from 5 to 24 nM whereas discrete 

higher order 300 nM fibres could not be observed 8. Instead, fibres densely 

pack together to fit within the nucleus. At the kb level, a consistent and 

conserved feature that has emerged is the compartmentalisation of 

chromatin into TADs (topologically associating domains) 9. The boundaries 

of TADs correspond to replication domains, and genes located with TADs 

are coregulated, which shows that this compartmentalisation is a 

functionally important feature to ensure gene regulation 10–12.  
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During cell division, chromatin is packed even more densely establishing 

discrete mitotic chromosomes to enable convenient movement across the 

mitotic spindle and separation into daughter cells. 

1.1.2 Heterochromatin and euchromatin 

One of the contradictory elements of chromatin structure is that DNA must 

be stored in this extremely compact arrangement while simultaneously 

allowing cellular machinery access to the underlying DNA for activities 

including transcription and replication as well as repairing damage that 

occurs to the DNA itself. During cell division, chromatin compacts in order 

to enable division, however in the non-dividing cell, it is dispersed within the 

nucleus. Despite this dispersal, chromatin exists as either less or more 

condensed regions which are termed either euchromatin and 

heterochromatin respectively (Figure 1-2). Cytologically, in mammalian cells 

hetrochromatin is focused in clumps towards the boundary of the nucleus 

and nucleolus, while euchromatin is more evenly distributed within the 

centre of the nucleus (Figure 1-2) 13. 

 

Figure 1-2 Euchromatin versus heterochromatin 
The highly stained condensed regions within the nucleus show heterochromatic regions of 
chromatin. These regions lie toward the periphery of the nucleus and nucleolus, whereas 
the less-stained more “open” euchromatin is more evenly dispersed toward the centre of 
the nucleus. 

Euchromatin is associated with regions that are transcriptionally active, 

made possible through a more open chromatin structure allowing 

transcriptional machinery to access genes. However, the closed structures 
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in heterochromatin renders gene less accessible serving as a protective 

mechanism for DNA from inappropriate machineries such as nucleases and 

as a control mechanism for repressing genes in differentiated cells or at 

repetitive DNA 14. The compact structure also decreases inappropriate 

recombination or rearrangement of repetitive sequences that are enriched 

within heterochromatin, such as within rDNA repeats and telomeres. 

Further sub-categorisation of heterochromatin exists; constitutive and 

facultative. Constitutive heterochromatin encompasses regions that are 

continuously silenced throughout every cell type. This is largely represented 

by highly repetitive satellite sequences present in centromeric, 

pericentromeric and telomeric DNA. These regions of compacted DNA 

persist throughout the cell cycle and are heritable through successive 

generations of cell divisions. They are also characterised by suppression of 

recombination and late S-phase replication 15. Telomeres harbour a G-rich 

repetitive DNA motif which comprises the ends of chromosomes and must 

be protected to prevent the cell from recognising them as double-strand 

breaks 16. The repetitive DNA found at pericentromeric and centromeric 

regions changes between organisms, suggesting that the base sequence of 

DNA is not critical for directing heterochromatin formation 17.  

Facultative heterochromatin is not repetitive and encompasses regions of 

DNA that are contextually repressed which means that it can be converted 

between heterochromatic and euchromatic states depending on a variety of 

circumstances. This includes contexts such as cell-cycle or developmental 

stage, heritable factors, and spatial arrangements of the gene within the 

nucleus 18. An example of how spatial arrangement within the nucleus affect 

gene expression is positional effect variegation (PEV). This describes a 

typically euchromatic gene that has been placed within or flanking a 

heterochromatic region and leads to the silencing of that gene. Once 

heterochromatic regions have been established, it diffuses this 

heterochromatic phenotype to neighbouring regions of chromatin 19,20. A 

similar effect if found at telomeric regions termed TPE (telomere position 

effect). Heterochromatin spreading is regulated by boundary elements that 

results in transitions between closed and open chromatin states.  The 
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boundaries are generated either by DNA sequences, creating sharp 

borders, or by a transitional gradient of heterochromatic and euchromatic 

proteins, creating negotiable borders 21. 

1.2 Nucleosome and chromatin dynamics 

1.2.1 Nucleosome assembly 

Histone proteins are very small, highly conserved, basic proteins ranging in 

size from 11-16 kDa. H2A, H2B, H3 and H4 are the canonical histones that 

form the octamer core of the nucleosome and are characterised by a 

histone-fold domain which mediates interactions within the octamer and 

stabilises the DNA on its surface.  Each fold is flanked by unstructured C-

terminal and N-terminal tails which vary in length for each histone. The 

histone-fold domain is composed of 3 α-helices; two short α-helices that are 

linked by a much longer central helix. The helices are linked to each other 

by two loops (specified as α1-L1-α2-L2-α3, Figure 1-3) 22. The histone-fold 

domains are largely similar structurally between all the histones despite 

there being little primary sequence homology 22. The formation of the central 

octamer begins with the dimeric interactions of histone H3 with H4, and H2A 

with H2B via “handshake” interactions which involves a head to tail 

arrangement of the fold domains from each histone 23. This interaction is 

mediated by the loop domains and the central helix, such that L1 from the 

first histone interacts with L2 of the other histone. 
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Figure 1-3 The histone "handshake" 

(A) Cartoons of the amino-acid structures of canonical histone proteins showing the N-
terminal and histone-fold domains. Recreated from 24. (B) Histone dimer pairs formed by 
H2A/H2B (red and orange respectively) and H3/H4 (purple and green respectively) 
interacting in the characteristic handshake motif. Cartoon was visualised using PyMOL 
(PDB ID: 1KX5) 

 

Two H3-H4 heterodimers then form a four-helix bundle through interaction 

of α-helices between the H3 histones of opposing dimers. The H3:H4 

tetramer forms the centre of the octamer, and two H2A:H2B dimers then sit 

either side of the tetramer, via an interaction between H2B and H4, to form 

the final octamer structure (Figure 1-4).  

The octamer surface carries a strong positive charge counteracting the 

negative charge on DNA. An exception to this is the “acidic patch” created 

by glutamic and aspartic acid residues. Six H2A (E57, E62, D65, D91, E92, 

E93) and H2B (E116) residues (as well as some other non-acidic residues) 

which form a negatively charged contoured surface on the exterior of the 

nucleosome. This patch is not in contact with DNA but instead forms a cavity 

that can accommodate interactions with a range of proteins involved with 

regulating or altering nucleosome dynamics 25–28 .  
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The nucleosome core particle is formed by DNA wrapping around the 

octamer to create two superhelical (SHL) gyres. SHL DNA locations are 

defined with respect to the central dyad (SHL 0) representing superhelical 

turns of DNA and positions are marked where the major groove faces 

inwards to the core (Figure 1-4). Spanning over 14 separate contact 

regions, the histone octamer binds to approximately 121 bp of DNA where 

the minor groove faces inwards to the core 3,29,30. The ribbon traces seen in 

Figure 1-4, represent the α-helices of each of the histones, and the N-

terminal tails can be seen extending outwards from the nucleosome core 3. 

The N-terminal tails utilise the minor grooves of DNA as channels to allow 

their passage toward the periphery of the nucleosome. An additional linker 

histone (H1 in mammals) can be bound to approximately 20-80 bp of linker 

DNA on either side of the nucleosome protecting DNA from degradation 31.  

 

Figure 1-4 Structure of the nucleosome core particle 
Ribbon traces of the X-ray crystal structure of the nucleosome. Two copies each of the 
histones H2A (red), H2B (orange), H3 (purple) and H4 (green) form the central histone 
octamer. 147 bp of DNA (white) wraps around the core. Superhelical locations (SHL) with 
respect to the central dyad (SHL 0) are marked.  (A) View down the DNA superhelix axis 
(B) View perpendicular to the DNA superhelical axis. Adapted from Luger et al. 1997 3. 
Cartoon was visualised using PyMOL (PDB: 1AOI) 32. 

 

Histone-tails make several points of contact with nucleosomal DNA, and 

their deletion or truncation de-stabilises the nucleosome  33,34. For example, 

deletion of the H4 N-terminal tail prevents the formation of the 30 nM 
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chromatin fibre 35. Deletion of the H3 tail leads to de-stabilisation of the 

nucleosome by altering DNA wrapping and dimer exchange and 

additionally, leads to the inability of chromatin to condense into 

heterochromatin 36,37. The C-terminal region of mammalian H2A is much 

longer than that of the other histones and this is at least in part due to its 

role in guiding the interaction of H3αN helix with DNA 36; this region is 

termed the docking domain of H2A. Before the X-ray crystal structure of the 

nucleosome was defined, the H4 N-terminal domain was largely thought to 

interact with nucleosomal DNA due to its highly basic properties 38. 

However, it is now understood to bind the acidic patch of the H2A:H2B dimer 

in a neighbouring nucleosome in order to form higher order structures 3,39. 

The tails are also the principal sites for post-translational modifications 

(PTM) and can therefore modulate nucleosome dynamics and chromatin 

structure. PTMs can also act as binding and recognition sites for chromatin 

binding proteins which recognise specific PTMs. For example, the first 

histone reader domain discovered, bromodomains, recognise acetylated 

lysines 40. 

1.2.2 Overview of histone variants 

As well as the four canonical histones (H2A, H2B, H3 and H4) there are 

many variant histone proteins that exist. Variant histones serve to take the 

place of canonical histones to alter nucleosome stability and dynamics, 

although in a few instances, variants are part of the normal chromatin 

structure and supersede canonical histones. For instance, CENP-A, is a 

centromere-specific H3 variant that is found in all eukaryotes and is crucially 

required to assemble kinetochores during cell division 41. 

In mammals, clusters with multiple copies of each of the canonical histone 

genes are found at two chromatin loci HIST1 and HIST2 which are found at 

human chromosome 6 and 1 respectively 42,43. The genes for the canonical 

histones do not possess introns and expression of the canonical forms peak 

in the S-phase of the cell cycle, allowing for a surge in expression to supply 

histone proteins on newly synthesised DNA 44. In contrast, the genes for 

variants possess introns and are usually present in single copies that are 

dispersed at a few different locations in the genome. Expression of variants 
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takes place throughout the cell cycle and is not limited to the S-phase 45. 

Most of the differences between the canonical and variant histones, at the 

protein sequence level, occur in the non-globular N- and C-terminal regions 

of the proteins 46.  

H2A, H2B and H3 all possess multiple histone variants that are functionally 

distinct, summarised in Figure 1-5. H2A shows the greatest number of 

variants including H2A.X, H2A.Z, as well as MacroH2A and H2A-Bbd 

(Figure 1-5). The C-terminal region of H2A is the major site for divergence 

between itself and its variants. Human H2A.X shows an extension to the C-

terminal tail which harbours important residues for phosphorylation during 

the DNA damage response and encompasses between 2-25 % of the total 

H2A pool depending on cell type or tissue. In yeast H2A, canonical H2A 

possesses a C-terminal region that resembles that of human H2A.X and 

also functions in DNA repair 47. H2A.Z represents around 10 % of the total 

H2A pool and is found at transcription start sites of both active and inactive 

genes and its presence links to transcriptional activation. It is also important 

at regions flanking centromeres for chromosome segregation. H2A.Z has 

been connected with reduced nucleosome stability and also with differential 

nucleosome positioning, corresponding with the presence or maintenance 

of nucleosome-free regions that are found at transcription start sites 48–50. 

 

Figure 1-5 Human histone variants 

Summary of core human histone variant. Variants of H2A (yellow), H2B (pink), H3 (blue) 
and H4 (green) are shown. N- terminal tails are shown as black lines. Brief summaries of 
known functions are also shown. Recreated from 51.  
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1.2.3 Histone post-translational modifications 

There are a variety of covalent post-translational modifications  that can be 

applied to histones of which the best-studied are methylation, acetylation, 

phosphorylation and ubiquitylation, however other types of modifications 

exist, such as SUMOylation, and citrullination 52. Most PTMs are directed to 

the histone tails, as they project from the nucleosome core and are readily 

accessible to the addition of PTMs. Histone tails do not possess strong 

interactions with DNA but nonetheless coordinate the nucleosome stability 

and directs higher order chromatin structure 53,54. However, several PTMs 

exist within the octamer core which change the stability of the nucleosome 

and will predictably alter the DNA mobility on its surface. The conformation 

of DNA bent around the core of histones is actively maintained by charge 

neutralisation imparted by individual histones and includes strong DNA–

histone interactions 53. Even single PTMs within these regions can de-

stabilise the entire nucleosome 55. 

Over 20 years ago, Allis and Strahl described the “histone code hypothesis”, 

speculating that the PTMs present on histones represented a language that 

could be “read” by proteins which would stimulate a specific response 56. 

Post-translational marks on histone proteins guide a vast array of protein 

machinery to facilitate the organisation and regulation of chromatin.  

Acetylation is applied to lysine residues of histones H3 and H4 through the 

action of histone acetylases (HATs) and removed by histone de-acetylases 

(HDACs). The addition of an acetyl group counteracts the positive charge 

of lysine residues releasing contacts with the negatively charged DNA 38. 

Consequently, acetylation is generally considered a signature of actively 

transcribed regions of the genome due to the relaxation of the contacts 

between DNA and the histones. Phosphorylation of serine and threonine 

residues imparts a negative charge to affect electrostatic interactions with 

DNA to impact DNA processes. 

Methylation occurs primarily on lysine residues and arginine residues. The 

addition of a methyl group does not impart a change in charge to a residue 

and does not alter the electrostatic interactions with DNA. Rather, the 
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outcomes of methylation depend on the site modified and the extent to 

which it is methylated and recruitment of ‘reader’ proteins. For example, 

H3K9 di- and tri-methylation is found in heterochromatic regions, whereas 

H3K4 methylation is found at active transcription sites. 

1.2.4 Heterochromatic protein marks 

Heterochromatin and euchromatin are both associated with proteins, marks 

and DNA elements that regulate and drive their formation. This includes a 

variety of non-histone proteins, histone modifications and histone variants 

as well as modifications to the underlying DNA sequence. For example, HP1 

proteins have been involved with heterochromatic regions, but have also 

been shown to be involved with silencing genes in euchromatic regions of 

the genome 57–59. HP1 proteins bind to the methylated K9 residue of the H3 

histone protein and are recruited by the methyltransferase SUV39H1 60, and 

the dynamic binding of this class of proteins has been shown to stably 

maintain the heterochromatic structure 61. Polycomb group (PcG) protein 

complexes carry out silencing through their recruitment to DNA regulatory 

sequences called Polycomb response elements (PRE). Polycomb 

Repressive Complex 2 (PRC2) is recruited to catalyse H3 lysine 27 tri-

methylation (H3K27me3) which in turn recruits PRC1 to compact 

nucleosomes and form chromosome loops 62.  

DNA methylation is a heritable epigenetic mark that involves the methylation 

of cytosine at the 5-position, catalysed by DNA methyltransferase enzymes 

(DNMTs) within CpG dinucleotides at promoters of genes (CpG islands). 

These modifications are frequently found within vertebrate genomes and 

are generally associated with heterochromatin. Heterochromatin is highly 

correlated with the methylation of H3K9. H3K9me or H3K27me recruit 

DNMT enzymes possibly through polycomb repressive complexes, 

whereas H3K4 tri-methylation, a transcription activating mark, blocks DNMT 

recruitment 63. DNMTs are able to bind HP1 proteins and recruit them to 

H3K9 methylation sites, promoting chromatin silencing 64,65. 

DNA methylation and HP1 are highly conserved and present in most 

eukaryotes, save for budding yeast. Budding yeast possess a different 
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silencing system involving silent information regulatory (SIR) proteins, which 

are present at the heterochromatic sub-telomeric regions, rDNA arrays, and 

silent mating-type loci HMLα and HMRa. The SIR complex, composed of 

Sir2 , Sir3 and Sir4 mediates rDNA and telomeric silencing through the de-

acetylation and subsequent interaction with histone tails of H3 and H4 66. 

Heterochromatin and euchromatin boundaries in yeast are mediated by a 

balance between Sir2 deacetylation and histone acetyltransferase Sas2- 

acetylation of H4K16 67,68. 

1.3 The DNA damage response 

Repair of double-strand breaks (DSB) is important for maintaining genomic 

stability. These breaks can be lethal to the cell and are caused by 

exogenous sources, such as ionising radiation and chemicals, or 

endogenous sources, such as collapsed replication forks. Programmed 

double-strand breaks also occur during meiosis, mating-type switching in 

yeast and immunoglobulin class switching in B-lymphocytes. Faithful repair 

of these breaks is required to maintain an accurate and true DNA sequence 

and to avoid chromosome translocations, fusions, or deletions.  

When a DSB occurs, it is recognised by the MRN complex, composed of 

MRE11/RAD50/NBS1 (in yeast: MRE11/RAD50/Xrs2 (MRX)) or the 

Ku70/80 complex. The Nbs1 subunit (Xrs2 in yeast) recruits and stimulates 

auto-phosphorylation of ATM (Ataxia telangiectasia mutated) (Tel1 in 

yeast), while the Ku complex recruits DNA-PKcs (DNA-dependent protein 

kinase catalytic subunit), to form the activated DNA-PK complex 69.  Both 

ATM and DNA-PK are then responsible for the phosphorylation of serine 

139 on mammalian histone H2A.X, which is subsequently named γH2AX 70. 

In yeast, H2A serine-129 is phosphorylated by the ATM/ATR (AT-related) 

homologs, Mec1 and Tel1 kinases 71. Thousands of H2A.X nucleosomes  

are phosphorylated spreading from 0.5 to up to 1.7 Mb around the site of 

DSB and capable of visualisation as discrete foci by microscopy, providing 

an early marker for repair 72,73. γH2AX can then acts to signal for localisation 

of proteins to the break site for the DNA damage response 74. 
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Two major pathways are used to repair DSBs, non-homologous end-joining 

(NHEJ) and homologous recombination (HR) (Figure 1-6). NHEJ repair, 

involves the blunt-ended ligation of the broken DNA ends 75. It is used 

throughout the cell-cycle and shows fast kinetics in repairing DSBs in 

comparison with HR 76. Since NHEJ does not have a proof-reading 

mechanism, it is generally thought of as error-prone, due to processing that 

results in gain or loss of nucleotides at the DSB junction 75. Canonical-NHEJ 

(c-NHEJ) is well defined as a pathway and is marked by its dependence on 

Ku proteins and DNA ligase IV. Repair begins with the binding of Ku70-

Ku80 heterodimers to DNA ends which blocks the access of other proteins 

and inhibits resection. Once bound to the lesion, Ku recruits XRCC4, which 

can bridge the DNA ends, and DNA-protein kinase (DNA-PK), which in turn 

recruits Artemis and polymerases to help process the ends if they are not 

compatible. Finally, the XRCC4-DNA ligase IV complex then seals the 

broken DNA 75. The core proteins found in c-NHEJ are remarkably 

conserved among eukaryotes. In yeast, the core proteins are Yku70-Yku80, 

Dnl4/Lig4, Nej1, and the Mre11-Rad50-Xrs2 (MRX) complex 77. The MRX 

complex is a homolog to the MRN complex which is important for processing 

ends before the initiation of either NHEJ or HR 75,77,78. Other NHEJ pathways 

also exist such as microhomology-mediated end joining (MMEJ) and 

alternative NHEJ (alt-NHEJ), that do not require these proteins. 

The second major pathway is homologous recombination (HR) which is 

inhibited outside of the G2/S phases of the cell-cycle when a sister 

chromatid is present to act as a homologous template for repair. This 

pathway is generally thought of as error-free since the template is present 

to direct repair 76. HR repair involves three major steps to repair the break; 

resection of DNA ends, strand invasion into a homologous template and 

finally the resolution of DNA junctions and recombination intermediates 79.  

In the classical HR model, the initiating step is the processing of the DSB 

ends by MRN/MRX complex and CtIP (Sae2 in budding yeast) protein which 

exhibit endonuclease and 3’ to 5’ exonuclease activity, allowing removal of 

ends blocked by bound proteins or complex damage and short-range 

resection80.Subsequently, long-range extensive resection is then carried out 
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by the 5’-3’ exonuclease EXO1, and DNA2/BLM to generate 3’ single-

stranded tails, after which NHEJ can no longer be utilized to repair the 

break81. Replication protein A (RPA), highly conserved among eukaryotes, 

rapidly coats the single stranded DNA (ssDNA) to prevent nucleolytic 

degradation82. RPA is then displaced by RAD51 protein to form a 

nucleoprotein filament which is mediated by the actions of RAD52 and 

BRCA283–85. RAD51 promotes strand invasion of the ssDNA tail into the 

homologous template leading to the formation of a D-loop (displacement 

loop) where DNA synthesis will occur at the invading end. If the second 

broken end is captured, intermediate DNA structures called Holliday 

junctions will be formed. Once DNA synthesis and ligation has occurred 

Holliday junctions are resolved which leads to either crossover or non-

crossover products86. Depending on the strand invasion steps and the 

resolution of recombination intermediates, several HR pathways can be 

used to repair the break including single-stranded annealing (SSA) usually 

employed at repetitive DNA, synthesis-dependent strand annealing (SDSA) 

which leads to non-crossover events, classical HR model of double strand 

break repair (DSBR) which I have described, and break-induced replication 

(BIR)79.  
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Figure 1-6 Homologous recombination and NHEJ pathways 
Double-strand breaks can be repaired by either NHEJ or HR. During NHEJ, the KU70/80 
heterodimer complex recognises the break and recruits DNA-PKcs. Artemis is then 
recruited to process any incompatible ends. The XRCC4/Lig4/XLF complex then seals the 
ends to repair the break. During HR, the DSB is recognised by MRN. CtIP promotes 
resection in a 5’ to 3’ direction to generate ssDNA that is coated with RPA protein. RPA is 
then displaced by Rad51 to form a nucleoprotein filament which engages in homology-
searching. Creation of a D-loop and second-end capture leads to DNA synthesis on the 
broken strands. Holliday junction resolution can lead to either crossover (blue arrows) or 
non-crossover (pink arrows) repaired products. 

  

The absence of a homologous template is evidently one of the major 

contributors to pathway choice between NHEJ and HR repair. Although 

when a template is present, pathway choice is then mediated by different 

factors. 53BP1 (p53-binding protein 1) along with PTIP (PAX transactivation 
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activation domain-interacting protein) and RIF1 (RAP1-interacting factor 1) 

promote NHEJ by preventing long-range resection of broken DNA-ends. 

While, BRCA1 and CtIP counteracts the effects of 53BP1 to promote 

resection during S/G2 phases of the cell-cycle 87. BRCA1 may also act as a 

scaffold to recruit other HR promoting proteins such as CtIP and the MRN 

complex and BRCA2/PALB2 88. These repair pathways must occur in a 

suitable chromatin environment and chromatin complexity is also likely to 

contribute to repair pathway choice. 

1.4 Chromatin remodelling enzymes 

The complex organisation of chromatin is apparently at odds with the 

dynamic nature of DNA repair, transcription, and replication. To carry out 

these DNA transactions requires coordination of modifications to DNA, 

histones, and nucleosomes to alter the structure of chromatin. Not only this, 

but these efforts need to be easily reversible and dynamic to adapt to 

different conditions, loci, and chromatin environments.  

Two large classes of enzymes have been found to re-organise and regulate 

the architecture of chromatin. The first class are enzymes that can modify 

histones by adding or removing post-translational modifications to histones 

and other chromatin related proteins. The second, is a group of proteins 

called chromatin remodellers, which utilise the energy from ATP hydrolysis 

to mobilise and re-structure chromatin.  

A large group of nucleic acid helicases share a series of seven helicase 

motifs; I, Ia, II, III, IV, V and VI (Figure 1-7) 89. Classification of these proteins 

based on similarity separates them into two large superfamilies, SF1 and 

SF2 which are related by a catalytic ATPase core. A subclassification of 

SF2 proteins related to the budding yeast protein Snf2 comprises a set of 

proteins known as chromatin remodellers. Chromatin remodelling proteins, 

which often exist as part of large multi-protein complexes, all contain a 

common catalytic ATPase and translocation domain. The ATPase is 

structurally divided into two RecA-like lobes, the DExx and HeliCc domains 

which are separated by an insertion region (Figure 1-7) 90.  The helicase 

motifs are assembled in two subgroups; the N-terminal portion, responsible 
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for the binding and hydrolysis of ATP, contains motifs I, Ia, II, and III, and a 

C-terminal domain, involved in energy transduction to translocation 

comprised of motifs IV-VI 91.  

 

Figure 1-7 Helicase motifs of SF2 family of helicases 

Diagram showing organisation of helicase motifs within the two RecA-like domains. RecA-
like domain I (orange) contains two Walker motifs that are responsible for the binding and 
hydrolysis of ATP. RecA-like domain II (pink) typically contains motifs concerned with the 
binding or unwinding of DNA or RNA. Protein sequences of these motifs are shown in black 
based on sequence alignments with the Swi2/Snf2 family 92. 

The Walker box A (motif I) is a phosphate binding “P” loop which binds to 

the γ-phosphate of ATP and magnesium ions to coordinate them for 

hydrolysis 93. Mutations of the highly conserved lysine residue in the GKT/S 

box in the helicase motif I has been shown to ablate ATPase activity in 

remodellers such as yeast Snf2/Swi294. Walker box B (motif II) DEAD/DEAH 

sequence facilitates the hydrolysis of ATP by binding to the GKT/S box of 

walker A and coordinating magnesium, and mutations in this motif show a 

dramatic decrease in ATPase hydrolysis and helicase activity95. Mutations 

within the Walker A and Walker B motifs ablate activity in helicases and 

other chromatin remodellers consequently affecting their translocation, 

duplex unwinding and chromatin remodelling activities 94,96–100.Helicase 

motif III is concerned with ATP hydrolysis and DNA interactions, and 

mutations in this region have been shown to impede the binding and 

unwinding of DNA strands 101. Both Motif V, and motif VI have been shown 

to be important for coupling ATP hydrolysis to strand displacement or 

translocation activity of helicases. 

All helicases and translocases couple ATP hydrolysis to translocation or 

unwinding of DNA. Many SF1 and SF2 helicases function via an “inchworm” 

mechanism that utilises two DNA binding sites. SF1 helicase PcrA, for 

example, binds to ssDNA utilising two DNA binding domains 1A and 2A. 

When PcrA binds to ATP, the cleft between the 1A and 2A domains 
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undergoes a conformational change, and closes, where one domain retains 

its grip on the ssDNA, while the other is brought forward. Once ATP is 

hydrolysed, the cleft re-opens resulting in a translocation of one base pair 

across ssDNA 102,103. However, chromatin remodellers do not act as 

traditional helicases; they cannot separate strands of double-stranded DNA 

or RNA. Instead they act as DNA translocases to move along DNA, and all 

show DNA-stimulated ATPase activity 104. 

Chromatin remodelling proteins translocate along DNA to alter DNA-histone 

contact and can move, eject and slide nucleosomes, incorporate histone 

variants and assemble nucleosomes to alter the structure of chromatin 

(Figure 1-8). Due to their diverse range of functions and their position in 

safeguarding the genome, defects in these enzymes often coincide with 

poor DNA repair, replicative stress, and tumorigenesis and therefore 

present an interesting target for novel therapeutics. 
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Figure 1-8 Mechanisms of chromatin remodelling enzymes 

Cartoon depicting the various mechanisms of chromatin remodellers on nucleosomes and 
histones. ATP-dependent chromatin remodellers hydrolyse ATP to carry out remodelling 
activities; these include re-positioning nucleosomes to create regularly or irregular spaced 
arrays, removing or assembling entire nucleosomes onto DNA, removing or incorporating 
histone dimers and removing or incorporating histone variants.  

All chromatin remodellers studied to date have displayed an ATPase activity 

that is stimulated by DNA or nucleosomes. The yeast RSC chromatin 

remodelling enzyme possesses an ATPase activity that is stimulated by 

both ssDNA and dsDNA proportionate to its length105,106.  It is not stimulated 

by DNA less than 15-20 bp long, which sets the minimal length of DNA that 

is required for RSC to bind, and its ATPase activity is maximal at 80 bp or 

longer. Similar effects are seen on DNA mini-circles, which imitate DNA of 

infinite length, and stimulates maximal ATPase activity106.  DNA-length 

dependent ATPase activity has been seen for several remodellers. 

Translocation along DNA can be monitored by displacement of a radio-

labelled triplex-forming oligo (TFO) annealed to a dsDNA substrate. RSC 
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and ISWI chromatin remodelling complexes have display translocation 

activity using this assay and have shown that translocation occurs 

predominantly by tracking the backbone of the 3’-5’ strand106–108. 

Additionally, single-molecule approaches have provided real-time kinetics 

of RSC and SWI/SNF remodellers translocating on DNA showing a 

preference for nucleosome bound DNA over dsDNA only109.  

Nucleosome sliding is a common function of chromatin remodellers and can 

be assayed using reconstituted nucleosomes assembled on DNA in vitro. 

Commonly used DNA sequences used, are the Widom ‘601’ sequence, and 

sequences from rDNA loci including a 260 bp fragment from the 5S 

ribosomal RNA gene of Lytechinus variegatus, or less well-known 

sequences such as mouse TTF-I factor binding site or Drosophila hsp70 

promoter sequences110–113. Reconstituted nucleosomes adopt preferred 

positions on these sequences, and sliding activity can be visualised on a 

gel, due to the differing electrophoretic mobility of the “centre” or “end” 

positioned nucleosomes. This assay has been used on a number of different 

remodellers, and can be used to tease apart different functions depending 

on the length of DNA or composition of reconstituted nucleosome114–118. It 

does not however detect transient changes to nucleosome structure such 

as minor alterations to DNA on the surface of the octamer core. Other 

assays can be employed to look at this; DNA on the surface of the octamer 

core is inaccessible to restriction enzymes. Cleavage sites for these 

enzymes can be inserted in to the DNA of reconstituted nucleosomes, and 

minor alterations can be monitored by the production of cleaved DNA119. 

1.4.1 Classification of chromatin remodelling families 

Chromatin remodelling enzymes are broadly categorised into four major 

families; SWI/SNF (switching defective/ sucrose non-fermenting), ISWI 

(imitation-switch), INO80 (Inositol 80) and CHD (chromodomain, helicase, 

DNA binding) families (Figure 1-9) 91.Classification is based on the length 

of the insertion region, and functional domains within the catalytic subunit. 

These domains can function to either regulate the ATPase or recruit the 

complex to chromatin and interact with other proteins120. 
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Figure 1-9 The four chromatin remodelling subfamilies 

All remodellers share a conserved ATPase domain characterised by the DExx (dark blue) 
and HELICc (green) domains that are separated by a linker region. Further sub-
categorisation is based on the unique domains flanking or within the ATPase domains. 
SWI/SNF family members show the presence of a bromodomain (light blue) and HSA 
(Helicase_SANT) domain (orange). ISWI family harbours a C-terminal HAND-SANT-SLIDE 
domain. CHD family members harbour two tandem N-terminal chromodomains. The INO80 
subfamily also displays a HSA domain like the SWI/SNF family, but are unique by the 
presence of a longer insertion region and the absence of a bromodomain. 

Chromatin remodelling complexes often exist as large multi-subunit 

complexes that are conserved across eukaryotes (Figure 1-10). Auxiliary 

subunits regulate the function of the complex. For example, nuclear and 

actin-related proteins (ARPs) are often found in chromatin remodelling 

complexes and have been shown to affect transcriptional activation and 

ATPase activation 121. Many of the associated subunits are conserved within 

equivalent complexes in other species suggesting conserved functions 

(Figure 1-10 in grey). Additionally, the same catalytic subunit can be found 

in multiple complexes that differ by association with different additional 

subunits. 
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Figure 1-10 Chromatin remodelling complex composition in eukaryotic organisms 
Subunit composition of the SWI/SNF, INO80, ISWI and CHD chromatin remodelling 
complexes in Homo sapiens, S. cerevisiae, D. melanogaster and M. musculus. Catalytic 
subunits are marked with an asterisk.  Shaded subunits denote those that are conserved 
among species. 
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SWI/SNF subfamily 

The SWI/SNF (Switch/Sucrose Non-Fermenting) family is characterised by 

two domains; the HSA (helicase-SANT-associated) domain recruits actin-

related proteins, and the bromodomain found at the C-terminal end 

recognises and binds acetylated lysine residues, often with histones 122,123.  

Two complexes exist in yeast, SWI/SNF and RSC (remodels the structure 

of chromatin). Both are large multi-protein complexes each containing an 

ATPase core protein subunit, Swi2/Snf2 and Sth1 catalytic subunits, 

respectively. Both complexes are able to slide nucleosomes and are 

involved in transcription and DNA repair 124,125. 

Studies of the homologous human complexes SWI/SNF complex, BAF and 

PBAF have shown that they are frequently mutated in cancer, and have as 

such, been implicated as tumour suppressors. Exome- and whole-genome 

sequencing studies of primary human tumours shows that subunits of 

mammalian SWI/SNF family complexes are mutated in approximately 20% 

of all cancers 126. The roles of these complexes in cancer can come from 

the multiple functions they display in transcription regulation, DNA repair 

and chromosome segregation 127–130.  

ISWI subfamily 

The ISWI ATPase was found to have significant homology to yeast 

Swi2/Snf2 within the ATPase module. It was therefore named imitation 

switch (Imitation SWI) 131. Catalytic subunits of the ISWI family harbour C-

terminal HAND-SANT and SLIDE domains, which function jointly as a 

nucleosome interaction module to bind DNA and unacetylated histone tails 

132. The most well-characterised members of this subfamily include the Nurf, 

ACF and CHRAC complexes133 and Isw1 and Isw2 in yeast which can form 

several distinct complexes134. Studies of yeast Isw1 and 2 show that 

mutations in the genes cause the expression of a number of genes, 

suggesting that the role of ISWI remodellers is to dampen transcription 135–

137.  

ISWI complexes are frequently involved with re-positioning nucleosomes to 

create regular spaced nucleosomes on DNA 138. Yang and colleagues 

discovered through FRET and gel-based experiments that the ACF 
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remodeller senses the flanking DNA protruding from a nucleosome 139. The 

longer the length of this DNA, the greater the resulting ATPase activity. This 

underlies the preference for moving nucleosomes towards longer flanking 

DNA spacing nucleosomes evenly. Crosslinking experiments with Isw2 

have shown that sensing flanking DNA is mediated by the HAND-SANT-

SLIDE domains140. Additionally, the H4 N-terminal tail stimulates the activity 

of ISWI and CHRAC and promotes nucleosome sliding, although is not 

required for interaction with nucleosomes 141.  

Regulation of the catalytic core of ISWI is maintained by the AutoN and 

NegC domains 142. The AutoN domain negatively regulates ATP hydrolysis 

and the NegC domain negatively regulates coupling of ATP hydrolysis to 

DNA translocation of ISWI complexes. In the absence of the basic patch of 

the H4 tail and linker DNA, these domains both seem to prevent 

inappropriate nucleosome sliding 142. Auto-inhibition by the NegC and 

AutoN domains is relieved by the presence of the acidic patch from H2A 

and H2B and controls the distance of travel by translocation 143. Structures 

of thermophilic yeast ISW1 complex shows that in the absence of a 

nucleosome, the AutoN and NegC domain collectively bind the RecA-like 

domains to hold it in an inactive conformation 144.   

CHD subfamily 

The CHD (Chromodomain, helicase, DNA-binding) family of chromatin 

remodellers are defined by two tandem chromodomains N-terminal to the 

ATPase domain. Chromodomains function to bind DNA, RNA and methyl 

lysines on histones 145–147. CHD1 chromodomains have been shown to bind 

H3K4me2/3, an epigenetic mark commonly associated with actively 

transcribing genes 147,148. Members of the CHD family and ISWI family are 

generally smaller complexes comprised of a single or relatively few 

subunits. Proteins belonging to this family can be further divided into three 

groups, CHD1, Mi-2 and CHD7, depending on their unique structural motifs.  

The best studied complex in this family is NuRD, a large multi-subunit 

complex first identified as a transcription silencer. It is composed of either 

CHD3 or CHD4 as the catalytic core ATPase and associated proteins that 
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are involved with transcriptional repression including histone deacetylases 

HDAC1 and HDAC2, MBD3 (methyl-CpG binding domain), retinoblastoma 

associated proteins and metastasis associated proteins 149–151. This 

complex has additional roles in the regulation of chromatin structure such 

as the deacetylation of histone tails, and nucleosome sliding and positioning 

152. In yeast, Chd1 localises to  transcribing regions  and functions to space 

nucleosomes and maintains chromatin structure by preventing histone 

exchange 153,154. Chd1 works co-operatively with Isw1b to regulate 

chromatin structure during transcription. Chd1 and Chd2 preferentially bind 

to AT-rich DNA sequences, a sequence feature generally associated with 

destabilisation of the DNA helix 155.  

INO80 subfamily 

Discovered in yeast as the gene responsible for inositol-related gene 

expression, the INO80 family is distinguished by the long insertion region 

between helicase motifs III and IV, compared to other remodellers156,157. 

The longer insertion region is required for interaction with Ies2, and other 

subunits, for the assembly of the Ino80 core complex, and also stabilises 

binding to nucleosomes 158. Remodellers in this family include Ino80, Fun30 

and Swr1 in S. cerevisiae and the INO80, SRCAP and P400 complexes in 

humans. The INO80 complex functions to space nucleosomes evenly by 

aligning nucleosomes away from DNA ends by sensing flanking DNA 159. 

Additionally, INO80 is able to catalyse exchange of H2A.Z-H2B dimers with 

H2A-H2B 160,161. 

INO80 is involved in a diverse range of functions including transcription, 

maintaining chromosome structure at centromeres and maintenance of 

heterochromatin 162,163. INO80 uses a cooperative mechanism to slide 

nucleosomes utilising two separate complexes to bind to the substrate, 

suggesting that INO80 acts as a dimer 159. 

SWR1 acts on regions of transcribed regions localising to nucleosome-free 

regions (NFR) and promoter regions that have acetylated histones 164. The 

main chromatin remodelling activity associated with SWR1 is the exchange 

of histone dimers. SWR1 and INO80 seem to show antagonistic behaviour 
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in this respect, where SWR1 catalyses the removal of H2A:H2B dimers to 

exchange them with H2A.Z:H2B, thereby creating a locale for the activation 

of transcription 165. SRCAP, a remodeller found in humans closely related 

to SWR1, also exhibits this behaviour of dimer exchange and incorporating 

H2A.Z 166. In contrast INO80 replaces H2A.Z-H2B with H2A-H2B  160. 

Fun30 (Function unknown now 30) is a relatively unstudied remodeller 

within this family, and is unique amongst the family by functioning as a 

homodimer rather than in a large multi-subunit complex 167. It is localised to 

centromeres and intergenic regions and its loss leads to the upregulation of 

genes suggesting a repressive role 168. Fun30 can slide nucleosomes but 

seems to have a preference for dimer exchange activity and is involved with 

the correct placement of H2A.Z throughout the genome 117,167,168.  

1.4.1 Nucleosome sliding and translocation models 

The mechanisms by which remodellers alter chromatin structure have been 

hotly debated. Several models have been proposed for how DNA 

propagates around the nucleosome core to result in repositioning. The 

“spooling” model suggests that remodelling enzymes peel off large DNA 

segments from the octamer surface. The free patch on the octamer surface 

is then able to capture a new segment of DNA resulting in movement of the 

entire nucleosome. The “twist” model suggests that linker DNA is 

translocated one base-pair at a time with disruption of an initial histone-DNA 

contact, introducing a distortion in the DNA helix wrapped around the 

histone core, which propagates to the next contact site displacing the DNA 

by one base-pair 169. The “DNA loop recapture” or “bulge” model proposes 

that several DNA-histone contacts are disrupted. DNA translocates to 

create a bulge which propagates like a wave around the core and is 

released at the exit site of the nucleosome (Figure 1-11) 170.  
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Figure 1-11 “Spooling”, "Twist" and "Wave" models of DNA translocation 

Schematic of the “spooling” mechanism of translocation showing a large segment of DNA 
peeled off the nucleosome, and a new segment of DNA is attached. The twisting 
mechanism of translocation shows a 1 bp distortion of DNA propagating around the histone 
core to the exit sit of the nucleosome. The loop recapture or “wave” model disrupts several 
histone DNA contacts to create a bulge that propagates to the exit of the nucleosome. 

Recent structures have emerged which help to elucidate translocation 

mechanisms by different remodellers. S. cerevisiae Snf2 binds via the motor 

domain to the nucleosome at position SHL2. Snf2 adopts an open 

conformation when bound to ATP and induces a one base pair DNA bulge 

that induces a distortion on the tracking strand in a 3’-5’ direction. 

Transmission of the DNA bulge around the histone core to the exit site 

results in nucleosome sliding. After ATP hydrolysis, Snf2 resets and adopts 

a closed conformation 118. An almost identical translocation mechanism  for 

the motor domains of the yeast ISWI remodeller, yeast SWR1, RSC, Chd1 

and human CHD4 has been uncovered, suggesting a conserved 

mechanism for translocation 171–175. However, auxiliary domains and 

subunits within the complexes can alter the remodelling mechanisms 

between remodellers. Several cryo-EM structures have also been solved for 
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the RSC complex with the nucleosome, and are in agreement with a unified 

mechanism of translocation, suggesting that the ATPase subunit, Sth1, 

pumps DNA in 1-2 bp increments along the histone octamer surface toward 

the exit site. A second module of the RSC complex, containing Sfh1 

contacts the nucleosome on the opposite side via the acidic patch 173,176. 

Chd1 and Chd4 motor domains also both contact the nucleosome at SHL2 

174,177. The H4 tail, which is normally in contact with the acidic patch of a 

neighbouring nucleosome, contacts the ATPase lobe 2 indicative of how 

these remodellers affect chromatin structure. Unlike Chd4, Chd1 can induce 

DNA unwrapping at the exit of the nucleosome.  

Other remodellers contact the nucleosome at different positions; while Snf2 

and Chd1 bind to SHL2 and SHL−6, the INO80 motor domain contacts 

SHL−6 /−7 where it induces DNA unwrapping 178. The ARP5-IES6 subunits 

of the complex binds to SHL-3 acting as a “stator” for the complex on the 

nucleosome. DNA pumping toward the ARP5-IES6 subunits create a DNA 

bulge at the H2A-H2B interface liberating it from contacting DNA, and allows 

for the dimer exchange activity of INO80 (Figure 1-12) 179.  Although the 

SWR1 complex shows dimer exchange activity similar to INO80, the 

structure of this complex reveals that its motor domain binds to SHL2 like 

the Snf2 and RSC complexes  172. Single-molecule experiments with SWR1 

indicate that the binding of ATP by Arp6-Swc6 subunits causes 10-12 bp of 

DNA to peel back from the octamer surface at SHL6. Moreover, SWR1 

preferentially exchanges H2A-H2B dimers which are proximal to the binding 

site at SHL2.  
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Figure 1-12 Mechanism of translocation and dimer exchange 

Schematic for the mechanism of translocation dimer exchange by the INO80 complex. 
ARP5-IES6 subunits of the INO80 complex act as stator proteins gripping the complex on 
the nucleosome as DNA is pumped by the motor proteins to create a bulge. The bulge can 
propagate to result in sliding or can facilitate the dimer exchange activity of INO80. 

Histone octamer cores may also adopt different conformations that can 

promote or inhibit activity by different chromatin remodellers 180. Introduction 

of crosslinks between the H3 and H4 dimer interface near the superhelical 

location 0 (SHL0) results in the inability of SNF2h (human ISWI) to slide the 

nucleosome. Contrastingly, this rigid structure aids octamer eviction 

catalysed by RSC. 

1.4.2 Chromatin remodelling enzymes in DNA repair 

A number of chromatin remodellers have been implicated in the DNA-

damage response to create a chromatin structure amenable for repair. Not 

only this, but they have been implicated within specific pathways of repair 

or at specific steps of repair. For example, human SRCAP complex, an 

INO80 family member, was found to interact with the end-resection protein 

CtIP promoting its recruitment to DSBs and depletion of SRCAP results in 

end-resection defects181. 

RSC is an abundant complex that is rapidly recruited to DSBs and studies 

in yeast have implicated it in a number of DNA repair pathways, affecting 

cohesin loading at breaks, sliding nucleosomes away from DNA ends and 
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influencing H2A phosphorylation 182–184. Studies of the PBAF complex, the 

homolog of RSC in mammals, have shown that it is required for 

transcriptional repression at breaks and DNA repair185. 

Additionally, Chd1 has been implicated in DNA repair by homologous 

recombination (HR), where it promotes a more open structure around the 

site of a double-strand break (DSB) to allow the subsequent recruitment of 

HR proteins and allow repair 186. Interestingly it is not implicated in non-

homologous end-joining (NHEJ) and would suggest that chromatin 

remodellers have become specialised to particular repair pathways 186. For 

example, Chd2 has been shown to be involved in NHEJ, whereby it is 

recruited by PARP1 to deposit H3.3 variant histone at the site of the DSB in 

order to open the chromatin structure and regulate the assembly of the 

NHEJ proteins at the break site. Conversely to Chd1, loss of Chd2 does not 

affect HR 187. The function of depositing H3.3 by Chd2 is not limited to break 

sites however, and is also carried out at sites of active transcription 188. 

INO80 interacts with γH2AX at the sites of DSBs and is implicated in 

homologous recombination189,190. Deletion of RAD52 and subunits of the 

INO80 complex in yeast show additive sensitivity to DNA damaging agents, 

suggesting that they either function different pathways or at different steps 

that are both partially impaired 189. The budding yeast Ino80 protein is 

enriched at the MAT locus (a region important for determining mating type) 

after the induction of a DSB through recruitment by phosphorylated H2A, 

and mutants display delayed resection and subsequently altered 

nucleosome and chromatin disassembly191–193. Additionally, Rad51 loading 

on ssDNA is reduced, and strand invasion is delayed, when the Arp8 

subunit of the yeast Ino80 complex is deleted.  

Like Ino80, Fun30 has shown a role in DSB repair. Fun30 localises to sites 

of DSBs and promotes long-range resection, one of the first steps in 

homologous recombination194. SMARCAD1 the human homolog also 

promotes long-range resection195.  Budding yeast Fun30 deletion mutants 

show a severe defect in SSA (single-stranded annealing) in an assay that 

requires extensive resection to be repaired. Despite the fact that chromatin 
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remodellers INO80, SWR1 and RSC have also been implicated in resection, 

cells lacking these remodellers are do not show a defect in the same assay 

suggesting a unique function for Fun30 in extensive resection 196.  

Comparison of the yeast RSC and Swi/Snf complexes have shown that they 

play distinct roles during HR 129. The action of Swi/Snf is required at an early 

step of HR, and promotes the recruitment of the MRX complex to initiate 

resection 197. RSC is recruited very early and involved in nucleosome 

repositioning and H2A phosphorylation. Lack of Sth1 expression, the 

catalytic subunit of RSC reduces phosphorylation of yeast H2A and reduces 

nucleosome movement around the sites of a break indicating that RSC may 

have several roles at the DNA damage site 129,198. In agreement with this, 

rsc mutants show sensitivity to several  DNA-damaging agents and remodel 

nucleosomes both globally and around the sites of DSBs 129,199,200. In 

addition, yeast lacking the Rsc8 and Rsc30 subunits of RSC show a defect 

in NHEJ-mediated repair of an HO induced break in strains lacking the HM 

donor loci 200. 

We do not yet have a clear understanding of all the remodellers that are 

involved in DNA repair or their mechanisms of function. However, their role 

in maintenance of the chromatin structure is likely connected to their 

dysfunction in cancers. 

1.5 The Lsh subfamily of chromatin remodellers 

1.5.1 Sequence analysis of Irc5 and HELLS 

The focus of this thesis is the Lsh (HELLS/Irc5) subfamily of chromatin 

remodellers. This subfamily was predicted by sequence analysis, to be 

putative chromatin remodellers. Early alignment of functional regions within 

chromatin remodellers categorised them into the four major families 91. 

However more recent sequence alignment spanning  the helicase-like 

region has provided an alternative classification of helicases into 24 distinct 

subfamilies which include chromatin remodellers related to Snf2 (Figure 

1-13) 201. 

 The Lsh subfamily comprises of Irc5 (Increased recombination centres 5) 

protein in Saccharomyces cerevisiae, and mammalian HELLS (Helicase 
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lymphoid-specific). HELLS and Irc5, as well as the Arabidopsis thaliana 

homolog DDM1, are most closely related to the SWI/SNF family suggesting 

they function as chromatin remodellers. However, Irc5 and HELLS show no 

recognisable HSA or bromodomains. Classification of the 24 distinct 

subfamilies of helicases, identifies HELLS and Irc5 as a subfamily in its own 

right (Figure 1-13). 

 

Figure 1-13 Family of Snf2 ATPases 

Division of the 24 distinct sub-families of chromatin remodellers. Lsh subfamily is 
highlighted in a red box (Adapted from 201). 

Sequence alignment using Clustal Omega shows that Irc5 shares 37% 

sequence identity with HELLS and 39% with DDM1, with the sequence 

highly conserved in areas surrounding the helicase-motifs and lower 

percentage identity in the N-terminal region. COILS prediction software has 

predicted coiled-coils in the N-terminal region upstream of helicase motif I 

of HELLS, Irc5 and DDM1, and in the C-terminal region between motifs III 
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and IV of Irc5 (Figure 1-14, Figure 1-15 green box). 202. Irc5 and HELLS do 

not have any other recognised domains apart from identified helicase 

motifs. Coil-coils are common structural motifs made from α-helices that 

wind round each other to form a supercoil, with a regular repeating pattern 

or charged and hydrophobic residues. Coils are often found within protein 

interaction domains and several chromatin remodellers use this motif to 

interact with protein partners or as sites for multimerisation. The BAF155 

subunit of the SWI/SNF complex interacts with BRG1, the catalytic core 

through its coil-coil region 203. MORC2 an ATPase involved in preparing 

local chromatin structures around DNA lesions, dimerises through its C-

terminal coil-coil domain which facilitates its response to damage 204,205. 

Further analysis using coil-coil prediction software predicts the coiled-coils 

in Irc5 and HELLS have potential to form dimerisation domains 206.   

 

 



Introduction 

 

36 
 

 

Figure 1-14 Coils output for Irc5, HELLS and DDM1 protein sequences 

 Coil-coils are structural domains that mediate oligomerisation and protein-protein 
interactions. Predictions are made based on sequences compared to known parallel two-
stranded coil-coils. Coil-coil predictions were made using Coils program 202. 
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Figure 1-15 Sequence alignment of budding yeast Irc5, human HELLS and 
Arabidopsis thaliana homolog DDM1 
Percentage similarity is displayed in violet and purple, predicted coil-coil regions are 
marked in green boxes, nucleotide phosphate binding region in red, short sequence motifs 
such as the DExH box and nuclear localisation signals are shown in orange. Helicase 
motifs are shown in numbered black boxes. Motifs were assigned using data from M. E. 
Fairman-Williams et al. and numbering of motifs was largely based on the original 
designation of sequence motifs by Gorbalenya and Koonin 89,92. Sequence alignment 
performed using Clustal Omega 207. 
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1.5.2 LSH/HELLS and Irc5 

The gene for HELLS was first identified as a partial cDNA from murine foetal 

thymus tissue and was named Lsh (Lymphoid-specific helicase) since it was 

originally found to be expressed in early thymocytes but not in other organs 

such as heart, liver or lung 208 . It has since been referred to as PASG 

(proliferation-associated SNF2-like gene product), SMARCA6 (SWI/SNF2-

related matrix-associated actin-dependent regulator of chromatin subfamily 

A member 6) and HELLS (helicase-lymphoid specific). It has now been 

shown that it is expressed ubiquitously, but shows very high mRNA levels 

during embryonic development and in proliferative tissues such as the bone 

marrow and thymus 209. HELLS is localised to the nucleus and bears a 

nuclear localisation signal in its N-terminal domain between amino-acids 31-

176. In mice,  Lsh (murine form of HELLS) is localised to pericentromeric 

heterochromatin co-localising with HP1 proteins, late S-phase foci and 

chromocentres, while in humans, HELLS expression is highest in G2 

phases of the cell cycle and is enriched in nuclear punctate structures 210,211.  

The budding yeast homolog Irc5 was originally identified from a genome-

wide screen of yeast deletion strains looking for an increase in spontaneous 

Rad52 foci 212. Since this work was initiated, Litwin and colleagues have 

found that Irc5 contributes to the association of cohesin complexes and 

plays a role in the response to replication stress 213,214. 

1.5.1 HELLS is required for DNA methylation 

Most CpG residues in the human genome are methylated, however in 

certain regions, such as the promoter regions of genes, there exist “CpG 

islands” of un-methylated residues215 .  Methylation alters the compaction of 

chromatin by recruiting repressor complexes which leads to the more 

condensed, heterochromatin structure216.  Two types of methylation exist in 

cells; the first is de novo methylation of DNA sequences, and the second 

involves maintaining the methylation status of the DNA 217 . HELLS affects 

global levels of methylation in mice and is thought to be involved with de 

novo methylation since it interacts with known de novo methyltransferases, 

Dnmt3a, Dnmt3b and indirectly with Dnmt1 and acts as an efficient 

transcriptional repressor at promoters of genes 218,219. Lsh-silenced 
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embryonal stem (ES) cells show an aberrant pattern at known de novo 

methylation sites217. Lsh-deficient mice, in which helicase domains II, IV and 

part of II were deleted, showed signs of premature aging and global 

hypomethylation but were viable for several weeks. Global methylation was 

reduced by 33% and transcriptional activation of normally repressed 

genes220. 

 The Arabidopsis thaliana flowering plant homolog, DDM1 is also involved 

with maintaining the global levels of de novo methylation status with mutants 

showing 70 % reduction of methylation, and developmental 

abnormalities221–223. Aberrant methylation patterns are often seen in 

cancers, leading to expression of repressed oncogenes. Hence, the role 

HELLS plays in methylation may be important in the prevention of 

tumorigenesis. Since DNA methylation does not occur in budding yeast, it 

has been proposed that there is another conserved role for both HELLS, 

DDM1 and Irc5 in maintaining genomic stability, through methylation-

independent processes. 

1.5.2 The association of HELLS and disease 

HELLS mutation and overexpression has been implicated in tumourigenesis 

(Figure 1-16). Exome sequencing of tumours has identified HELLS mutants 

with deletions, truncations or substitutions that are predicted to be important 

for remodelling and ATPase activity (Figure 1-17). This suggests that loss 

of function could promote a tumorigenic phenotype. The murine homolog of 

HELLS, Lsh, is located on chromosome 19 and location of human HELLS 

is on chromosome 10q23–q24, in breakpoint sites that are frequently 

associated with leukaemia 224. These sites have also shown allelic loss in 

several solid tumours containing lung cancers. A spliced isoform of HELLS 

containing a 44-nucleotide insertion producing a shorter transcript of 97 

amino-acid residues, was detected in 26 % of non-small cell lung cancers. 

In addition, this isoform could not be found in the corresponding normal lung 

tissues 225. Another variant, containing a 75ntd deletion within helicase motif 

V, of HELLS was detected in several cancer types such as non-small cell 

lung cancer as well as acute myelogenous and lymphoblastic leukaemia 226. 
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This variant was detected in almost 60% of acute myelogenous patient 

samples and could not be seen in corresponding normal tissues 226 .  

Furthermore, HELLS overexpression correlates with metastases or 

aggressive phenotypes of some cancers which points to it as a possible 

tumour suppressor and biomarker for malignant progression, however, its 

mechanism of function is still unclear. High expression of HELLS has been 

linked to progression of Oropharyngeal Squamous Cell Carcinoma, and is 

up-regulated in breast cancers 227,228. Additionally, HELLS overexpression 

is found during progression lymph node metastases  in blood serum levels 

of patients with metastatic melanoma,  and in prostate cancers that show 

aggressive phenotypes 228–230. Levels of HELLS are related to the 

expression of other proteins involved in cancers, such as transcription 

factors FOXM1 and E2F3 231,232. 

 

Figure 1-16 HELLS mutation or mis-regulation is associated with a number of 
different cancers 

Graph shows mutations (green), fusion (purple), amplifications (red), or multiple alterations 
(grey) of HELLS in several different cancers. Data curated from approximately 10,000 
patient cancer samples. Adapted from cBioPortal 233,234. 
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Figure 1-17 Mutations of HELLS associated with cancer 

 Lollipop diagram of the HELLS protein sequence, with mutations found in cancer samples 
annotated. Green lollipops denote missense mutations, black lollipops denote truncations. 
Adapted from cBioPortal 233,234. 

As well as associating with cancer, HELLS mutations have also been 

associated with ICF syndrome (Immunodeficiency, centromeric region 

instability, facial anomalies syndrome) a rare autosomal recessive disorder 

that is characterised by heterochromatic and centromeric instability as well 

as chromosomal breaks 235,236. More recent studies of HELLS mutations 

from ICF syndrome patients found defects in DNA repair and point to a role 

for HELLS in maintaining genomic stability 237. 

1.5.3 Biochemical characterisation of the Lsh subfamily and 

implications for HELLS and Irc5 in DNA repair 

Evidence has been emerging over the past two decades that chromatin 

remodellers have a role to play in DNA repair and this thesis implicates the 

Lsh subfamily in these pathways. Fibroblasts lacking Lsh display early signs 

of senescence, increased DNA content, micronuclei formation and 

proliferative defects238. Lsh-deficient MEFs  (mouse embryonic fibroblasts)  

display decreased survival in colony formation assays after ionising 

radiation (IR)96. The use of comet (single-cell electrophoresis) assays has 

revealed aberrant DNA damage responses. Although wild-type and Lsh -/- 

MEFs had similar levels of DNA damage after irradiation, Lsh -/- cells 

repaired fewer than 50 % of DNA damage lesions 8 hours post-irradiation, 

indicating defects in repair of a subset of breaks96. Burrage et al., showed 

that although Lsh -/- MEFs had normal activation of ATM and initiation of 

DNA repair compared to wild-type, accumulation of γH2AX foci was 

significantly reduced96. Lsh-/- cells complemented with wild-type HELLS 

showed normal levels of H2AX phosphorylation but H2AX phosphorylation 

was not complemented with a K237Q ATPase-dead mutant, suggesting that 

the turnover of ATP is required to resolve γH2AX foci96 . HELLS-deficient 
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spermatocytes also display persistent γH2AX foci after damage, as well as 

abnormal chromosome synapsis during meiosis indicating that HELLS 

function is required during meiotic progression 239.  

HELLS has also shown involvement with the NHEJ pathway. CDCA7 is 

thought to interact with Xenopus HELLS and stimulate its chromatin 

remodelling activity and more recently both have been shown to interact 

with the C-NHEJ proteins, Ku70 and Ku80 through co-immunoprecipitation 

experiments 237,240. Moreover, the deficient expression of CDCA7 and 

HELLS created a significant delay in the recruitment of Ku proteins to DNA 

damage sites.  

A recent publication from our lab, which includes some of the work outlined 

in this thesis, has defined a role for HELLS in HR within heterochromatic 

regions 211. HELLS-depleted human fibroblasts displayed elevated numbers 

of γ-H2AX foci and micronuclei formation both before and after irradiation. 

This phenotype could not be rescued with an ATPase-deficient point-

mutant, HELLS-K254R indicating that catalytic activity is required for a 

normal DNA damage response. Persistent γH2AX foci co-localised with 

HELLS puncta, indicating that slow-repairing breaks require HELLS 

function. Since breaks within heterochromatic regions are repaired with 

slower kinetics than those within euchromatic regions, we believe that 

HELLS is important for DSB repair within compact structures of chromatin.   

Depletion of HELLS also resulted in reduced numbers of RAD51 and RPA 

foci indicating a defect in the end-resection step of the homologous 

recombination pathway of DSB repair. Importantly, this defect was rescued 

when chloroquine, a chromatin relaxation agent, was added, supporting a 

role for HELLS in DSB repair within heterochromatic regions. I have 

observed a direct interaction between HELLS and the CtIP resection 

protein, CtIP in vitro. When HELLS is depleted in mammalian cells, there is 

a deficiency in recruitment of CtIP to break sites 211. 

Importantly, the role of HELLS in DNA repair is independent of the 

methylation function of HELLS. The yeast homolog Irc5 has also shown 

involvement inDNA repair and since budding yeast do not possess 
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methylated DNA, a methylation-independent function appears conserved 

for this subfamily.  IRC5 deletion increases spontaneous Rad52 foci 212. 

Rad52 is a marker for damage actively undergoing repair by HR or sites 

which have not yet completed repair and may suggest that Irc5 is required 

for repair241,242. 

IRC5 deletion significantly increases HR between homologous 

chromosomes but not sister chromatids 212. In addition to this, genetic array 

analyses have shown that approximately 30% of IRC5 genetic interactors 

are in some way involved with recombination, which is a significant 

enhancement from the 2.5% of recombination genes in the entire genome, 

these include RAD51/52 which are both involved with strand-invasion in 

homologous recombination, MRE11, and RPD3, a histone deacetylase. 

Research from our lab has shown that Irc5 interacts with PCNA 

(Proliferating cell nuclear antigen) (unpublished), a DNA processivity factor 

that plays a role during DNA repair as well as at replication forks243,244. 

Recently it has been found that Irc5 promotes cohesion and this enables 

progression of blocked replication forks213,214. Mus-30, the Neurospora 

crassa homolog interacts with known DNA repair components and also 

limits damage from toxic BER (base excision repair) elements, and the 

DDM1 homolog participates in repair after UV-B damage and oxidation  

245,246. ddm1 mutants have shown sensitivity to DNA damaging agents 

including gamma radiation, UV-C , UV-B, methyl methane sulfonate (MMS) 

246,247. This information leads us to the proposal that Lsh subfamily members 

play roles in DNA repair pathways and prevent genomic instability.  

While HELLS and Irc5 have been linked to repair, little is known of their 

mechanism of function. No biochemical data is available for the budding 

yeast homolog Irc5, for human HELLS and very little exists DDM1. ATPase 

assays have been performed on the recombinant mouse Lsh protein, as 

well as the Arabidopsis thaliana homolog DDM1, which both show a modest  

ATPase activity stimulated by DNA and nucleosomes 96,248. DDM1 has 

shown a preference for moving end-positioned nucleosomes to the centre 

of DNA 248.  Xenopus HELLS has been proposed to form a complex with 

CDCA7 (Cell Division Cycle Associated 7), both of which have shown 
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involvement with ICF syndrome  (immunodeficiency-centromeric instability-

facial anomalies) 236,237. Xenopus HELLS does not show the ability to slide 

nucleosomes on its own; CDCA7 was found to stimulate the nucleosome 

remodelling activity of Xenopus HELLS allowing it to slide centre-positioned 

nucleosomes to the end of a DNA fragment.  

This thesis aims to illuminate the role of this subfamily in DNA repair and 

their biochemical activity. Analysis of Irc5 in budding yeast will provide 

insights into the role of this subfamily in DNA repair, in the absence of DNA 

methylation effects that have been seen in human and Arabidopsis. 

Purification and biochemical analysis of both Irc5 and HELLS proteins will 

expand the limited knowledge of how these proteins function 

mechanistically, whilst details of interactions with other proteins will aid our 

functional understanding. Moreover, furthering the comprehension of 

HELLS protein function could elucidate the role of HELLS in disease. 
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1.7 Thesis outline 

The objectives of this thesis are defined as follows: 

I. Characterising the role of Irc5 in genomic stability in vivo 

A large proportion of our understanding of chromatin remodelling complexes 

has come from work in budding yeast. I aim to establish the role of Irc5 in 

maintaining genomic stability in vivo using budding yeast as a model 

system.  In particular, I will be investigating its role in DNA repair. I hope to 

establish the role of Irc5 in repair by examining phenotypes in response to 

DNA-damaging agents and undertaking DNA repair assays. I also aim to 

establish the features of Irc5 that are important for its function in these 

pathways. 

II. Purification and biochemical characterisation of HELLS and Irc5 

Studies of the biochemical activity of HELLS have been very limited, while 

the yeast homolog Irc5 has not been studied at all. Chapters 4 and 5 will 

focus on expression, purification, and biochemical characterisation of 

recombinant Irc5 and HELLS proteins. I will examine their activity in vitro 

through ATPase and DNA translocation assays. DNA binding and chromatin 

remodelling assays will also be used to elucidate their function. Biochemical 

analysis will expand the current knowledge of HELLS and Irc5 and begin to 

address the mechanistic function of these proteins in their respective roles.  

III. Investigation of protein interaction partners 

Chapter 6 will investigate potential protein interaction partners of HELLS. 

This will help to uncover the pathways that involve HELLS, and the role of 

HELLS in repair. I also aim to identify domains that are responsible for 

protein interactions and will also test the ability of interactors to influence 

the biochemical activity of HELLS. Analysis of protein interactors may reveal 

why HELLS mutation or mis-regulation is often associated with disease. 

The work in this thesis aims to outline the importance of Irc5 and HELLS in 

maintenance of genomic stability and their roles in DNA repair. 
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2. MATERIALS AND METHODS 
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2.1 Reagents, buffers, and solutions 

 

Table 2-1 Standard reagents and enzymes used in this work 

Reagent  Stock concentration, recipe, and 

storage 

Source/Supplier 

   

[γ32P] ATP Stored at 4 °C NEN Perkin Elmer 

or Hartmann 

Analytical 

1 kb DNA ladder 500 µg/ml in 10 mM Tris-HCl, 1 

mM EDTA pH 8.0 stored at 4 °C 

New England 

Biolabs (NEB) 

100 bp DNA Ladder 500 µg/ml in10 mM Tris-HCl, 1 

mM EDTA pH 8.0 stored at 4 °C 

NEB 

30% Acrylamide (w/v) Ratio 

37.5:1 

Stored at 4 °C Severn Biotech 

Adenine Stored at room temperature Sigma 

Agar  High Gel Strength, Powder. 

Stored at room temperature 

Melford 

Ammonium persulfate (APS) Stored at room temperature Apollo Scientific 

Bovine Serum Albumin Stored at 4 °C Sigma 

Calmodulin affinity resin Stored at 4 °C, 1.5-3 mg/mL 

binding capacity, stored in 20 % 

(v/v) ethanol, 500 mM NaCl, 0.1 

mM CaCl2, 20 mM Tris-HCl pH 

7.5 (cat: 214303-52) 

Agilent 

technologies 

Clarity western ECL reagent Clarity Western Peroxide 

Reagent and Clarity Western 

Luminol/Enhancer Reagent 

stored at room temperature. 1:1 

working mix made fresh before 

use. 

Bio-Rad 

cOmplete EDTA-free protease 

inhibitor tablets 

Stored at 4 °C. Working solution: 

1 tablet per 50 mL lysis buffer. 

Roche 

Dried semi-skimmed milk 

powder 

Stored at room temperature Co-operative 

Dynabeads Protein A for 

immunoprecipitation 

2.8 µm beads with recombinant 

Protein A (~45 kDa) bound to the 

surface. 20-30 mg/mL binding 

capacity. Stored at 4 °C 

Invitrogen 
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Ethidium bromide (EtBr) 10 mg/mL solution stored at 4 °C. 

Used at final concentration of 0.5 

µg/mL 

Sigma 

Glass beads, acid washed 425-600 µm glass beads, stored 

at 4 °C 

Sigma 

Glucose D- (+)-Glucose [Dextrose 

Anhydrous]. Stored at room 

temperature. 

Melford 

H2A Histone H2A Human, 

Recombinant (M2502S), 1 

mg/ml, stored at -20 °C 

NEB 

H2B Histone H2B Human, 

Recombinant (M2505S), 1 

mg/ml, stored at -20 °C 

NEB 

H3 Histone H3.1 Human, 

Recombinant (M2503S), 1 

mg/ml, stored at -20 °C 

NEB 

H4 Histone H4 Human, 

Recombinant (M2504S), 1 

mg/ml, stored at -20 °C 

NEB 

HRV 3C protease solution kit 

(2 U/µL) 

Store at -20°C Pierce 

Instant Blue Coomassie 

protein stain 

Stored at 4 °C Expedeon 

IPTG Stored at -20 °C Generon 

Klenow Enzyme DNA polymerase I, large 

fragment, from E. coli lysogenic 

NM 964, (2 U/ µl) 

Roc 

Lambda protein phosphatase 400,000 units/ml, stored at -80 °C NEB 

LB medium pouches Contents/L: 10g Tryptone 5g 

Yeast Extract 10g NaCl 

MP Biomedicals 

LB-agar medium (capsules) Contents/L: 10g Tryptone 5g 

Yeast Extract 10g NaCl 15 g Agar 

MP Biomedicals 

N,N,N',N'-

tetramethylethylenediamine 

(TEMED) 

≥99% solution Sigma 

Nickel-sepharaose 6Fast flow Store at 4 °C (50:50 in 20% 

Ethanol), 45-165 µm particle size, 

GE healthcare 
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binding capacity 40 mg histidine-

tagged 

protein/ml medium (cat: 17-5318-

01) 

Nitrocellulose membranes 0.45 µM BioRad 

Peptone Granulated, stored at room 

temperature 

Melford 

Pierce™ Detergent 

Compatible Bradford Assay 

Kit 

Stored at 4 °C ThermoFisher 

TEV protease  Recognises and cleaves the 

amino-acid sequence Glu-Asn-

Leu-Tyr-Phe-Gln-(Gly/Ser), 

10,000 units/ml, stored at – 20 °C 

NEB 

Yeast Extract Stored at room temperature Melford 

Yeast Nitrogen base (YNB) Stored at 4 °C Invitrogen 

 

Table 2-2 Standard buffers and solutions used in this work  

General buffers and solutions  Stock concentration, recipe, and storage 

  

4 X SDS-PAGE loading dye 0.2 M Tris-Cl pH 6.8, 8 % (w/v) SDS, 0.4 % (w/v) 

bromophenol blue, 40% glycerol in ddH2O 

Blocking buffer 5 % (w/v) milk powder in TBST, made fresh for 

each application 

TBST 20 mM Tris pH 7.6 ,150 mM NaCl, 0.1 % Tween 

20 

10 X YNB 67g in 500 mL ddH2O, 0.22 µM filter sterilised 

and stored at room temperature 

Breaking buffer 10 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 % SDS, 

1 mM EDTA pH 8.0, 2 % Triton X-100 

DTT 1M DTT ddH2O, 0.22 µM filter sterilised and 

stored at -20 °C, Apollo Scientific 

IPTG 1M IPTG in ddH2O, 0.22 µM filter sterilised and 

stored at -20 °C 

1 X TAE 40 mM Tris-acetate, 1 mM EDTA  

1 X TBE 45 mM Tris-borate, 1 mM EDTA 
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2.2 Bacterial and insect cell strains, media, and maintenance 

2.2.1 Antibiotics 

Table 2-3 Antibiotics used in this work 

Antibiotic Stock concentration Working concentration Supplier 

Ampicillin 100 mg/mL in ddH2O 100 µg/mL Melford 

Kanamycin 50 mg/mL in ddH2O 50 µg/mL Melford 

Chloramphenicol 34 mg/mL in 100 % 

EtOH 

0.2 mg/mL Sigma 

Tetracycline 12 mg/mL in 70 % EtOH 10 µg/ml Sigma 

Gentamicin 10 mg/mL in ddH2O 7 µg/ml Sigma 

Geneticin G418 

disulfate salt 

50 mg/mL 500 µg/mL Sigma 

Penicillin/Streptomycin 10,000 units/mL of 

penicillin and 10 mg/mL 

streptomycin 

100 U/mL penicillin and 

100 µg/mL streptomycin 

Gibco 

2.2.2 Bacterial maintenance and media 

Luria-Bertani (LB) medium was prepared with 1 % (w/v) tryptone, 0.5 % 

(w/v) yeast extract and 1 % (w/v) NaCl final in ddH2O. LB agar medium was 

prepared in the same way with the addition of 1.5 % (w/v) agar. All media 

was autoclaved to 121°C for 15 minutes, before addition of appropriate 

antibiotics for E. coli selection. Bacteria were cultivated at 37°C in either a 

shaking incubator (250 rpm) for liquid cultures, or static incubator for plate 

growth. 

2.2.3 Bacterial Strains 

Table 2-4 Escherichia coli strains used in this work 

Strain Genotype Use 

XL1-Blue endA1 gyrA96(nalR) thi-1 recA1 

relA1 lac glnV44 F'[ ::Tn10 proAB+ 

lacIq Δ(lacZ)M15] hsdR17(rK- mK+) 

Plasmid DNA preparation 

Rosetta (DE3) F- ompT hsdSB (rB- mB-) gal dcm 

(DE3) pRARE (CamR) 

General protein 

expression 

M15 (pREP4) F-, Φ80ΔlacM15, thi, lac-, mtl-, 

recA+, KmR 

Expression of toxic 

proteins 

DH10MultiBacTurbo Bieniossek et al. (2008) Bacmid transposition 
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2.2.4 Insect cell strains 

Table 2-5 Insect cell strains used in this work 

Strain Description Use 

SF9 Derived from Spodoptera frugiperda (fall 

armyworm) adapted to suspension culture 

in insect-Xpress media  

Transfection and viral 

amplification 

Hi5 Derived from Trichoplusia ni (cabbage 

looper moth) cells adapted to suspension 

culture in insect-Xpress media 

Large-scale protein 

expression 

 

2.2.5 Insect cell maintenance and media 

Sf9 and Hi5 cells were cultivated in Insect-Xpress protein free insect cell 

medium, supplemented with L-glutamine (Lonza), and 100 U/mL penicillin, 

100 µg/mL streptomycin (Gibco). Cells were grown in suspension at 27°C 

and maintained either in roller bottles or in Erlenmeyer flasks on a rotating 

shaker at 120 rpm. Cell density of cultures was monitored and maintained 

between 5x105 and 4x106 cells/ml. 

2.3 Plasmids and E. coli molecular cloning 

2.3.1 DNA preparations 

Purification of plasmid DNA from E. coli was carried out using DNA 

miniprep, midiprep and maxiprep kits (Qiagen). Baculoviral DNA was 

isolated from DH10-multiBAC electrocompetent cells using a large construct 

kit (Qiagen) according to manufacturer’s instructions. 

2.3.1 Transformation of E. coli 

Transformations of E. coli were performed using a standard heat shock 

protocol. Transformations into DH10-MultiBac electrocompetent cells were 

performed by incubating 50 µL electrocompetent cells with 10 ng of a 

pACEBAC plasmid derivative. Following incubation on ice for 15 mins, 

electroporation of competent cells was achieved using a 0.1 cm 

electroporation cuvette on the EC1 programme in an electroporator 

(Micropulser, BioRad). Cells were recovered overnight (8-16 hours) at 37°C 

in LB broth and plated on LB agar containing kanamycin (50 µg/ml), 

gentamycin (7 µg/ml), tetracycline (10 µg/ml), X-Gal (100 µg/ml) and IPTG 
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(40 µg/ml), and were incubated at 37°C to perform blue/white screening. 

White colonies were picked and taken forward to bacmid isolation. 

2.3.1 Baculoviral DNA transfection and expression 

The genes for Irc5 and HELLS and their catalytic-dead mutants Irc5-K253R, 

HELLS-K254R and HELLS-K254Q, were cloned into pACEBAC1 insect cell 

expression plasmid. Vector plasmids were subsequently transformed into 

DH10-multiBAC electrocompetent cells for transposition of genes of interest 

into the Tn7attachment site of MultiBacTurbo bacmid baculoviral DNA. 

Bacmid DNA was then isolated and transfected into SF9 cells (5 x 105 

cells/mL) using Cellfectin II reagent (Invitrogen). The initial transfection 

culture (P1) was used to amplify the virus stock by serially infecting SF9 

cells at 5 x 105 cells/mL, and finally harvesting the virus stock for expression 

in Hi5 cells. Virus stocks were stored at 4°C and supplemented with 2 % 

FBS. Expression of recombinant proteins was achieved by growing 500 mL 

Hi5 cells to a density of 2x106 cells/mL and infecting with 20 mL of SF9 P3 

virus stock. Cells were incubated for 72 hours at 27°C, harvested by 

centrifugation and pellet stored at -20°C. 

2.3.1 Restriction enzymes 

Restrictions enzymes were all purchased from New England Biolabs and 

used according to manufacturer’s instructions. A typical reaction was 

performed at 37 °C in a 50 µL volume using the recommended buffer at 1 X 

concentration final and with 0.2 U/ µL restriction enzyme. Reactions were 

analysed on agarose gels. 

2.3.1 DNA ligation 

DNA ligations were performed using T4 DNA ligase purchased from New 

England Biolabs (NEB). Reactions used the recommended buffer and 

contained varying molar ratios (typically 1:3) of vector to insert in a 10 uL 

volume with 40 U/µL T4 DNA ligase enzyme. Reactions were placed on ice 

and allowed to come to room temperature overnight (approximately 16 hrs). 

Vector DNA was treated with antarctic phosphatase (NEB) prior to ligation 

reactions to prevent re-ligation of the vector. Ligations were then 

transformed into XL1-blue bacterial competent cells and plated onto LB agar 

with the appropriate antibiotic. 
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2.3.1 Polymerase chain reactions 

PCR was performed to amplify DNA fragments of interest from a DNA 

template using oligonucleotide primers purchased from Eurofins. 

Polymerase chain reactions (PCR) were performed using KOD Hot Start 

DNA Polymerase kit purchased from Merck Millipore and according to 

manufacturer’s instructions. Reactions were carried out in a thermocycler 

under conditions dependent on the length of the PCR product to be 

amplified. 

2.3.1 Synthetic genes 

The synthetic codon-optimised gene for Irc5 was purchased from GeneArt 

(codon-optimised by Joe Yeeles, LMB Cambridge). Codon analysis was 

performed using the rare codon analysis tool on the GenScript web server. 

All oligonucleotides were purchased from MWG Eurofins. 

2.3.1 Klenow treatment 

Klenow enzyme is a DNA-dependent 5′-3′ polymerase with 3′-5′ 

exonuclease activity but lacks 5’-3’ exonuclease activity. In a 20 µL volume, 

1 µg template DNA was incubated with 2U Klenow enzyme in 50 mM Tris-

HCl pH 7.5, 10 mM MgCl2, 1 mM DTT, 50 ug/mL BSA and 1 mM of desired 

dNTP each, at 37 °C for 30 minutes. Reaction was stopped with 20 mM 

EDTA pH 8 final and heated to 65 °C for 10 minutes. DNA was subsequently 

purified using a PCR purification kit (Qiagen). 
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2.3.2 Plasmids used in this work 

Table 2-6 Plasmids used in this work 

Identifier Plasmid Name Description Source 

pALC2 pET47b-Irc5 KanR, Irc5 cloned into BamHI-SalI sites of pET47b Anna Chambers 

pALC4 pET47b-Irc5N KanR, Amino acids 1-212 of Irc5 cloned into BamHI-SalI sites of pET47b His-tag 

expression plasmid 

Anna Chambers 

pALC5 pYES2-HisIrc5 AmpR, His-Irc5 (full-length) cloned under control of GAL1 promoter using KpnI/NotI 

sites. His-Irc5 cloned from pET47b-His Irc5 (pALC2) using primers to introduce N-

term KpnI site and c-term NotI site, to clone into pYES2 

Anna Chambers 

pALC6 pRS416-Irc5 

BY500 

URA3, promoter, cds and terminator of BY4741 Irc5 (- 500 to + 300) cloned into 

BamHI-NotI sites of pRS416 

A. Chambers/ 

Caitríona Topping 

pALC10 pMK-RQ-

CBPIrc5 

KanR, CBP-Irc5 cloned into pMK-RQ (kanR) – codon-optimised Irc5 synthetic gene GeneArt 

pALC11 pRS303 

Gal4/CBP-Irc5 

plasmid 

HIS3, AmpR, CBP-Irc5 cloned from pALC10 into SgrAI/NotI restriction sites of 

pRS303 Gal4 expression plasmid with bidirectional Gal1-10 promoter (Kindly provided 

by Dr Joe Yeeles) 

Caitríona Topping 

pALC14 pRS303 

Gal4/CBP-Irc5 

K253R plasmid 

HIS3, Catalytic dead version of pALC11 expression plasmid containing K253R 

substitution. CBP-Irc5 (K253R) cloned into SgrAI/NotI of pRS303 Gal4 plasmid with 

bi-directional Gal1-10 promoter. 

 

Caitríona Topping 

pALC15 pACEBac1-

HELLS-His6 

K254R 

N-terminal tagged His6-HELLS K254R overexpression plasmid for insect cell 

expression, cloned by PCR from M98 by NcoI XbaI (NheI) containing K254R 

substitution 

Caitríona Topping 
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pALC16  pACEBac1-

HELLS-His6 

K254Q 

N-terminal tagged His6-HELLS K254Q overexpression plasmid for insect cell 

expression - cloned by PCR from M98 by NcoI XbaI (NheI) containing K254R 

substitution 

Caitríona Topping 

pALC17 pRS416-Irc5 

Myc -500 

Promoter, cds and terminator of BY4741 Irc5 ( -500 to + 300) cloned into BamHI-NotI 

sites of pRS416. C-terminal Myc tag introduced into pRS416-Irc5 -500 by gap repair 

using the Pringle tagging construct, TRP1, URA3. 

Anna Chambers 

pALC19 pRS416-Irc5 

Myc -500 

K253R 

Region from -500 K253R pIrc5 untagged plasmid cloned into Myc-tagged plasmid 

(pALC17) on KpnI-AgeI fragment. URA3, TRP1. 

Anna Chambers 

pALC27 pACEBac1-

CBP-Irc5-His6 

codon-optimised CBP-Irc5 amplified by PCR from pALC11. Introduced N-terminal 

NcoI site, and C-terminal His tag + XbaI site. Cloned into pACEBac1 using NcoI/XbaII 

sites 

Caitríona Topping 

pALC38 pACEBac1-

His6-Irc5 

codon optimised Irc5 amplified by PCR from pALC11. Introduced N-terminal NcoI site, 

His-tag and HRV3C cleavage site, and C-terminal XbaI site. Cloned into pACEBac1 

using NcoI/XbaII sites 

Caitríona Topping 

pALC39 pACEBac1-

His6-Irc5 

K253R 

Codon-optimised Irc5 amplified by PCR from pALC14. Introduced N-terminal NcoI 

site, His-tag and HRV3C cleavage site, and C-terminal XbaI site. Cloned into 

pACEBac1 using NcoI/XbaI sites 

Caitríona Topping 

pACL42 pET47b-His-

HELLS-NTD 

KanR, Amino acids 1-213 of HELLS cloned into StuI-HindIII sites of pET47b His-tag 

expression plasmid 

Caitríona Topping 

pALC62 pACEBAC1-

HisIrc5 

codon optimised Irc5 amplified by PCR from pALC11. Introduced N-terminal NcoI site, 

His-tag, linker and HRV3C cleavage site, and C-terminal XbaI site. Cloned into 

pACEBac1 using NcoI/XbaII sites 

Caitríona Topping 

pALC73 pRS416-Irc5-

myc -500 

K253Q 

URA3, Catalytic dead version of pRS416-Irc5-myc -500 expression plasmid 

containing K253Q substitution.  MfeI-AflII fragment of Irc5 amplified by PCR to contain 

K253Q and cloned into MfeI- AflII sites of pALC17 

Caitríona Topping 
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pALCG1 pReceiver-

M98-HELLS-

eGFP 

HELLS-eGFP(monomeric) overexpression in mammalian cells, Amp/Neomycin 

resistance 

Genecopoeia 

pALCG2 pACEBac1-

HELLS-His6 

His6-HELLS overexpression in insect cells - cloned by PCR from M98 by NcoI XbaI 

(NheI) under the control of Polh promoter 

Gabriel Kollarovic 

pALCG3 pACEBac2-

His6-HELLS 

His6-HELLS overexpression in insect cells - cloned by PCR from M98 by NcoI XbaI 

(NheI) under the control of P10 promoter 

Gabriel Kollarovic 

pET47b pET47b KanR, His-tag expression vector with HRV 3C cleavage site Novagen 

pGAL-HO pGAL-HO AmpR, HO gene expressed under a GAL promotor. URA3, LEU2, 2µm origin R.E. Jensen 1983 

pJF2 pRS303 

Gal4/Cdt1 

HIS3, AmpR, Cdt1 cloned into SgrA1/Not1 of pRS303 Gal4 plasmid with bidirectional 

Gal1-10 promoter. 

Joe Yeeles 249 

pQE9 H2AX pQE9-H2AX AmpR, Human H2AX with non-cleavable His tag, expression plasmid  Steve Jackson 

laboratory 

pQE9 H2AX 

S139A 

pQE9-H2AX 

S139A 

AmpR, Serine 139 of H2AX mutated to alanine. Steve Jackson 

laboratory 

pQE9 H2AX 

S139E 

pQE9-H2AX 

S139E 

AmpR, Serine 139 of H2AX mutated to a glutamic acid Steve Jackson 

laboratory 

pQE9 H2AX 

S139ST 

pQE9-H2AX 

S139ST 

AmpR, Serine 139 of H2AX mutated to stop codon. Steve Jackson 

laboratory 

pRS416 pRS416 URA3, AmpR, Yeast expression vector, CEN/ARS, f1 origin  

pSRTB1 pSRTB1 Contains a binding site for a 22-nt TFO located between +39 and +60 downstream of 

the T7A1 transcription start site. 

Savery lab 

(University of Bristol) 

pYES2 pYES2 URA3, Amp resistance, 2µm origin, GAL1 promotor, f1 origin Steve Jackson 

laboratory 
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2.3.3 Oligonucleotides used in this work 

Table 2-7 Sequences of oligonucleotides used in this work 

Identifier Gene Sequence (5’-3’) Length 

Cy3 MusRDNA-

01_fwd 

rDNA CY3-GAAAGCTATGGGCGCGGTT 19 

DSBal-F MAT TGTCTTCTCTGCTCGCTGAA 20 

DSB-R MAT ATCCGTCCCGTATAGCCAAT 20 

HELLS NheI-R HELLS AGTCGCTAGCTTAAAACAAACATTCAGGACTGG 33 

HELLS 6His NcoI HELLS AGTCCCATGGCTGGTTCTCATCACCATCACCACCACGGTTCCTCCGGCGAGAACCT

GTACTTCCAGTCCCCAGCGGAACGGCCCGCGGGC 

90 

Irc5 800 cds Irc5 GGCGTTCATATATGAAATGG 20 

Irc5-His-XbaI_r op-Irc5 AATACGTCTAGATTAGTGATGGTGATGGTGATGGGGTCCCTGAAAGAGGACTTCAA

GCAAACCGGAAGTAGTTTCGAA 

78 

NcoI-H-Irc5-f op-IRC5 GTCACCCATGGCTGGTTCTCATCACCATCACCATCACGGTTCCTCCGGCGAGAACC

TGTACTTCCAGTCCTCCAGATGTTCCAACGCT  

88 

opIrc5-XbaI_rev op-IRC5 TACGTCTAGATTACAAACCGGAAGTAGTTTCGAA 34 

MusRDNA-03_rev rDNA GACAGCGTGTCAGTACCTATCT 22 

NcoI-CBP-Irc5_f op-Irc5 GCACCATGGGCAAGAGAAGATGGAAGAAG 29 

Triplex forming oligo 

(TFO) 

TFO TTTCTTCTTCTTTTCTTTTCTT 22 

TRP1 check TRP1 TCTTGCCACGACTCATCTCC 20 

*Oligonucleotides used for DNA structures are described later.
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2.4 Detection and analysis of Proteins 

2.4.1 SDS-PAGE 

Protein samples were boiled in 1 X SDS loading dye and analysed on SDS-

PAGE gels with varying concentrations of acrylamide depending on the size 

of the protein of interest. Gels were electrophoresed at 180 V and then 

stained in Instant blue Coomassie protein stain (Expedeon) to visualise 

protein bands. 

2.4.2 Antibodies 

Table 2-8 Antibodies used in this work 

Primary Antibody Stock 

concentration 

Dilution Host Supplier/Cat n° 

Lsh (H-4) 200 µg/ml 1:1000 in 

TBST 

Mouse 

monoclonal 

raised against 

amino acids 1-240 

Santa Cruz (sc-

46665) 

His-tag 0.5 mg/mL 1:5,000 in 

TBST 

Mouse 

monoclonal 

Thermo Fisher 

Scientific (14-

6657-82) 

H2A   Rabbit polyclonal Raised against 

yeast H2A 

H2B   Rabbit polyclonal Raised against 

yeast H2B 

H3 0.95 mg/mL  Rabbit polyclonal Abcam 

(ab1791)-Raised 

against human 

H3 

H4   Rabbit Raised against 

human H4 

CtIP 1 mg/mL 1:500 Mouse 

monoclonal 

Active Motif 

(61142) 

Myc-tag     

Strep-II tag 1 mg/mL 1:1000 Rabbit polyclonal Generon 

(253774) 

CBP tag 0.5 mg/mL 1:4000 Rabbit polyclonal Abcam 

(ab119488) 

Ms IgG isotype 

control 

3 mg/mL Assay 

dependent 

Mouse Invitrogen 

(10400C) 

 

2.4.3 Silver staining 

Silver staining was performed on SDS-PAGE gels when more sensitive 

visualistion of proteins was required. Gels were fixed with two successive 
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washes in 50 % methanol, and two washes in 5 % methanol, after which 

they were transferred to a solution of 32 µM DTT for 10 mins and rinsed with 

water. Gels were then incubated in silver nitrate solution for 15 minutes 

(0.1% AgNO3 w/v in milliQ water), and protein bands were visualised using 

developer solution (3% w/v sodium carbonate (Na2CO3), 0.02% 

formaldehyde in water). Staining reaction was terminated by adding citric 

acid powder. 

2.4.4 Western blotting 

Western blotting was performed by resolving protein samples on an SDS-

PAGE gel in SDS running buffer (25 mM Tris pH 8.3, 192 mM glycine, 0.1% 

SDS) and then transferring the proteins to a 0.45 µM nitrocellulose 

membrane (Bio-Rad) in 50 mM Tris pH 8.3 , 382 mM glycine, 20 % methanol 

at 240 mA for 1 hour. Blocking of non-specific proteins was achieved using 

5 % (w/v) dried semi-skimmed milk in TBST either for 1 hour at RT, or 

overnight at 4 °C. Primary and secondary antibodies were used according 

to table above and using 1:10000 dilutions of anti-rabbit or 1:5000 anti-

mouse secondary antibodies. After successive washes in 1 X TBST, protein 

bands were visualised using ECL reagents (Clarity Western, BioRad) at a 

1:1 ratio for 5 mins before exposure to X-ray film. 

2.4.5 Bradford assay 

Quantification of total protein concentration in samples was determined by 

Bradford assay using Pierce™ Detergent Compatible Bradford Assay Kit, 

used according to manufacturer’s instructions. Reactions were analysed at 

595 nM on a spectrophotometer and referenced against a series of standard 

protein dilutions (BSA (bovine serum albumin)). 
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2.5 Yeast strains and genetic manipulation 

2.5.1 Yeast strains used in this work 

 

Table 2-9 Genotypes and identifiers of Saccharomyces cerevisiae strains used in this work 

Identifier Strain Name Background Genotype Source 

1228 1228 1228 Mat a, his3D200, leu2-3,112, lys2-801, trp1-1, ura3-52, pol30::hisG-

URA3, YIplac128-P30-HIS-POL30::LEU2 

Helle Ulrich 

ACY1 irc5 BY4741 BY4741 irc5::KanMX MAT a his3Δ1, leu2Δ0, met15Δ0, ura3Δ0 Anna Chambers 

ACY5 ku70 BY4741 ku70::LEU2 in BY4741 MAT a his3Δ1, leu2Δ0, met15Δ0, ura3Δ0 Anna Chambers 

ACY6 irc5ku70 BY4741 irc5::KanMX ku70::LEU2 in BY4741 MAT a his3Δ1, leu2Δ0, met15Δ0, 

ura3Δ0 

Anna Chambers 

ACY9 irc5 DMY3010 DMY3010 irc5::KanMX RDN1:ADE2 RAD in W303  

ACY15 Irc5-TAP BY4741 Irc5-TAP-URA3 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Anna Chambers 

ACY31 irc5ku80 W303 irc5::His3MX6 yku80::KAN MAT alpha ura3-52 trp1Δ  leu2-3 his3Δ 200 Anna Chambers 

ACY43 rad52 BY4741 BY4741 rad52::HisMX  MAT a his3Δ1, leu2Δ0, met15Δ0, ura3Δ0 Caitríona Topping 

ACY45 rad52irc5 

BY4741 

BY4741 rad52::HisMX irc5::KanMX  MAT a his3Δ1, leu2Δ0, met15Δ0, ura3Δ0 Caitríona Topping 

ACY53 irc5 W303 

RAD5 WT 

 irc5::KanMX MAT alpha ade2-1, can1-100, his3-11,15, leu2-3, 112 trp1-

1, ura3-1, RAD5 

Anna Chambers 

ACY74 His-PCNA Irc5-

Myc 

1228 Irc5-13Myc-TRP  Mat a, his3D200, leu2-3,112, lys2-801, trp1-1, ura3-52, 

pol30::hisG-URA3, YIplac128-P30-HIS-POL30::LEU2 

Anna Chambers 

ACY81 His-PCNA Irc5-

Myc K253R 

1228 Irc5 K253R-13Myc-TRP  Mat a, his3D200, leu2-3,112, lys2-801, trp1-1, 

ura3-52, pol30::hisG-URA3, YIplac128-P30-HIS-POL30::LEU2 

Anna Chambers 
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ACY100 Irc5-myc W303 

RAD5 WT 

W303 alpha 

RAD5 

Irc5-13Myc-TRP MAT alpha, ade2-1, can1-100, his3-11,15, leu2-3, 112 

trp1-1, ura3-1, RAD5 

Caitríona Topping 

ACY110 Irc5-myc 

DMY3010 

DMY3010 Irc5-myc RDN1:ADE2 RAD in W303 Caitríona Topping 

ACY113 Irc5 K253R-myc 

DMY3010 

DMY3010 Irc5 K253R-myc RDN1:ADE2 RAD in W303 Caitríona Topping 

ACY133 Irc5-Myc Irc5-

TAP diploid 

 Mating of Irc5-Myc TRP1 W303alpha and Irc5-TAP URA3 BY4741 

strains 

Anna Chambers 

ACY134 Irc5-Myc Irc5-

TAP diploid 

 Mating of Irc5-Myc TRP1 W303alpha and Irc5-TAP URA3 BY4741 

strains 

Anna Chambers 

ACY145 Irc5 K253R-myc 

W303 RAD5 

WT 

W303 alpha 

RAD5 

Irc5 K253R -13Myc-TRP MAT alpha ade2-1, can1-100, his3-11,15, leu2-

3, 112 trp1-1, ura3-1, RAD5 

Caitríona Topping 

ACY146 Irc5 K253Q-

myc W303 

RAD5 WT 

W303 alpha 

RAD5 

Irc5 K253Q -13Myc-TRP MAT alpha ade2-1, can1-100, his3-11,15, leu2-

3, 112 trp1-1, ura3-1, RAD5 

Caitríona Topping 

ACY152 Δirc5 YMV80 YMV80 irc5::KanMX ho hmlD::ADE1 matalphaΔ::hisG hmrΔ::ADE1 his4::NAT-

leu2-(Asp718/SalI) leu2::Hocs ade3::GAL::HO ade1 lys5 ura3-52 trp1 

Caitríona Topping 

ACY154 Irc5-myc 

YMV80 

YMV80 Irc5-13Myc-TRP ho hmlΔ::ADE1 matalphaΔ::hisG hmrΔ::ADE1 

his4::NAT-leu2-(Asp718/SalI) leu2::Hocs ade3::GAL::HO ade1 lys5 

ura3-52 trp1 

Caitríona Topping 

ACY156 Irc5 K253R-myc 

YMV80 

YMV80 Irc5 K253R-13Myc-TRP ho hmlD::ADE1 matalphaΔ::hisG hmrΔ::ADE1 

his4::NAT-leu2-(Asp718/SalI) leu2::Hocs ade3::GAL::HO ade1 lys5 

ura3-52 trp1 

Caitríona Topping 

BY4741 BY4741 BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Euroscarf 
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DMY3010 DMY3010 DMY3010 RDN1:ADE2 RAD in W303 Danesh Moazed 

250 

JDY1 rad52 W303 rad52::TRP1 MAT alpha ura3-52 trp1Δ  leu2-3 his3Δ200 Jessica Downs 

JDY19 ku80 W303 yku80::KAN MAT alpha ura3-52 trp1Δ  leu2-3 his3Δ 200 Jessica Downs 

SMEW116 Rsc2-TAP S288C Mat a, his3D1, leu2D0, met15D0, ura3D0, Rsc2-TAP::His TAP-tagged 

library 

Euroscarf 

W303 W303R  W303 MAT alpha ade2-1, can1-100, his3-11,15, leu2-3, 112 trp1-1, ura3-1, 

RAD5 

Lenny Guarente 

YMV80 YMV80 YMV80 ho hmlD::ADE1 matalphaΔ::hisG hmrD::ADE1 his4::NAT-leu2-

(Asp718/SalI) leu2::Hocs ade3::GAL::HO ade1 lys5 ura3-52 trp1 

Jim Haber 

yJF1 yJF1 W303 a Mat a, ade1-2, ura3-1, his3-11, 15trp1-1, leu2-3, 112 can1-100, 

bar1::Hyg, pep4:: KanMX 

Joe Yeeles 249 
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2.5.2 Yeast maintenance and media 

YPAD (Yeast extract, peptone, adenine, dextrose) broth was prepared with 

5 % (w/v) yeast extract, 10 % (w/v) peptone, 0.05 % (w/v) adenine and 2 % 

glucose in ddH2O.  

Yeast synthetic complete (SC) media was prepared with 1 X YNB, 1 X THUL 

dropout, 2 % glucose, 40 µg/mL Tryptophan, 20 µg/mL L-Histidine, 60 

µg/mL L-Leucine, 20 µg/mL Uracil. 

For assays that required galactose induction, 2 % glucose was replaced 

with 2 % galactose. Lactate media replaces 2% glucose with 1.2 % w/v 

NaOH pellets adjusted to pH 5.5 with lactic acid. 

Selective media was made by omitting the appropriate amino acid from SC 

media or by adding G418 to 500 µg/mL. 

Table 2-10 Components of THUL dropout mix for yeast minimal media 

1 X THUL Dropout 

mix 

Components Working concentration 

 L-adenine hemisulphate salt 40 µg/mL 

 L-arginine 20 µg/mL 

 L-aspartic acid 100 µg/mL 

 L-glutamic acid 100 µg/mL 

 L-methionine 20 µg/mL 

 L-phenylalanine 50 µg/mL 

 L-serine 375 µg/mL 

 L-threonine 200 µg/mL 

 L-tyrosine 30 µg/mL 

 L-valine 150 µg/mL 

 L-lysine 30 µg/mL 

 

Agar plates were made by supplementing media with 2 % (w/v) agar. All 

yeast media and solutions were either autoclaved at 121°C for 15 minutes 

before use, or filter sterilised with a 0.22 µM filter. Yeast were cultivated at 

30°C in either a shaking incubator (250 rpm) for liquid cultures, or static 

incubator for plate growth. Yeast strains were stored at -80 °C as glycerol 

stocks. 
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2.5.3 Yeast genomic DNA preparations 

Yeast genomic DNA preparations was prepared by growing a single yeast 

colony overnight in YPAD rich media. Yeast were harvested, washed in 

water, and resuspended in 200 µL breaking buffer (10 mM Tris-HCl pH 8.0, 

100 mM NaCl, 1 % SDS, 1 mM EDTA pH 8.0, 2 % Triton X-100). 200 µL 

phenol chloroform was added and yeast were lysed by glass bead 

disruption (3 x 20 seconds at 4 °C). 200 µL 1X TE buffer was added to the 

supernatant prior to centrifugation at 13,000 rpm for 5 minutes. The clear 

aqueous layer was added to 1ml 100 % ethanol before centrifugation at 

13,000 rpm for 3 minutes. The resulting pellet was resuspended in 0.4 mL 

1x TE and 3 µL of 10 mg/ml RNase A and incubated at 37°C for 15 minutes. 

5 µL of 7.5 M ammonium acetate and 1 mL 100 % ethanol was added, 

before centrifugation at 13,000 rpm for 3 mins. The resulting DNA pellet was 

air dried and resuspended in 100 µL 1X TE. Approximately a 1:30 dilution 

was used for PCR amplification.  

2.5.4 Yeast transformation 

Transformations of plasmids into yeast as well as integrating fragments of 

DNA or oligonucleotides for yeast genome manipulation were performed 

using a high efficiency LiAc/SS carrier/PEG method. 10 mL of mid-log yeast 

culture was harvested by centrifugation and washed successively in water 

and 1X TE/1X LiAc. The pellet was resuspended in 100 µL 1X TE/1X LiAc. 

DNA for transformation or integration, was mixed with 5 µL SSDNA 

(2mg/mL, herring testes/salmon sperm DNA), and was added to 50 µL of 

the competent yeast cells. 300 µL of plate mix (1X TE/1X LiAc/40% PEG) 

was added and incubated at 30°C for 30 mins. Heat shock was performed 

at 42°C for 15 mins, cells were pelleted, and then plated out onto selective 

media. Plates were incubated at 30°C for several days until colonies were 

visible. For yeast transformed with KanMX cassette granting resistance to 

G418, an additional recovery step was performed after heat shocking. Yeast 

were resuspended in YPAD media and allowed to recover at 30 °C for 90 

minutes in a shaking incubator before plating. Strains transformed with 

plasmids, were maintained in selective media for plasmid retention. 
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2.5.5 Yeast diploid strain construction 

BY4741 Irc5-TAP URA3 (ACY15, a mating type) and W303α Irc5-Myc HIS3 

(ACY100, α mating type) haploid strains were streaked onto YPAD plates. 

Single colonies of each haploid strain were resuspended in YPAD media 

and incubated in a shaker overnight at 30°C to allow mating. An aliquot of 

this culture was plated onto -URA/-HIS selection plates and restreaked to 

single colonies. The resulting Irc5-TAP/Myc diploid strain was verified by 

western blotting for both the TAP- and Myc-tagged proteins.  

2.6 Spot test survival assays 

Mid-log phase cultures of indicated strains were diluted to OD600 0.2, five-

fold serially diluted and 4 µL plated onto YPAD or minimal media plates 

containing indicated concentrations of DNA damaging agents. 

2.7 Colony survival assay 

Indicated strains were grown to mid-log phase in YPAD medium at 30 °C in 

a shaking incubator. Yeast were diluted to an OD600 of 0.001 and 50 µL 

plated onto YPAD plates containing varying concentrations of the DNA-

damaging agent MMS (0, 0.02, 0.025, 0.03, 0.035, 0.04, 0.045, and 0.05% 

MMS). Plates were incubated at 30 °C and colonies were counted after two 

days. Survival was calculated by dividing the number of colonies formed on 

MMS plates relative to the no drug control.  Data represents the mean 

percentage survival of at least 3 biological repeats for each data point.  

2.8 Chromatin fractionation 

Yeast strains 1228, Irc5-myc (ACY74), and Irc5 K253R-myc (ACY81) were 

grown overnight in YPAD and harvested. Pellets were resuspended in 100 

mM Hepes pH 9.4, 10 mM DTT and incubated for 30 mins at 30 °C. Cells 

were pelleted and resuspended in YPAD media containing 0.6 M sorbitol. 

25 mM Tris-HCL pH 7.5 and 1.25 mg 20-T zymolyase before incubation for 

45 mins at 30°C. Spheroplast formation was monitored by microscope. 

Spheroplasts were pelleted by centrifugation at 1800 rpm for 3 minutes, and 

resuspended in YPAD media with 0.7 M sorbitol, 25 mM Tris-HCL pH 7.5 

before incubation for a further 20 mins. Samples were pelleted and 

resuspended in lysis buffer (0.4 M sorbitol, 150 mM KOAc, 2 mM 
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Magnesium acetate, 20 mM Hepes/KOH pH 6.5) and were washed 3 times 

in the same buffer. Pellets were resuspended in lysis buffer containing 100 

µg/ml PMSF, 1 µg/ml Pepstatin A and 0.5 µg/ml leupeptin and 1% Triton X-

100. Following centrifugation at 14,000 rpm for 15 mins at 4°C, pellets were 

resuspended in 1X SDS loading dye. Chromatin fraction samples were 

resolved on 10% SDS-PAGE gels and were probed by western blotting 

using an anti-myc primary antibody and anti-H2A antibody as a loading 

control. 

2.9 Gal-HO recombination assay 

Indicated strains were transformed with pGAL-HO plasmid (HO gene 

expressed from a GAL 1-10 promoter) onto plates lacking uracil. Cultures 

were grown to mid-log phase before plating onto -URA 2 % glucose or 2 % 

galactose plates. Plates were incubated at 30°C for 3-4 days, colonies 

counted, and % survival calculated by dividing number of colonies surviving 

on galactose by the total number of colonies formed on glucose plates. 

2.10 Non-homologous end-joining assay 

Indicated strains were grown to mid-log phase at 30 °C. Strains were diluted 

to OD600 0.001 and 1 and plated onto 2 % glucose or 2% galactose SC 

plates, respectively. Plates were incubated at 30°C for 3-4 days and survival 

was calculated by dividing the number of colonies on galactose plates by 

the number formed on glucose plates. To study the break junctions in 

surviving colonies, genomic DNA was extracted from colonies on galactose 

plates. PCR was performed with oligos DSBa1_F and DSB_R that anneal 

to regions flanking the MAT locus and purified products were sequenced. 

2.11 Plasmid repair assay in yeast 

750 ng of pRS416 plasmid DNA was digested with NotI and SalI restriction 

enzymes overnight in a volume of 25 µL overnight at 37 °C, before heat-

inactivation at 65 °C for 20 minutes. A separate mock digestion of pRS416, 

without restriction enzymes, was performed in parallel to normalise for 

transformation efficiency. Indicated strains were grown to mid-log and 

prepared as in the yeast transformation protocol outlined in materials and 

methods section 2.5.4. 2 µL (60 ng) of the linearised or uncut pRS416 were 
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transformed into the yeast strains. 1/10th of the transformations was plated 

onto media plates lacking uracil. Plates were incubated at 30 °C for 2-3 days 

until colonies were visible.  

2.12 Single-stranded annealing assay in yeast 

Indicated strains created in the YMV80 background were grown overnight 

at 30 °C in YPAD. Yeast were subcultured in yeast lactate SC media and 

grown to mid-log phase (OD600 ~ 0.5) and were subsequently washed and 

serially diluted in milliQ water. 100 µL of yeast at OD600 0.001 were plated 

onto 2 % glucose plates (-Leu) and 100 µL of yeast at OD600 0.01 were 

plated onto 2 % galactose plates (-Leu). Plates were incubated at 30 °C for 

several days until colonies had formed. Colonies were counted and 

percentage survival of yeast on galactose relative to glucose was 

calculated.  

2.13 rDNA recombination assay in yeast 

Indicated strains created in the DMY3010 yeast background were grown to 

mid-log phase at 30 °C in YPAD media. Strains were diluted to OD600 0.005 

in milliQ water and 100 µL plated onto SC yeast plates lacking adenine. 

Plates were incubated at 30 °C for 3-4 days and then further incubated at 4 

°C for 2 days to allow for red colour development. To determine the rDNA 

recombination rate, the number of half white/half red colonies was divided 

by the total number of colonies formed on the plate. All colonies that were 

completely red were excluded from analysis as these were cells that had 

undergone recombination before plating. A total of at least 25,000 colonies 

from 5 independent isolates were examined for each strain. 

2.14 Expression and purification of proteins 

2.14.1 Purification of His-Irc5 from E. coli 

4 L of Rosetta cells transformed with His-Irc5 pET47b (pALC2) were 

induced with 1mM IPTG at 18 °C for 4 hours. After harvesting, the cell pellet 

was resuspended in 50 mL lysis buffer (50 mM sodium phosphate pH 8, 0.5 

M NaCl, 0.5 % Triton X-100, 5 mM BME, 20 mM imidazole and protease 

inhibitor tablets). The soluble fraction of the lysate was applied to a 1 mL 

HisTrap HP column (GE healthcare) equilibrated in lysis buffer. The column 
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was washed before elution was performed with lysis buffer + 250 mM 

imidazole, using a 0-100% gradient over 5 column volumes (CV), collecting 

0.5 mL fractions.  

2.14.2 Purification of Irc5-TAP and RSC2-TAP 

Purification of Rsc2-TAP (SMEW116) and Irc5-TAP (ACY15) was achieved 

according to a protocol modified from Chambers, 2012 184. 12 x 1 L mid-log 

cultures of Irc5-TAP-BY4741 and Rsc2-TAP-BY4741 yeast, were harvested 

by centrifugation. A small amount of milliQ water was added to the pellet to 

form a paste, which was dropped into liquid nitrogen and stored at - 80°C. 

Yeast were ground in liquid nitrogen with a mortar and pestle for 

approximately 15 mins. The yeast powder was resuspended 1 in 5 (w/v) in 

IgG binding buffer (10 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.1 % NP40 and 

protease inhibitor cocktail (Roche)). Lysate was subjected to centrifugation 

at 15,000 rpm for 10 mins. The soluble fraction was added to 300 µL IgG 

sepharose beads equilibrated in the same buffer and was allowed to bind 

for 2 hours, rotating at 4 °C. Beads were washed successively with 3 x 1 mL 

IgG binding buffer, and then 2 x 1 mL TEV cleavage buffer (10 mM Tris-HCl 

pH 8.0, 150 mM NaCl, 0.1% NP40, 0.5 mM EDTA, 1 mM DTT). 1 mL 

cleavage buffer and 10 µL TEV protease was added to the beads and were 

incubated overnight, rotating at 4°C. The beads were washed in 200 µL 

cleavage buffer, the flow through and wash fractions were pooled and 

added to 50 µL nickel beads (GE healthcare) equilibrated in cleavage buffer. 

Reactions were incubated for 1 hour at 4°C, rotating, to allow TEV to bind 

to the nickel. Following centrifugation, the protein supernatant was 

collected, and glycerol was added to 10 % final before it was snap frozen in 

liquid nitrogen, and stored at -80 °C. The purity of Irc5-TAP and Rsc2-TAP 

protein samples was analysed by silver staining, and concentration was 

measured by Bradford assay. 

2.14.3 Overexpression trials of His-Irc5 pYES2 (pALC5) in yeast 

Indicated yeast strains were transformed with Irc5 expression plasmids or 

empty vectors and plated onto SC plates lacking the appropriate amino acid 

for selection. Transformants were grown overnight in SC (lacking the 

appropriate amino acid for selection) media at 30 °C. Cultures were 
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resuspended to an OD600 of 0.4 in lactate media and incubated at 30 °C for 

a further 4 hours. Galactose was added to 2 % final to each culture to induce 

expression at 30 °C. Samples were taken before and after induction at 

indicated time-points, before centrifugation at 3000 rpm for 5 minutes and 

the resulting pellet was washed in sterile water. A solution of 20 % TCA and 

approximately 200 µL of 425-600 µm glass beads for glass bead disruption 

using a Fastprep, 3x 20s. The supernatant was centrifuged at 4 ºC for 20 

minutes at 13,000 rpm and the resulting pellet washed twice in acetone. 

After air-drying the pellet was resuspended in 1 X SDS loading buffer. 

Samples were resolved on a 10 % SDS-PAGE gel and analysed by instant-

blue Coomassie staining or by western blot using an anti-His antibody or 

anti-CBP antibody. 

2.14.4 Purification of CBP-Irc5 from S. cerevisiae 

4 L of yJF1 transformed with codon-optimised CBP-Irc5-pRS303 (pALC11) 

was grown in YPA lactate media to OD600 0.5 and induced with 2 % 

galactose for 3 hours. Cells were harvested and mixed with a small amount 

of media to form a paste and dropped into liquid nitrogen. Frozen yeast was 

ground in liquid nitrogen to lyse cells. Lysed yeast powder was resuspended 

in 4 X volume of resuspension buffer (25 mM Tris-HCL pH 7, 10 % glycerol, 

1 mM DTT, 0.02 % NP40, 400 mM NaCl and protease inhibitor tablets) The 

soluble fraction was adjusted to 200 mM NaCl, and CaCl2 added to 2 mM 

final and applied to 1 mL calmodulin beads pre-equilibrated in resuspension 

buffer (+200 mM NaCl and 2mM CaCl2). CBP-Irc5 was eluted in 500 µL 

fractions (25 mM Tris-HCL pH 7, 10 % glycerol, 1 mM DTT, 0.02 % NP40, 

200 mM NaCl, 2mM EDTA, 2mM EGTA). 

2.14.5 Purification of HELLS N-terminus (HELLS-NTD, 1-213 aa) 

from bacteria 

The N-terminal domain of HELLS (HELLS-NTD) consisting of the first 213 

amino-acids was cloned into the StuI-HindIII sites of pET47b His-tag 

expression plasmid and transformed into E. coli Rosetta cells. Cultures were 

grown to mid-log phase at 37°C and expression induced with 1 mM IPTG at 

18°C for 3 hours. 4 x 1L cultures were harvested and resuspended in lysis 

buffer (50 mM Tris-HCl pH 8, 300 mM NaCl, 25 mM imidazole, 0.1% Triton 



Materials and methods 

 

70 
 

X-100, 1 mM DTT with added protease inhibitor cocktail (Roche)). Cells 

were lysed by sonication, and lysate subjected to centrifugation (15,000 rpm 

for 20 mins at 4°C). The soluble fraction was loaded on to a pre-equilibrated 

1 ml His-Trap HP column (GE Healthcare). Elution of HELLS-NTD was 

performed with a gradient of 25 mM to 250 mM imidazole. Peak fractions 

were analysed on 12 % SDS- PAGE gels. Peak fractions were dialysed 

against 50 mM Tris-HCl pH 6.8, 100 mM NaCl, 0.1 % Triton X-100, 1 mM 

DTT, 10 % glycerol and applied to a monoS column prior to elution with a 

linear gradient of 150 mM to 1.5 M NaCl. Peak fractions were analysed on 

12 % SDS-PAGE gels and HELLS-NTD was shown to elute at 300 mM 

NaCl. Pooled fractions were snap-frozen in liquid nitrogen and stored at -

80°C. 

2.14.6 Purification of Irc5 N-terminus (1-212 aa) 

The N-terminal domain of Irc5 (Irc5-NTD), consisting of the first 212 amino-

acids of the protein was cloned into the BamHI/SalI restriction sites of 

pET47b His-tag expression plasmid and transformed into E. coli Rosetta 

cells. Cultures were grown to mid-log phase at 37°C and expression 

induced with 1 mM IPTG at 18°C for 2 hours. Cultures were harvested and 

resuspended in lysis buffer (50 mM Sodium phosphate pH 8, 500 mM NaCl, 

30 mM imidazole, 0.5 % Triton X-100, 5 mM β-mercaptoethanol (BME) with 

added protease inhibitor cocktail (Roche). Cells were lysed by sonication, 

and lysate subjected to centrifugation (15,000 rpm for 20 mins at 4 °C). The 

soluble fraction was loaded on to a pre-equilibrated 1 ml His-Trap HP 

column (GE Healthcare). Irc5-NTD was eluted with a linear gradient of 30 

mM to 250 mM imidazole. Peak fractions were analysed on 12 % SDS- 

PAGE gels and dialysed against 20 mM Tris-HCL pH 7, 150 mM NaCl, 0.5 

% Triton X-100, 1 mM DTT. Protein sample was applied to a monoQ column 

prior to elution with linear gradient of 150 mM to 1.5 M NaCl. Irc5-NTD elutes 

at 325 mM NaCl; glycerol was added to 10 % final concentration, and protein 

stored at -80 °C. 

2.14.7 Purification of HELLS, Irc5 and ATPase mutants insect cells 

500 mL culture pellet from infected Hi5 cells was resuspended in 50 mM 

Tris-HCL pH 8, 300 mM NaCl, 0.1 % Triton X-100, 10 % glycerol, 20 mM 
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imidazole, 1 mM DTT, protease inhibitors (Roche). Lysate was sonicated 

and clarified by centrifugation (15,000 rpm for 20 mins at 4°C). The soluble 

fraction was applied to 1 mL equilibrated Ni-NTA agarose resin and batch-

bound for 2 hours, rotating at 4 °C. Beads were spun (3000 rpm, 10 mins at 

4°C), washed in 50 mM Tris-HCL pH 8, 300 mM NaCl, 0.1 % Triton X-100, 

10 % glycerol, 50 mM imidazole, 1 mM DTT and transferred to PD10 gravity 

flow column. Elution was carried out in 9 x 1ml fractions in 50 mM Tris-HCL 

pH 8, 300 mM NaCl, 0.1 % Triton X-100, 10 % glycerol, 250 mM imidazole, 

1 mM DTT and fractions analysed on 10% SDS-PAGE gels. Peak fractions 

were pooled and dialysed into 50 mM Tris-HCL pH 8, 300 mM NaCl, 0.1% 

Triton X-100, 1 mM DTT, 10 % glycerol, concentrated using a 10 kDa 

MWCO filter (Amicon), and then applied to S200 SEC column (GE 

Healthcare). Pooled peak fractions were stored at -80°C.  

For mass spectrometry analysis, His-HELLS was lysed in the presence of 1 

mM Na3VO4 and 20 mM β-glycerophosphate phosphatase inhibitors. 

As a control for ATPase experiments, a mock purification was carried out 

as above but using uninfected Hi5 cells and collecting equivalent fractions 

to the wt prep. 

2.14.8 Expression and purification of H2A, H2B, H3 and H4 yeast 

histones 

Constructs for the histones H2A, H2B, H3 and H4 were derived from 

Saccharomyces cerevisiae and cloned into pET3a plasmids. The QKK 

amino-acid motif of H3 was mutated to MPQ to match the human H3 

sequence and aid octamer assembly and stability 251. Plasmids were 

transformed into Rosetta E. coli cells and grown in the presence of 

ampicillin. For each construct, 4 x 1L cultures were grown at 37 °C until 

OD600 was ~0.5-0.7 and were induced with 1mM IPTG for 2 hours at 37 °C. 

Purification of yeast recombinant H2A, H2B, H3 proteins was carried out 

essentially as described in Klinker et al., 2014. Briefly, cells were lysed 

under denaturing conditions in SAU buffer containing 40 mM NaOAc pH 5.2, 

6 M urea, 200 mM NaCl 1 mM EDTA pH 8, 5 mM BME, 10 mM lysine 

supplemented with protease inhibitors (Roche). Cell were lysed by 10 

minutes sonication at 30 % amplitude with 15 second pulses and 30 second 
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breaks on ice. The lysate was clarified by centrifugation at 15,000 rpm for 

30 mins at 4 °C (Beckman Avanti, JA25.50 rotor), and was filtered with 0.45 

µM syringe filters. Soluble lysate was applied to an equilibrated HiTrap SP 

HP column (5 ml; GE Healthcare), washed, and histone protein eluted with 

SAU buffer containing 1M NaCl. Peak fractions were dialysed into water the 

protein sample adjusted to a final concentration of 15 mM Tris-HCl pH 8 and 

applied to Q HP column equilibrated in the same buffer (1 mL; GE 

healthcare), to separate the histones from contaminating DNA. The flow-

through containing the histones was collected, flash frozen in liquid nitrogen 

and stored at - 80 °C. 

Purification of yeast recombinant H4 was carried out in a similar manner 

except that the cell lysate was applied to Hitrap Q HP column prior to the 

SP column. 

2.14.9 Expression and purification of His-H2AX and His-

H2AX*S139sop 

Constructs for H2AX are derived from the human sequence and cloned into 

pQE9 so it harbours an N-terminal-6XHis tag. Vectors were transformed into 

M15 pREP4 E. coli cells and grown in the presence of ampicillin. 4 X 1L 

cultures were grown at 37 °C until OD600 was ~0.6 and induced with 1 mM 

IPTG for 4 hours at 37 °C. Bacteria were harvested at 5000 rpm for 20 mins 

at 4 °C and lysed by resuspending in 50 mM Tris-Cl pH 8.0, 0.5% Triton X-

100 and 100 µg/ml lysozyme followed by three rounds of sonication, each 

for 30 seconds at 30% amplitude. The insoluble fraction was solubilised in 

50 mM Tris–HCl buffer (pH 8.0) containing 500 mM NaCl, 5% glycerol, and 

6 M urea, before centrifugation at 13,000 rpm for 20 min at 4˚C. Supernatant 

containing the His-tagged histones was mixed with Ni–NTA agarose beads 

and rotated at 4 °C for 1 hour. Beads were washed with 50 mM Tris HCl pH 

8.0, 500 mM NaCl, 5% glycerol, 6 M urea, and 10 mM imidazole. Histones 

were eluted with a linear gradient of 5 to 300 mM imidazole, and fractions 

were analysed by resolution on 18% SDS-PAGE. Protein was dialysed 

overnight into 50 mM Tris HCl pH 8.0, 500 mM NaCl, 5% glycerol, snap 

frozen and stored at -80 °C. 
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2.15 Irc5 pulldown from diploid yeast 

300 mL mid-log cultures of Irc5-TAP-BY4741, Irc5-Myc and Irc5-TAP/Myc 

diploid (ACY15, ACY39 and ACY133 respectively) were harvested, washed 

in milliQ, and frozen in liquid nitrogen. Yeast were lysed in liquid nitrogen 

with a mortar and pestle for approximately 15 mins and resuspended in 6 

mL IgG binding buffer (10 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.1 % NP40, 

0.1 % Tween, 1 mM PMSF, protease inhibitor cocktail before  centrifugation 

at 13,000 rpm for 10 mins at 4°C. Supernatant was bound to 200 µL 

equilibrated IgG sepharose beads for 2 hours at 4°C. Beads were washed 

with 2 x 1 mL IgG binding buffer, 2 x 1 mL TEV cleavage buffer (10 mM Tris-

HCl pH 8.0, 150 mM NaCl, 0.1% NP40, 0.5 mM EDTA, 1mM DTT), and then 

resuspended in 1 mL TEV cleavage buffer. 4 µL (40 U) of TEV protease 

was added to reactions and incubated overnight at 4°C. 3 µL of 1M CaCl2 

was added to the supernatant before incubation with 50 µL calmodulin bead 

equilibrated in CAM buffer (10 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.1% 

NP40, 0.1% Tween, 2 mM CaCl2, 1 mM imidazole, 1 mM MgAc, 10 mM 

BME) for 2 hours at 4°C. Beads were washed with 4 x 1 mL CAM buffer, 

resuspended in 120 µL SDS-PAGE loading dye, boiled and subjected to 

western blot analysis probing for Myc and TAP tags. 

2.16 Size exclusion chromatography- multiple angle light 

scattering (SEC-MALS) analysis 

SEC-MALS was carried out using a Wyatt Dawn Heleos II MALS detector 

and an Optilab T-rEX differential refractometer (Wyatt Tech corps) 

connected to a Superose 6 increase 10/300 GL column size exclusion 

chromatography column (GE healthcare). The system was equilibrated in 

50 mM Tris-HCl pH 8.0, 300 mM NaCl and 0.5 mM TCEP using an Agilent 

HPLC. 80-200 µg of purified recombinant proteins were applied at a flow 

rate of 0.5 mL/min. The resulting chromatograms were analysed using 

ASTRA six software (Wyatt Tech Corp).  
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2.17 Generation of Cy3-labelled and unlabelled DNA 

substrates 

Oligonucleotides used to create differently structured DNA complexes are 

shown in Table 2-11 and in Figure 2-1. These oligos have complementary 

regions of sequence which, when annealed form double stranded DNA, fork 

and Holliday junction structures or overhanging ends. For fluorescently 

labelled DNA structures, Cy3- labelled DNA (1 µM) was mixed with an 

excess (2 µM) of unlabelled DNA in 20 mM Tris-HCl pH 7.5, 50 mM NaCl. 

Samples were heated at 95 °C for 5 minutes and left to cool overnight. 

Unlabelled synthetic structures were annealed in the same way except in 

equimolar ratios using oligo gelshift_20 in the place of gelshift_1. 

 

To analyse the annealed oligonucleotides, samples were resolved on 0.5 X 

TAE 5 %-acrylamide gels and visualised on a fluorescence imager 

(Typhoon FLA 9500, GE Healthcare) or by post-staining with ethidium 

bromide (0.5 µg/mL). 

Table 2-11. Sequences of the oligonucleotides used for synthetic DNA substrates. 

Oligo 

Name 

Sequences (5’-3’) (bp) Notes 

gelshift_1 Cy3-acg ctg ccg aat tct acc agt gcc ttg cta gga cat 

ctt tgc cca cct gca ggt tca ccc 

60 5’ Cy3-labelled  

gelshift_2 ggg tga acc tgc agg tgg gca aag atg tcc atc tgt aat 

cgt caa gct tta tgc cgt 

60 
 

gelshift_3 acg gca taa agc ttg acg att aca gat cat gga gct gtc 

tag agg atc cga cta tcg 

60 
 

gelshift_4 cga tag tcg gat cct cta gac agc tcc atg tag caa ggc 

act ggt aga att cgg cag cgt 

60 
 

gelshift_5 ggg tga acc tgc agg tgg gca aag atg tcc tag caa 

ggc act ggt aga att cgg cag cgt 

60 
 

gelshift_1

0 

ggg tga acc tgc agg tgg gca aag atg tcc tag caa 

ggc act ggt aga att cgg cag cgt agc ctt gag atg cca 

75 
 

gelshift_1

9 

agc ctt gag atg cca ggg tga acc tgc agg tgg gca 

aag atg tcc tag caa ggc act ggt aga att cgg cag cgt 

75 
 

gelshift_2

0 

acg ctg ccg aat tct acc agt gcc ttg cta gga cat ctt 

tgc cca cct gca ggt tca ccc 

60 un-labelled 

version of 

gelshift_1 
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Figure 2-1.  Cartoons of annealed Cy3-labelled DNA structures 

Oligonucleotides used to create these substrates are marked beside their respective 
structures (i.e. 1 = Gelshift_1). Yellow dot marks the position of Cy3 label. Markers indicate 
the length of the DNA substrate and length of unannealed flaps or branches. (Synthetic 
DNA structures and sequences are based on those described in 253). 

Sequences for the oligonucleotides used for the DNA length assay are 

described in Table 2-12. Annealing was performed as above for the 

fluorescently labelled DNA structures. The 60 bp length substrate for this 

assay uses the ds linear duplex substrate mentioned above.  

Table 2-12 Sequences of the oligonucleotides used for DNA length assay. 

Oligo Name Sequences (5’-3’) bp 

Gelshift-Cy3-

15bp_F 

[CY3]GACGCTGCCGAATTC 15 

Gelshift-15bp_R GAATTCGGCAGCGTC 15 

Gelshift-Cy3-

20bp_F 

[CY3]GACGCTGCCGAATTCTGGCT 20 

Gelshift-20bp_ R AGCCAGAATTCGGCAGCGTC 20 

Gelshift-Cy3-

25bp_F 

[CY3]GACGCTGCCGAATTCTGGCTTGCTA 25 

Gelshift-25bp_ R TAGCAAGCCAGAATTCGGCAGCGTC 25 

Gelshift-Cy3-

30bp_F 

[CY3]GACGCTGCCGAATTCTGGCTTGCTAGGACA 30 

Gelshift-30bp_ R TGTCCTAGCAAGCCAGAATTCGGCAGCGTC 30 

Gelshift-Cy3-

40bp_F 

[CY3]GACGCTGCCGAATTCTGGCTTGCTAGGACATCTTTGCCC

A 

40 

Gelshift-40bp_ R TGGGCAAAGATGTCCTAGCAAGCCAGAATTCGGCAGCGTC 40 

Gelshift-Cy3-

49bp_F 

[CY3]GACGCTGCCGAATTCTGGCTTGCTAGGACATCTTTGCCC

ACGTTGACCC 

49 

Gelshift-49bp_ R GGGTCAACGTGGGCAAAGATGTCCTAGCAAGCCAGAATTCGG

CAGCGTC 

49 
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2.18 Electrophoretic mobility shift assays 

The DNA-binding properties of the purified recombinant proteins were 

analysed by EMSA with various Cy3-labelled DNA substrates. Serial 

dilutions of protein were incubated with 10 nM Cy3-DNA substrate in 25 mM 

Tris-HCL pH 8, 150 mM NaCl, 5 % glycerol, 8 mM MgAc and 1mM DTT in 

a 10 µl reaction volume for 15 mins at 4°C. Reactions were loaded onto pre-

run 5% acrylamide 0.5X TAE gels (1 mm thickness, 8.6 x 6.7 cm (W X L)). 

Gels were run at 90 V at 4 °C for approximately 1 hour and Cy3 DNA 

detected using a fluorescence imager (Typhoon FLA 9500, GE Healthcare). 

Gel images were analysed using Image Quant software. Fraction bound 

was determined by analysing protein-bound DNA over the total DNA in the 

lane. The fraction of DNA bound versus free DNA from three independent 

repeats were fitted with non-linear regression using GraphPad Prism to 

obtain the apparent dissociation constant. Kd app and statistical analysis (2 

way ANOVA with Bonferroni post-tests) was performed in GraphPad 

software. 

2.19 TLC ATPase assay 

Radioactive ATPase assays were performed by incubating indicated 

amounts of protein with γ32P-labelled ATP (Perkin Elmer). A typical reaction 

contained 20 mM Tris-HCL pH 8, 60 mM NaCl, 7 mM MgCl2, 0.3 mM EDTA, 

3 % glycerol, 250 µM unlabelled ATP, 2 µCi of [γ-32P] ATP (3000 Ci/mmol). 

Reactions were incubated for 60 minutes at 30°C for Irc5 proteins and 37°C 

for HELLS. Reactions were stopped with 50 mM Tris-HCL pH 7.5 and 100 

mM EDTA. Samples of the reaction (typically 0.4 µl of a 5 µl reaction) were 

spotted onto thin layer chromatography cellulose plates (PEI cellulose 

20X20, Merck), and air-dried. Inorganic phosphate was separated from 

unhydrolysed ATP by placing TLC plates in 0.75M KH2PO4 buffer, until the 

buffer front reached the top of the plate. Plates were dried with heat and air 

and exposed to a phosphor screen and subsequently imaged using a 

phosphor Imager (Typhoon FLA 9500, GE Healthcare). Images were 

quantified using Image Quant software. Percentage of hydrolysed ATP was 

determined by the equation:  

(γ-32P-Hydrolysed)/ (γ-32P-Hydrolysed + γ-32P-unhydrolysed) 
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Amounts and concentrations of stimulating factors added to reactions, are 

indicated in figure legends. 

2.20 TFO displacement assay 

TFO (Triplex forming oligo) was radioactively labelled with [γ-32P] ATP on 

the 5’ end using T4 polynucleotide kinase at 37°C for 45 mins before heat-

inactivation for 20 mins at 65°C and removal of unincorporated nucleotides 

using a Bio-Rad spin column. 25 nM labelled-TFO was incubated with 50 

nM circular pSRTB1 template in 10 nM MES pH 5.5 and 12.5 mM MgCl2 at 

20°C overnight. Immediately before use the triplex was diluted 1 in 10 in 

50 mM Tris-HCL pH 8.0, 10 mM MgCl2, 1 mM DTT to a final concentration 

of 5 nM template DNA. Proteins and/or ATP and other additives were 

incubated with the TFO-bound plasmid in final volume of 20 µl, and 

reactions were stopped at the required timepoints using GSMB buffer (15 

% (w/v) glycerol), 3 % (w/v) SDS, 250 mM MOPS pH 5.5, bromophenol blue. 

Reactions were loaded onto a 1 % (w/v) agarose TAW gel (20 mM Tris-

acetate, 5 mM sodium acetate, 5 mM MgCl2, 0.1 mM EDTA, pH 5.5) and 

run for 2.5 hours at 120 V in TAE buffer. Gels were fixed for 1 hour in 5 % 

acetic acid and 40 % methanol and dried overnight between sheets of 

cellophane with heat and air. Gels were imaged using a phosphor Imager 

(Typhoon FLA 9500, GE Healthcare) and analysed using Image Quant 

software to determine the proportion of bound and free TFO. 

2.21 Preparation of native yeast mononucleosomes 

1 litre of mid-log BY4741 yeast grown in YPAD media was harvested and 

incubated with 20 mM EDTA and 7 mM BME for 15 mins at 30°C. The pellet 

was washed with 1M sorbitol, and resuspended in 1M sorbitol, 5 mM BME, 

2 mg/ml Zymolyase 20T and incubated for 1 hour at 30°C. The pellet was 

washed, resuspended in Ficoll lysis buffer (18% (w/v) Ficoll, 10 mM Tris-

HCL pH 7.5, 20 mM KCl, 5 mM MgCl2, 3 mM DTT, 1mM EDTA, 1mM PMSF, 

5 µM leupeptin, 5 µM aprotinin, Pepstatin A), and homogenised using a 

Dounce homogeniser. The resulting pellet of nuclei was resuspended in 

NP40 buffer (10 mM Tris-HCL pH 8.0, 75 mM NaCl, 0.5 % NP40, 1 mM 

EDTA, 1 mM PMSF, 5µM leupeptin, 5 µM aprotinin, Pepstatin A, 0.15 mM 

spermine, 0.5 mM spermidine), spun down, and then resuspended and 
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sequentially washed with medium salt buffer (400 mM NaCL) and high salt 

buffer (650 mM) in 20 mM Hepes pH 7.5, 1 mM EDTA, 5 % glycerol, 1 mM 

BME, 1 mM PMSF, 5 µM leupeptin, 5µM aprotinin, Pepstatin A, 0.15 mM 

spermine, 0.5 mM spermidine. The pellet was sonicated briefly and dialysed 

against low salt buffer (100 mM). Chromatin was digested to 

mononucleosomes with 0.1 U/ml MNase and stored at -80°C in 15 mM 

Hepes pH 7.5, 400 mM NaCl, 1 mM DTT, 0.15 mM spermine, 0.5 mM 

spermidine, 10 % glycerol, 1 mM EDTA, 1 mM PMSF. 

2.22 Assembly of centre and end-positioned 

nucleosomes 

Preparation of centre and end positioned nucleosomes was carried out as 

described in 254. rDNA promoter fragment was amplified from murine cDNA 

by PCR using Cy3-MusRDNA-01_fwd and MusRNA-03_rev 

oligonucleotides, to generate a 5’ Cy3-labelled 247 bp fragment which was 

subsequently gel purified. 

Sequence of murine rDNA fragment (5’-3’): 

GAAAGCTATGGGCGCGGTTTTCTTTCATTGACCTGTCGGTCTTATCAGTTCT

CCGGGTTGTCAGGGTCGACCAGTTGTTCCTTTGAGGTCCGGTTCTTTTCGTT

ATGGGGTCATTTTTGGGCCACCTCCCCAGGTATGACTTCCAGGCGTCGTTG

CTCGCCTGTCACTTTCCTCCCTGTCTCTTTTATGCTTGTGATCTTTTCTATCT

GTTCCTATTGGACCTGGAGATAGGTACTGACACGCTGTC 

Histones purified from U2OS cells were mixed with Poly-L-glutamic acid 

(PGA) at a 2-fold weight excess of PGA to histones in TE150 (150 mM NaCl, 

1 X TE pH 8.0) 254. Salt concentration was adjusted to 150 mM and left at 

room temperature for 1 hour. Histones and DNA together were mixed in 

roughly a 1:1 ratio (w/w) in TE150 with 0.4 µg/µl BSA and incubated for 3 

hours at room temperature. Positioned nucleosomes were resolved on a 4.5 

%, 0.4 X TBE polyacrylamide gel. Gel bands were visualised, and centre 

and end-positioned nucleosomes excised. Nucleosomes were eluted in 

nucleosome elution buffer (10 mM Tris-HCl pH 7.5, 50 mM KCl 10 % 

glycerol, 0.4 µg/µl BSA) for several hours at room temperature before 
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storage at 4 °C. Nucleosomes were analysed on 4.5 %, 0.4 X TBE 

polyacrylamide gels and were visualised using a phosphorimager. 

2.23 Nucleosome mobilisation assay 

Nucleosome mobilisation assays were performed essentially as described 

in 254. Nucleosomes (8.5 µL, ~ 100 fmol) were incubated with the indicated 

concentration of protein in the presence of 0.4 µg/mL BSA and 2 mM ATP 

in a 10 µL reaction volume. Reactions were incubated at 30 °C for 90 mins 

before addition of 1µg of unlabelled plasmid DNA and incubation on ice for 

10mins. Reactions were resolved on a 4.5 % TBE polyacrylamide gel and 

visualised using a Typhoon imager. 

2.24 Acid extraction of yeast histones 

2 L of BY4741 yeast were grown at 30 °C in YPAD until cell density reached 

approximately 2 X 108 cells/mL (OD600 = ~8.0). Cells were harvested by 

centrifugation at 3000 rpm for 10 mins at 4 °C, washed in water and 

resuspended in 0.1 mM Tris-HCl pH 9.4, 10 mM DTT and were incubated 

at 30°C for 15 mins. Cells were harvested and resuspended in 1.2 M 

Sorbitol, 20 mM HEPES pH 7.4, 0.1 mg/mL zymolyase 20T and incubated 

for 45 mins at room temperature. Ice-cold 1.2 M sorbitol, 20 mM PIPES pH 

6.8, 1 mM MgCl2 was added and spheroplasts harvested at 3500 rpm for 10 

mins at 4 °C. The resulting pellet was resuspended in ice-cold NIB buffer 

(0.25 M sucrose, 60 mM KCl, 15 mM NaCl, 5 mM MgCl2, 1mM CaCl2, 15 

mM MES pH 6.6, 1 mM PMSF, 0.8 % Triton X-100), held on ice for 20 mins 

and centrifuged at 4000 rpm for 15 mins at 4 °C. Spheroplasts were washed 

twice before resuspension in buffer A (10 mM Tris-HCl pH 8, 0.5 % NP40, 

75 mM NaCl, 30 mM Na-butyrate, 1 mM PMSF), and incubation on ice for 

15 mins. Spheroplasts were washed in buffer A, before resuspension in 

buffer B (10 mM Tris-HCl pH 8, 0.4 M NaCl, 30 mM Na-butyrate, 1mM 

PMSF), and incubated on ice 5 mins, followed by a wash in buffer B. The 

pellet was resuspended in ice-cold 0.8 M H2SO4, incubated on ice for 30 

mins and centrifuged at 10,000 rpm for 10 mins. Histones were precipitated 

from the supernatant with 20 % TCA final before centrifugation at 12,000 

rpm for 30 mins. The pellet was washed (acetone, 0.1 % HCl) and 
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subsequently air-dried before final resuspension in 10 mM Tris-HCl pH 8. 

Protein concentration, quantified by Bradford assay, was 6.1 mg/mL. 

2.25 Purification of full-length recombinant CtIP 

Purification of CtIP, with a C-terminal HRV3C-cleavable StrepII-tag was 

performed as described in 255. StrepII tag was cleaved before storage at -

80 °C. CtIPL27E and dephosphorylated CtIP were purified in the same 

manner. Dephosphorylated CtIP (deCtIP) was treated with lambda protein 

phosphatase (NEB) according to manufacturers’ instructions. Samples of 

these proteins were kindly provided by the Dillingham lab, University of 

Bristol. 

2.26 In vitro CtIP pulldown assays 

His-tagged HELLS (100 ng) was bound for 1 hour at 4°C to 15 µL His-select 

Cobalt affinity gel (Sigma) equilibrated in 40 mM HEPES pH 7.5, 30 mM 

imidazole pH 8.0, 300 mM NaCl, 0.1 % Tween, 10 % glycerol, 0.1 % BSA. 

Unbound protein was removed by 2 X 1 mL washes with binding buffer. CtIP 

(kindly provided by the Dillingham group, Bristol) and its mutants (100 ng) 

was added to the immobilised HELLS and bound for 1 hour at 4°C. Beads 

were washed with 4 x 1 mL binding buffer before being resuspended in 20 

µL 1 x SDS loading dye and boiled. Samples were subjected to SDS-PAGE 

and western blotting against HELLS and CtIP. 

2.27 In vitro pulldown assays using insect cell lysate 

50 mL of Sf9 insect cells expressing indicated CtIP-StrepII constructs 

(plasmids provided by Dillingham group) were resuspended in 5 mL of lysis 

buffer (40 mM HEPES pH 7.8, 300 mM NaCl, 10 % glycerol, 0.1 % Tween, 

0.1 % BSA, 30 mM imidazole and protease inhibitors. Cells were lysed by 

sonication and lysate clarified by centrifugation at 13,000 rpm at 4 °C.  

10 uL protein A Dynabeads/reaction were equilibrated in lysis buffer and 

incubated with 0.75 µg of either anti-His antibody or IgG mouse control 

antibody for 30 minutes at 4 °C. 5 µg His-HELLS was added to indicated 

reactions for 2 hours after which 50 µL of the cleared soluble lysate 

expressing CtIP-StrepII constructs was added and incubated for a further 

hour. Beads were washed in lysis buffer and subsequently boiled in 1 X 



Materials and methods 

 

81 
 

SDS-PAGE loading buffer. Samples were resolved by SDS-PAGE and 

analysed by western blotting for HELLS using anti-Lsh antibody, or for CtIP-

StrepII constructs using StrepII antibody. 

2.28 In vitro HELLS pulldown assays with acid extracted 

yeast histones, recombinant human histones, or 

recombinant yeast H2A from cell lysate 

Reactions contained 10 µL protein A Dynabeads equilibrated in binding 

buffer (15 mM HEPES pH 7.8, 400 mM NaCl, 110 mM KCl, 0.5 % NP40, 5 

% glycerol) and incubated with either 1.5 µg anti-His or 1.5 µg IgG mouse 

isotype control antibody for 40 mins at 4 °C. Indicated reactions contained 

10 µg His-HELLS and 40 µg acid extracted yeast histones and were 

incubated for 1 hour at 4 °C on a rotating platform. Beads were washed with 

4 x 1 mL binding buffer and resuspended in 1 X SDS loading dye. Reactions 

were resolved on 2 X 20 % SDS-PAGE gels and probed by western blot 

analysis for H2A and H4 (using anti-H2A and anti-H4 antibodies 

respectively). Blots were stripped and re-probed using anti-H3 and anti-H2B 

antibodies. Samples were also resolved on an 8 % SDS-PAGE gel and 

western blotted for HELLS.  

Pulldowns with recombinant human histones also contained 1 mg/mL BSA 

and 2 M urea in the binding buffer. 10 µg recombinant human histones were 

used. For assays with His-H2AX and His-H2AX*S139stop, reactions 

contained 1.5 µg of anti-Lsh antibody instead of anti-His. 

For pulldowns of yeast H2A from cell lysate, 50 mL of bacterial cells, 

induced for yeast H2A expression with 1mM IPTG for 2 hours, were lysed 

in 6 mL of lysis/binding buffer (15 mM HEPES pH7.8, 400 mM NaCl, 110 

mM KCl, 0.5 % NP40, 5 % glycerol, 1 mg/mL BSA, 2 M urea, 10 mM lysine, 

5 mM BME and protease inhibitors). 1 mL soluble fraction was added to 

pulldown assays containing 20 µL protein A Dynabeads bound to 1 µg anti-

His antibody or IgG mouse isotype control and 30 µg of His-HELLS. 

Samples were resolved on a 20 % SDS-PAGE and probed for H2A and an 

8 % gel for HELLS. 
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3. THE ROLE OF IRC5 IN REPAIR IN BUDDING YEAST 
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3.1 Introduction 

3.1.1 Genetic manipulation of S. cerevisiae 

Versatile and easily manipulated in the laboratory setting, Saccharomyces 

cerevisiae budding yeast has become an important model system for 

studying eukaryotic genetic pathways. Repair pathways and remodellers 

are remarkably conserved across eukaryotes and yeast provide a valuable 

tool for studying these conserved proteins. Budding yeast are single-celled 

eukaryotes and under optimal conditions, have a doubling time of 

approximately 90 minutes. They can exist, and be stably maintained, in both 

haploid (16 chromosomes) and diploid states (32 chromosomes). The 

existence of a haploid state makes the study of a single gene much easier, 

as in most cases only one allele of the gene of interest needs to be modified. 

The ability of yeast to undergo efficient homologous recombination enables 

easy manipulation and creation of knockouts and mutations of a gene of 

interest. 

A toolkit of techniques and plasmids for yeast genetics exist which can be 

used to manipulate the yeast genome (Figure 3-1), meaning that a gene 

can be modified and studied in the native chromosomal context. Commonly 

used laboratory yeast strains are deficient in the biosynthesis of certain 

amino acids, either through mutation or deletion, which can be 

supplemented in yeast defined media to promote growth. Exploiting this 

feature, selectable markers re-introduce the ability to synthesise the amino 

acid, and therefore permit the selection of positive clones in manipulated 

yeast. Common markers include LEU2, TRP1, HIS3 and URA3.  The 

KANMX marker confers resistance to the antibiotic geneticin (G418), an 

aminoglycoside antibiotic similar to kanamycin. Producing a knockout strain 

involves amplifying a marker cassette using primers containing short 

regions of homology to regions flanking the gene of interest. The cassette 

is transformed into yeast and, through homologous recombination, is 

integrated using the short regions of homology to direct the cassette to the 

gene locus. Clones that have integrated the cassette survive on selective 

media and are screened to verify insertion at the correct locus. 
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Figure 3-1 Gene deletion in budding yeast 

Schematic of PCR-based deletion of alleles in yeast strains by homologous recombination, 
and insertion of selection cassette (containing reporter gene for selection) with flanking 
sequences to the upstream and downstream sequences of the target gene. 

 

3.1.2 Mating-type switch and chromatin organisation at the MAT 

locus 

Budding yeast propagate as either a or α mating types (haploid) or as a/α 

(diploid). Both haploid and diploid yeast cells can reproduce asexually 

through mitosis.  

Budding yeast bear three separate gene loci on chromosome III that are 

responsible for determining the mating-type of yeast; MAT, HML, and HMR 

(Figure 3-2). The MAT locus is transcriptionally active, and the mating genes 

present here determine the mating type of the individual cell. MATα cells 

harbour the active α1 and α2 (Yα) genes whereas MATa harbours a1 and 

a2 (Ya) genes. Each set of genes are responsible for mating-type specific 

factors including the expression of pheromones and receptors for 

pheromones generated by an opposite mating-type cell 256. The HML and 
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HMR loci are located on either side of the MAT locus towards the telomeres. 

HMLα contains the set of α-mating-type genes, while HMRa contains the 

set of genes for the a-mating-type. However, both regions reside within 

heterochromatic regions and are both silent. Instead, they act as donors for 

the active MAT locus. 

3.1.1 MAT locus double-strand break repair 

Mating-type switching is a gene conversion process that occurs naturally in 

yeast where a sequence-specific double-strand break at the MAT locus is 

generated by a homothallic (HO) endonuclease. The DSB induces a 

intrachromosomal gene conversion event between the MAT locus using 

either of the silent donor cassettes, HML or HMR as templates and 

undergoes SDSA to repair the break (Figure 3-2 and Figure 3-3). Through 

recombination, the genes located at the MAT locus are then replaced with 

those present at either of the silent alleles, resulting in a switching of the cell 

mating-type. HO recognises a degenerate 24 bp sequence 

(CGCAACA|GTATA; the site of cleavage is marked by a vertical line) 257. 

Strains used in the laboratory setting are often heterothallic, where the HO 

gene is inactive and as a result are stable in their mating-types. However, it 

is possible to reintroduce HO on plasmid under the control of a galactose 

inducible promoter. Using this method, it is possible to study MAT locus 

DSB repair at all stages of the cell-cycle rather than only in G1 when HO is 

normally expressed, and importantly study repair at a single site-specific 

locus 258. Use of the MAT locus and HO cleavage has guided many of the 

studies in yeast to determine genes and enzymes responsible for mating-

type switching, double-strand break repair and the functions of chromatin 

remodellers in chromatin restructuring in these pathways. 
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Figure 3-2. Mating-type switching in budding yeast 

Arrangement of MAT, HML, and HMR on chromosome III. Cartoon of budding yeast gene 
conversion between Mata and Matα. Dashed line represents location of HO endonuclease 
cleavage site (recognition sequence: CGCAACA|GTATA; the site of cleavage is marked 
by a vertical line). Percentage represents the likelihood of the use of HML or HMR for gene 
conversion with the MAT locus for a cell of a particular mating-type. Adapted from 259. 

 

Figure 3-3 Mechanism of DSB repair at the MAT locus by SDSA pathway 

5’-3’ resection of the DSB ends is initiated by the MRX complex, Sae2 and Exo1. Rad51 
protein is loaded onto the ssDNA and the filament searches for a homologous template at 
the HM loci. DNA synthesis occurs and copies the new mating-type genes. The leading 
strand dissociates from the homologous template and anneals to the second broken strand. 
The non-homologous sequences are removed, and second-strand DNA synthesis occurs. 
Adapted from 256. 
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DSB repair in the context of chromatin requires modifications to local 

nucleosome structures to enable resection, and strand invasion. MNase 

digestion to map nucleosomes and restriction enzyme accessibility assays 

of the MAT locus before and after the induction of DSBs by HO shows that 

nucleosomes immediately surrounding the break site are altered, allowing 

DNA ends to be more accessible 198. Chromatin remodelling enzymes have 

been implicated in the creating an environment suitable for DSB repair but 

are also involved in specific stages of repair pathways. 

3.1.2 Silencing at HM loci, telomeres, and rDNA 

HML and HMR are heterochromatic and transcriptionally inactive meaning 

they are resistant to cleavage by HO endonuclease260,261. Repression of the 

HM loci involves small (~150 bp) cis-acting silencer sequences that flank 

the mating-type genes (HML-E, HML-I, HMR-E, HMR-I)262–264. Budding 

yeast possess a set of four SIR (silent information regulator) proteins that 

regulate heterochromatin structure. Sir1 binds to the Orc1 subunit of the 

ORC (origin recognition complex) complex and recruits a complex of three 

other Sir proteins, Sir2, Sir3 and Sir4. Sir3 and Sir4 stabilise the complex 

on the nucleosome through interactions with Rap1 (repressor activator 

protein 1), yKu70/80 and nucleosomes265–267. Sir2 deacetylates histones H3 

and H4 over a region spanning the HM loci, leading to the formation of 

heterochromatic chromatin267 268. The boundaries of heterochromatin are 

maintained by the opposing actions of the histone deacetylase (HDAC) Sir2 

and Sas2, a histone acetyltransferase (HAT)67,68. The fact that HMR and 

HML lie near to telomeres also appears to influence the silencing of these 

loci, depending on the distance from the telomeric ends 269.  

Silent mating type loci are one of three regions of heterochromatin in 

budding yeast, telomeres and rDNA being the others.  Many of the proteins 

involved in silencing of HML and HMR are also involved in the formation of 

telomeric heterochromatin as well as silencing portions of the ribosomal 

DNA (rDNA) array. Telomeres consist of repeats of G-rich sequence at the 

end of linear chromosomes, which cap the ends of chromosomes and 

prevent degradation, recombination and to promote gene silencing. 

Telomeres are enriched for Rap1 and yKu70/80 which recruit the SIR 
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complex to repress sub-telomeric genes270.  Silencing is also enhanced by 

anchoring telomeres and HM loci to the nuclear periphery 271–274.  

rDNA loci are responsible for the expression of ribosomal proteins and 

ribosomal RNA and in budding yeast consist of ~150-200 tandem repeats 

of 9.1 kb unit rRNA genes 275. Each repeat contains the genes for 35S rRNA 

and the 5S rRNA, which are separated by a non-transcribed spacer (NTS) 

276. The genes encoding 35S rRNA and 5S rRNA are transcribed by RNA 

polymerase I (Pol I) and III (Pol III). Approximately half of these gene repeats 

are actively transcribed while the other half are silent 277. Inaccurate 

recombination within this array can result in instability and contraction or 

expansion of repeats. For example, yeast aging is associated with an 

accumulation of circular extrachromosomal rDNA species (ERC) in mother 

cells  leading to defects in division and cell-cycle progression 278. 

 Both positive and negative regulation of recombination are required to 

maintain rDNA arrays. FOB1 (fork blocking less) protein stimulates 

recombination by binding to the replication fork barrier site 279. While, 

repression of rDNA recombination requires the action of the RENT 

(regulator of nucleolar silencing and telophase exit) complex which includes 

Sir2 280,281. Accordingly, deletion of Fob1 from yeast decreases the level of 

recombination at the rDNA and ERC’s and extends yeast life span, while 

deletion of Sir2 increases levels of recombination 282,283. 

3.1.3 Studies implicating Irc5 in repair in yeast 

Deletion of irc5 resulted in a 4-fold increase in the numbers of spontaneous 

foci of the Rad52 recombination protein, raising the possibility that Irc5 has 

role in recombination 212,241,242. Further analysis of the irc5 strain showed 

that it displayed increased rates of recombination between homologous 

chromosomes in diploid yeast cells. In diploid cells, DNA repair is 

preferentially carried out using the sister chromatid as a template; increased 

interhomolog recombination may reflect a defect in the use of sister 

chromatids as a template. However, assays in haploid yeast measuring 

repair between two leu2 heteroalleles showed that sister chromatid gene 

recombination (SCR) as well as single strand-annealing (SSA) was 
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unaffected in irc5 strains. Interestingly, many of the deletion mutants in the 

genome-wide screen that showed the same characteristics as irc5, are 

involved in chromatin dynamics. Defects in chromatin structure or 

manipulation may influence sister-chromatid recombination leading to a 

preference for the homologous chromosome as a template for repair.  

Since the start of this project, there have been further studies of Irc5. Litwin 

et al. 2017 found that irc5 cells display a sensitivity to MMS, a DNA 

damaging agent that causes DSBs as a result of collapse of stalled 

replication forks 213,284. Deletion of the region corresponding to amino acids 

235 to 853 of IRC5 also displayed the same phenotype indicating that the 

helicase motifs of Irc5 are important for this function. IRC5 also was found 

to display negative genetic interaction with replication fork proteins which 

are accessory factors needed for sister chromatid cohesion (SCC) 

formation. Cells lacking irc5 displayed 1.5-2-fold more sister chromatid 

separation than wild-type cells indicating a defect in cohesion, while 

immunoprecipitation experiments showed that Irc5 directly interacts with 

Scc1 cohesin subunit and that deletion of IRC5 reduces occupancy of Scc1 

at the rDNA cohesin binding region.  Localisation of Scc2, the cohesin 

loader, to chromatin was also impaired in irc5 mutants, suggesting that Irc5 

recruits Scc1 to promote cohesin loading. Disruption of this interaction led 

to rDNA instability and sister chromatid separation. A second publication by 

the same group showed by that in the presence of MMS, disruption of IRC5 

led to the accumulation of ssDNA and delayed S-phase progression, 

pointing to a possible disruption of DNA damage tolerance 214. irc5 cells 

showed an elevated number of Rfa1 (subunit of RPA) foci that may be 

attributed to the role of Irc5 in loading cohesin. Moreover, this suggests Irc5 

functions at blocked replication forks and aids the response to replication 

stress. Despite this, the complete mechanistic role of Irc5 in the DNA 

damage response remains unclear. It is possible Irc5 displays multiple 

functions in repair of the genome that have not been investigated, and it is 

unclear how its activity may be mechanistically linked to repair. It is not yet 

known whether Irc5 plays a role in specific damage pathways, whether it 

has a more general chromatin maintenance role, or which features, domains 
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or properties of Irc5 are required for its function in maintenance of genome 

stability. 

3.1.4 Aims of chapter 

In this chapter I will use established repair assays in budding yeast to look 

at the role of Irc5 in specific pathways of double-strand break repair. 

Additionally, I will investigate the effect of mutations within the helicase 

motifs to ascertain important domains for function of Irc5 in maintenance of 

genome stability. Lastly, I will examine the role of Irc5 in repair within specific 

chromatin contexts and at specific genomic loci, for example the MAT locus 

and the heterochromatic rDNA locus. 
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3.2 Results 

3.2.1 Characterisation of the effect of irc5 deletion 

As a first step towards understanding the effects of Irc5 on genomic stability, 

our lab created an irc5 delete strain in the W303 yeast strain background 

(irc5 W303, ACY53) and serial dilutions of exponentially growing cultures 

were plated onto YPA-glucose plates containing various genotoxic agents. 

There was no growth defect of the irc5 strain compared to wild type at 30 

°C, indicating no significant cell growth or division defects at optimal 

conditions. There were also no notable differences between the wild-type 

and irc5 strains at the higher temperature of 37 °C, after UV irradiation or 

on plates containing the damaging agents hydroxyurea (HU) or 

camptothecin (CPT). However, we did note that the irc5 mutant displayed 

sensitivity to MMS (Figure 3-4) and a mild sensitivity to phleomycin in the 

W303 strain background (not shown). This result suggests that Irc5 

contributes to a pathway that protects the cell from stress caused by the 

damaging agent. 

 

Figure 3-4. irc5 strain shows sensitivity to MMS 

Wild-type W303 and irc5 (ACY53) strains were grown to mid-log phase and serially diluted 
onto plates containing various concentrations of MMS. Triangles show the decrease in 
number of yeast cells plated. 0.015% MMS was chosen as representative image. Image 
courtesy of Dr Anna Chambers. 

3.2.2 Complementation of irc5 strain 

I next wanted to see if complementing Irc5-myc back into the IRC5 locus of 

the knockout strain confirmed that the MMS sensitive phenotype is 

dependent on IRC5 deletion. 

To complement the deletion, a plasmid was created containing the 

promoter, coding sequence and terminator of Irc5. This construct of Irc5 

bears a C-terminal myc-tag, and TRP cassette downstream of the stop 

codon (pIrc5-Myc plasmid (pALC17)). NotI and SalI restriction enzymes 
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were used to excise a fragment of the plasmid that included promoter, cds, 

TRP cassette and downstream flanking DNA. This was transformed into 

irc5::KANMX W303 yeast followed by selection on media lacking 

tryptophan. Tagging Irc5 in the genome with a myc-tag also allows us to 

monitor protein expression and association with chromatin. To verify 

replacement of the cassette in the deletion strain with the integration 

cassette, growth on both plates containing G418 and lacking tryptophan 

was monitored (Figure 3-5). If recombination has occurred at the correct 

locus, then the KANMX module will be removed and replaced with the TRP 

marker meaning the yeast can no longer grow on +G418. 

 

Figure 3-5 Construction of irc5 deletion and complementation strains 

(A) irc5::KAN (ACY53) is able to grow on +G418 plates while wild-type W303 yeast shows 
no growth. (B) Complementation of the irc5 strain with the Irc5-myc-TRP construct allows 
growth on -TRP plates. (C) Successful integration of the Irc5-myc-TRP construct in place 
of the KANMX cassette should remove the ability to grow on +G418 plates. 

With each strain used in this work, marker checking was carried out to 

confirm presence or absence of the correct modules. Alongside checking 

selection markers, polymerase-chain reactions (PCR) of genomic DNA and 

junction sequencing were also performed to verify the presence or absence 

of Irc5. Finally, protein extracts from mid-log phase cultures were generated 

by TCA extraction and western-blotting with α-myc was performed to check 

for the expression of myc-tagged Irc5 protein. 

The sensitivity to MMS of the integrated Irc5-myc strain (ACY100), along 

with WT and irc5 strains was tested by plating strains on several 

concentrations of the genotoxic agent. Reintegration of Irc5-myc rescued 

the MMS sensitivity observed for irc5 and growth was comparable to the 

wild-type W303 strain (Figure 3-6). Complementing Irc5-myc back into the 
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native gene locus of an irc5 yeast strain and rescuing the MMS sensitivity 

phenotype confirms that there were no gross off-target effects at other loci 

within the genome, and reinforces that we are studying the effect of the IRC5 

gene. However, it does not preclude the possibility that irc5 deletion 

impacted regulation of neighbouring genes. 

 

Figure 3-6. Irc5-myc rescues irc5 sensitivity to MMS 
Irc5-myc was reintroduced into the genome of irc5 delete strain (ACY53).The integrated 
Irc5-myc strain (ACY100), along with WT and irc5 strains were grown to mid-log phase and 
serially diluted onto YPAD plates along 0.01 % and 0.02 % MMS. 

 

3.2.3 Catalytic activity of Irc5 is important for survival in the 

presence of MMS 

To test the effect of disruption of the catalytic function of Irc5 on MMS 

sensitivity, two strains were created with substitution of the lysine residue 

that is necessary for ATP hydrolysis at amino-acid position 253 in the 

GLGKT sequence of helicase motif I (Walker A). Using the plasmid 

construct of Irc5 harbouring a myc-tag and TRP cassette (pALC17), PCR 

mutagenesis was carried out to create a lysine to arginine mutation (K253R; 

pALC19) and a lysine to glutamine mutation (K253Q; pALC73). Mutant 

constructs were integrated into the irc5-W303 strain in the same way as the 

original Irc5-myc construct and were validated by PCR, checking for Irc5-

myc expression (Figure 3-7 A and B) and sequencing to ensure the 

presence of the point-mutations. Western blotting showed that both mutant 

proteins were slightly less stably expressed than Irc5-myc. W303, irc5, Irc5-

myc, K253R-myc and K253Q-myc strains were serially diluted and plated 

onto plates containing varying concentrations of MMS (Figure 3-7 C). Irc5-

myc and irc5 behaved as seen previously, however, both the K253R-myc 

and K253Q-myc strains were both as sensitive as the irc5 strain. 
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Figure 3-7. Catalytic activity of Irc5 is important for survival in the presence of MMS 
(A) Genomic DNA was prepared from irc5-W303 (ACY53) Irc5-myc (ACY100), K253R-myc 
(ACY145) and K253Q-myc (ACY146) strains. PCR reactions were performed with primers 
that anneal to IRC5 gene and TRP1 (Irc5 800 cds and TRP1 check). Products were 
resolved on a 1 % agarose gel and visualised. Size of PCR products if Irc5-myc-TRP 
constructs are correctly integrated is 3044 bp. Positive control is the Irc5-myc-TRP plasmid 
(pALC17). (B) Protein extracts from indicated strains were resolved by SDS-PAGE and 
western blotted using anti-myc antibody. H2A was used as a loading control. (C)  Indicated 
strains, grown to mid-log, were plated onto YPAD plates containing varying concentrations 
of MMS (0.015 and 0.02 % MMS were chosen as representative images). (D) Mid-log 
strains were diluted to OD600 of 0.001 and plated onto YPAD plates containing MMS. After 
2 days incubation at 30 °C, colonies were counted, and survival calculated relative to the 
non-DNA damaging control.  Data represents the mean percentage survival of at least 3 
biological repeats for each data point. Error bars indicate the standard error of the mean. 

 

I examined this phenotype quantitatively using a survival assay as seen in 

Figure 3-7 D. Each strain was grown to mid-log (OD600 ~0.7) before being 
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plated with varying concentrations of MMS. After 2-3 days incubation at 30 

°C, colonies were counted, and survival calculated relative to the number of 

colonies formed on the plates that did not contain MMS. This quantitative 

colony formation assay reveals that the irc5 and the ATPase mutant strains 

have comparable levels of sensitivity and that the effect is not due to a slow 

cell-growth defect but an overall reduction in cell survival. Comparison of 

the survival of the Irc5-myc strain and wild-type suggests that the myc-tag 

is not interfering with Irc5 function. 

IRC5 is located close (~500 bp) to the RSC8 gene on chromosome VI 

(Figure 3-8). The Rsc8 protein is a component of the RSC complex and 

yeast lacking Rsc8 show sensitivity to a range of DNA-damaging agents 

including camptothecin, MMS and phleomycin 173,213. It is possible that by 

removing IRC5, we could have disrupted regulatory elements for RSC8 

expression to cause MMS sensitivity indirectly. However, it is unlikely that 

single point mutants within IRC5 would impact Rsc8 expression. The data 

with the ATPase mutants therefore supports that MMS sensitivity is an irc5 

phenotype. This validates the use of our irc5 strains as a tool for measuring 

Irc5 effect on genomic stability.  

 

Figure 3-8 Chromosomal location of IRC5 
IRC5 gene is located on chromosome VI at 229380 - 231941 bp (length 2562 bp). 
Reference strain S288C. Sourced from SGD (Saccharomyces genome database). 

 

I have shown that the catalytic activity of Irc5 is important for survival against 

DNA-damaging agents, which suggests that chromatin remodelling activity 

is needed for its role in genomic stability. 

3.2.4 Irc5 catalytic activity does not affect localisation to chromatin 

To test whether catalytic activity is important for Irc5 localisation, chromatin 

fractionation experiments were performed on the Irc5-myc, and Irc5-K253R-
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myc strains as well as an untagged wild-type strain. Protein extracts from 

the chromatin fraction were resolved on an acrylamide gel, and western 

blotted using an anti-myc primary antibody. Irc5 K253R is still present in the 

chromatin fraction in comparable amounts to the wt Irc5-myc strain, 

indicating that the catalytic activity of Irc5 is not essential for the localisation 

of Irc5 to chromatin (Figure 3-9). This also suggests that the MMS sensitivity 

phenotype seen in Figure 3-7 C and D is due to a catalytic defect in 

remodelling activity rather than an inability of Irc5 to localise to chromatin.  

 

Figure 3-9 Catalytic activity does not affect localisation to chromatin 

Chromatin fractionation was performed on yeast strain 1228, Irc5-myc-His PCNA (strain 
identifier: ACY74) and K254R-HisPCNA (ACY81). Samples were resolved on a 10 % 
acrylamide gel and western blotted using an anti-myc primary antibody. Lower panel: 
Western blot using anti-H2A as a loading control. 

3.2.5 Irc5 genetically interacts with HR and NHEJ repair proteins 

If the sensitivity of the irc5 strain to MMS is due to a defect in DNA damage 

repair pathways, I hypothesised that IRC5 may genetically interact with 

other DNA repair pathway genes.   

Deletion of IRC5 causes an increase in spontaneous Rad52 foci 212; to 

examine the genetic interaction of IRC5 and RAD52, I generated irc5, 

rad52, and irc5rad52 strains in the BY4741 background. As expected, the 

rad52 strain is very sensitive to MMS 285. The double irc5rad52 mutant has 

a greater sensitivity to MMS and phleomycin than that of the single rad52 

mutant. The concentrations of MMS used in Figure 3-10 were too low to 

observe the sensitivity of irc5 strain to MMS. The survival defect of irc5rad52 

is attributed to negative genetic interaction of IRC5 and RAD52 which most 

frequently indicates they each work in separate pathways that are important 
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for the survival on exposure to MMS, although it is possible that one has an 

inhibitory effect on a pathway that becomes inappropriately upregulated 

upon deletion. This strengthens the hypothesis that Irc5 has a role in DNA 

repair. 

 

Figure 3-10. IRC5 shows genetic interaction with RAD52, a homologous repair 
protein 

Wild-type BY4741, irc5-BY4741 (ACY1), rad52 (ACY43), and irc5rad52 (ACY45) strains 
were grown to mid-log phase and serially diluted onto YPAD plates containing 0.001 % 
MMS and incubated for 2-3 days at 30 °C.  

I next examined whether IRC5 genetically interacts with the non-

homologous end-joining (NHEJ) pathway. Like the mammalian Ku complex, 

the yeast Ku70 and Ku80 heterodimer binds to DNA ends to inhibit resection 

and promote the recruitment of other NHEJ factors to repair DSBs 78. 

Consequently, yku70 or yku80 knockout mutants are defective in NHEJ 

repair and are sensitive to DNA-damaging agents that cause breaks  286. ku 

mutants also show survival defects at high temperatures which is 

associated with an additional role in protection of telomeric ends 287,288. As 

anticipated, yku70 yeast showed growth defects at 37 °C and sensitivity to 

phleomycin, while yeast lacking irc5 did not show growth defects in either of 

these conditions (Figure 3-11).  Interestingly, irc5yku70 yeast survived 

better in the presence of phleomycin and modestly grew better at 37 °C 

compared to yku70. The partial rescue upon deletion of IRC5, could be due 

to loss of activity of a pathway that acts inappropriately when telomeres are 

shortened at high temperature from loss of yku70. Budding yeast can use 

one of two homologous recombination pathways to survive telomere 

shortening; a RAD51-dependent pathway that amplifies Y' sequence 

elements and a RAD50-dependent pathway which amplifies adjacent 
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telomeric repeat sequences 289,290. Work from this lab has shown through 

southern blot analysis that irc5yku70 mutants have increased telomere-

length compared to yku70 alone, consistent with Y’ sequence amplification, 

and that the rescued temperature sensitivity of irc5 is dependent on RAD51 

and RAD52 recombination activity (performed by Dr Anna Chambers, data 

not shown). This indicates that IRC5 may function to prevent inappropriate 

recombination at telomeres, and that its loss permits increased Rad51 and 

Rad52 recombination to amplify Y’ elements at telomere ends and 

consequently increase survival of yku70 mutants. 

 

Figure 3-11 Irc5 shows genetic interaction with Ku70 a non-homologous end-joining 
protein 

Wild-type BY4741 irc5-BY4741 (ACY1), ku70 (ACY5) and irc5ku70 strains (ACY6) were 
grown in -URA glucose liquid (to maintain plasmid selection) to mid-log phase at 30 °C. 
Strains were serially diluted and plated onto YPAD and incubated at 30 °C or 37 °C or 
plated with 0.25 µg/mL phleomycin.  

3.2.6 Irc5 does not affect recombination at the MAT locus 

To further investigate the role Irc5 plays in DNA repair, I used an assay for 

recombination at the MAT locus. Following creation of a single DSB break 

at the mating type locus MAT, by galactose induction of HO endonuclease, 

the break is most frequently repaired by gene conversion. By counting the 

number of colonies that survive on galactose plates and comparing them to 

colonies surviving on glucose plates, we can ascertain the ability of yeast 

cells to survive a single DSB (Figure 3-12 A). 

Wild-type yeast (BY4741) and knockout irc5 strains were transformed with 

the pGAL-HO plasmid harbouring the HO gene under control of a galactose-

inducible promoter.  As controls for the assay, I included strains lacking 
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RAD52 which is defective in recombination and its corresponding wild-type 

background strain, W303. As expected, rad52showed a defect in survival 

relative to the W303 background control.  Deletion of IRC5 does not 

significantly affect the survival of cells after DSB induction and indicates that 

repair at the MAT locus occurs as efficiently as for the wt strain (Figure 3-12 

B). However, the MAT locus is a highly specialised locus for induction of 

DSBs, so this does not exclude the possibility that Irc5 might affect 

recombination repair at other loci within the genome. This assay also does 

not examine the precision of the repair event, but just the ability to repair the 

break. Accuracy of repair might be affected by IRC5 deletion, which could 

be determined by sequencing DNA from surviving cells at the MAT locus. 

Under these conditions, repair at this locus most likely occurs by 

recombination with silent mating type loci but a low level of NHEJ events 

also occur.   

 

Figure 3-12. Irc5 does not affect repair by recombination at the MAT locus 
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(A) Schematic of the mating-type locus on yeast chromosome III, with the silent mating 
cassettes HMLα and HMRa. (B) BY4741, irc5 BY4741 (ACY1), W303 and rad52 W303 
(JDY1) yeast strains were transformed with the HO gene under a galactose-inducible 
promoter (pGAL-HO). Strains were grown to mid-log phase and plated onto either 2 % 
glucose or 2 % galactose plates. Plates were incubated for several days at 30°C, colonies 
counted and percentage survival on galactose compared to glucose plates was calculated. 
Error bars indicate the error of the mean of at least 3 independent biological repeats. 
Significance was calculated using an unpaired T-test using GraphPad prism (ns: non-
significant, ***: p<0.001). 
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3.2.8 Irc5 inhibits error-prone non-homologous end-joining 

Repair by non-homologous end-joining (NHEJ) of a DSB induced at the 

MAT locus can be monitored in strains where the HMRa and HMLα 

cassettes have been deleted, such as JKM179. Repair of the break at the 

MAT locus in this background can only be achieved through non-

homologous end-joining (NHEJ), since the regions which share homology 

to this locus have either been deleted or cut (MAT locus on sister 

chromatid), and therefore gene conversion cannot occur (Figure 3-13 A).  

IRC5 was deleted in the JKM179 background and survival following break 

induction was monitored (Figure 3-13 B). As expected, induction of a break 

by HO is lethal to yeast lacking the key NHEJ protein yku80 (Figure 3-13 

C). The irc5 strain does not exhibit reduced survival relative to wild-type, 

and in fact shows significantly increased survival. This suggests that breaks 

in the irc5 mutant are being efficiently repaired by NHEJ. Southern blot 

analysis has shown that break induction occurs with the same kinetics and 

efficiency in irc5 as wild type (personal communication, Anna Chambers). 

Since HO endonuclease is being constantly induced during this assay, 

accurate NHEJ will not result in survival, as the repaired MAT sequence will 

be cleaved again. Therefore, this assay does not measure efficiency of 

NHEJ per se, but rather the efficiency of inaccurate NHEJ. A small percent 

of cells misrepair the cleavage site and survive. Alterations usually involve 

the deletion or filling in of overhang ends, however, larger more complex 

mutations can also arise. Increased NHEJ repair was not observed in irc5 

when exposed to a pulse of HO in liquid culture, while yku80 still showed a 

defect under these conditions (data not shown), suggesting that inaccurate 

NHEJ is affected by IRC5 deletion. 

Details of the changes at the repair junctions can help to dissect the role of 

these proteins in repair. For example, deleting yku80 increases 

microhomology events at repair junctions, an alternative pathway of NHEJ 

291. Repair junctions were analysed from colonies which had survived on 

galactose plates after chronic HO endonuclease expression; PCR 

amplification and sequencing of the MAT locus was carried out (Figure 3-14 
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A). Comparison of the wild-type and knockout irc5 strains showed no major 

differences in the repair events carried out at the DSB junction (Figure 3-14 

B). For simplicity, mutations were grouped into insertions, deletions, base 

substitutions, and complex mutations. In the limited number of colonies 

examined, irc5 showed a very similar spectrum of mutations to wild type. 

Together these data show that loss of Irc5 does not seem to affect gene 

conversion at the MAT locus but increases efficiency of imprecise NHEJ 

and sensitivity to MMS. We can speculate that Irc5 may have a suppressing 

role on the NHEJ pathway or may function to promote repair of breaks by 

HR or other repair pathways, so its deletion alters the repair pathway 

balance in the cell to favour NHEJ. Another possibility is that Irc5 may in 

some way confer faithful repair of the MAT locus. Elevated NHEJ could also 

be compensating for a recombination defect arising from IRC5 deletion. This 

could be a result of a loss of cohesin association resulting from IRC5 

deletion, which would prevent efficient template switching and 

recombination. A caveat is that the MAT locus is a single locus and so does 

not necessarily reflect repair across the whole genome, for instance in 

different chromatin contexts such as within heterochromatic regions. 
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Figure 3-13. Irc5 knockout effect on non-homologous end-joining 

(A) Schematic representation of chromosome III in the “donorless” yeast strain JKM179, 
bearing a GAL–HO gene and deleted for the HMLα and HMRa donor sites. (B) Creation of 
the irc5 yeast strain was performed by replacing the IRC5 gene with the KANMX cassette. 
Deletion was verified by amplification of genomic DNA with PCR using oligos annealing to 
KANMX cassette (oligos DSBal-F and DSB-R) (C) JKM179, irc5 (ACY24), yku80 (JDY79) 
were grown to mid-log phase and plated onto to either 2% glucose or 2% galactose 
containing plates. Plates were incubated at 30°C and colonies counted after 3-4 days. 
Percentage survival was calculated relative to survival on glucose plates. Data collected 
from at least 6 independent biological repeats of each strain, and error bars denote the 
SEM. Significance was calculated using an unpaired T-test using GraphPad prism (***: 
p<0.00001). 
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Figure 3-14. Analysis of MAT locus from yeast NHEJ assay 

20 surviving colonies, each from wild-type JKM179 and irc5 strains from NHEJ assay, were 
selected from galactose plates. Genomic DNA was extracted from each colony and PCR 
amplified at the MAT locus repair junction. (A) 1.5 % agarose gel showing representative 
samples of the isolated PCR products. (B) PCR products were sequenced and analysed. 
The wild-type sequence shows the recognition site for the HO endonuclease 
(CGCAACA|GTATA; the site of cleavage is marked by a vertical line) Upper table shows a 
comparison of the repair types at the MAT locus for both JKM179 and irc5 knockout. For 
simplicity, these were categorised into deletions, insertions, base mutations, and complex 
mutations. Lower table summarises the mutations observed. 
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3.2.9 Plasmid repair assay defect in irc5 strains 

 Plasmid repair assays can be utilised to analyse NHEJ repair of DNA that 

is not a highly specified locus. In this assay, yeast strains are transformed 

with a linearised plasmid containing a yeast CEN, ARS, and selectable 

marker. Yeast cells must repair this break and circularise the plasmid DNA 

in order to survive on plates lacking the amino acid relevant to the selectable 

marker. As the break is in a region that does not possess homology with the 

yeast genome, repair occurs by NHEJ. 

pRS416, containing the URA3 selectable marker, was linearised using NotI 

and SalI to create incompatible overhangs (Figure 3-15). The transformed 

strains were plated onto minimal media lacking uracil. To control for 

differences in transformation efficiency between strains, parallel 

transformations are performed with an intact pRS416 plasmid. 

 

Figure 3-15 Diagram of plasmid repair assay 

pRS416 plasmid was used in the plasmid repair assay and harbours a URA3 selection 
marker and CEN (centromeric)/ARS (autonomously replicating sequence) allowing plasmid 
to transform into yeast without integration into the genome. NotI and SalI restriction enzyme 
sites were used to linearise the plasmid for the assay. If yeast are able to repair the gap, 
the plasmid will circularise and enable synthesis of uracil, and will therefore survive on 
plates lacking uracil. 
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Prior to my arrival, preliminary plasmid repair assays were performed by Dr 

Anna Chambers, on wild-type BY4741, irc5, ku70 and irc5ku70 strains 

(Figure 3-16 A). Deletion of irc5 showed a decrease in efficiency of yeast to 

repair the broken plasmid DNA compared to wild type. As expected, ku70 

mutants showed almost no ability to survive when transformed with the 

linearised plasmid. The deletion of IRC5 in ku70 modestly increased the 

ability of this strain to repair the plasmid break. Further work has shown that 

when using a plasmid with a single break with compatible ends, there is a 

modest reduction in both 3’ and 5’ overhang break religation but an apparent 

increase in repair of blunt ended breaks in irc5 (personal communication 

data from Dr Anna Chambers). 

To investigate the role of ATPase activity of Irc5 in the plasmid repair assay, 

I performed this assay with irc5 strains in the W303 background, 

complemented with Irc5-myc as well as the catalytic-dead constructs, Irc5-

K253R-myc and Irc5 K253Q-myc. In addition, the effect of irc5ku80 was 

also used to monitor the effect of deletion of IRC5 in strains incapable of 

NHEJ repair, with the ku80-W303 strain used as a control. 

As seen in Figure 3-16 B, disruption of IRC5 in W303 unexpectedly 

increased the efficiency of yeast to repair plasmid DNA breaks. This aligns 

with the effect of irc5 on blunt ended plasmid repair in BY4741, and in the 

NHEJ assay at the MAT locus already described. Reintroduction of Irc5-myc 

complemented this phenotype, indicating that this is an IRC5-dependent 

effect, and suggests that in the W303 background, irc5 increases NHEJ 

efficiency. Both the substitutions of the Walker A motif in W303 showed a 

modest increase in repair of linearised plasmid with incompatible ends 

relative to the wild type and Irc5-myc strains, but with the number of repeats 

performed, this is not statistically significant. As such I cannot firmly 

conclude whether chromatin remodelling activity of Irc5 is required for the 

effect on plasmid repair and raises the possibility that other domains and 

functions of Irc5 are also required for function. The chromatin status of 

transformed plasmids may also affect how Irc5 protein functions, and how 

the plasmid is repaired. While nucleosomes are presumed to be assembled 

onto plasmids once they are transformed and replicated in yeast, there is a 
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question of how it is packaged. CEN/ARS vectors are autonomously 

replicative plasmids that act like mini chromosomes, that do not require 

integration into the genome in order to be inherited by daughter cells. The 

extent of nucleosome occupancy and chromatin state might impact the 

effect of Irc5 in this assay. 

The principle of the plasmid repair assay is that it monitors NHEJ. The 

increased efficiency of repair of a linearised plasmid with incompatible ends 

of a strain lacking irc5 in the W303 background, contrasts with the defect 

observed in the BY4741 background.  Given the difference, I noted that 

while BY4741 has complete deletion of the URA3 gene, W303 has a point 

mutation (G to A transition at residue 701) rendering the URA3 gene non-

functional (Table 3-1). I did not expect this to interfere with the repair of 

plasmid DNA as the URA3 cassette is located ~1500 bp from the site of 

linearisation. However, the results in Figure 3-16 B may suggest the 

homology between the W303 and pRS416 URA3 gene loci was significant 

enough to direct repair. Therefore, in the W303 background, this assay may 

not be simply analysing NHEJ; the higher rate of repair efficiency in irc5 

might be explained by an effect on resection-dependent homology mediated 

repair. Theoretically, the plasmid DNA could be resected to the URA3 

cassette and direct repair using the native URA3 gene locus in the W303 

genome. In this scenario, disruption of Irc5 could increase the ability of yeast 

to resect plasmid DNA to translate into a higher rate of survival in this assay. 

This could be examined in the future by extracting plasmid DNA from 

surviving cells and analysing the repair junctions. 
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Figure 3-16 Deletion of Irc5 confers a plasmid repair defect 

Both panels: Indicated strains were transformed in parallel with either 60 ng of linearised 
(NotI/SalI; incompatible overhangs) or intact pRS416 plasmid. Transformed strains were 
plated onto minimal media plates lacking uracil and incubated at 30 °C for 2-3 days. Values 
plotted are the number of colony forming units (CFU) obtained from the linearised plasmid 
over the total number of colonies formed with the uncut plasmid. This was normalised to 
the wild-type strain and expressed as a percentage. (A) Plasmid repair assay performed 
with BY4741, irc5 (ACY1), yku70 (ACY5) and irc5yku70 (ACY6) strains. Data represents 
the mean from at least 3 independent experiments, and error bars denote the standard 
error of the mean (SEM) (courtesy of Dr Anna Chambers) (B) Wild-type W303, irc5 
(ACY53), Irc5-myc (ACY100), Irc5 K253R-myc (CY145), Irc5 K253Q-myc (ACY146), ku80 
(JDY19) and irc5ku80 (ACY31). Data shows the mean of two independent experiments 
and error bars show the SEM. Significance was calculated using an 1-way ANOVA with a 
tukey post-test using GraphPad prism (ns: p>0.05, **: P ≤ 0.01, ***: p<0.001). 

Table 3-1 Genotypes of BY4741 and W303 wild-type yeast strains used in plasmid 

repair assay 

Strain Genotype 

BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

W303 MAT alpha ade2-1, can1-100, his3-11,15, leu2-3, 112 trp1-1, ura3-1, 

RAD5 
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3.2.10 Irc5 is not required for resection or single-stranded annealing 

To further examine which subpathways of DSB repair are impacted by 

IRC5, the YMV80 yeast strain was chosen as a test system to study 

recombination between direct repeats and SSA ( Figure 3-17 A). YMV80 

harbours an HO endonuclease recognition site within the LEU2 open 

reading frame (leu2::cs) on chromosome III. The endonuclease recognition 

site is flanked by non-functional homologous repeat sequences; the first, is 

centromere-proximal to the HO site, and the second, is a portion of the 3’ 

end of the LEU2 gene that has been inserted at the HIS4 locus (his4::leu2) 

approximately 25 kb away from leu2::cs. The HO endonuclease site, which 

is normally present at the MAT locus and silent mating-type loci HMLα and 

HMRa have been deleted. 

The YMV80 strain enables measurement of single-stranded annealing upon 

break induction or recombination between direct repeats when there is no 

induction of a break. The DNA ends must be resected to expose 

homologous sequences which will anneal. Subsequent flap processing of 

the annealed sequences leads to repair of the break, but also results in the 

loss of the HO endonuclease site. Thus, when yeast cells are plated onto 2 

% galactose -LEU plates the only cells to survive are those which have 

completed repair via this pathway and removed the HO site. 

I deleted Irc5 in the YMV80 strain and also complemented the Irc5-myc and 

Irc5-K253R-myc constructs back into the genome of this irc5 strain (Figure 

3-17 B). In this background I observed the same MMS sensitivity of irc5 and 

Irc5-K253R-myc that was seen previously in the W303 strain background 

(Figure 3-7 C). Single-stranded annealing (SSA) was analysed both by a 

spot-test assay and quantitatively by colony counting (Figure 3-17 D and E 

respectively). Neither of these showed any indication that loss of IRC5 

affects the SSA repair pathway. Any effect seen in the irc5 strain is not 

significant by unpaired t-test.  
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Figure 3-17 Loss of Irc5 does not affect single-stranded annealing in yeast 
(A) Schematic of Chr. III of YMV80 showing the HO cut site at the leu::cs locus flanked by 
the homologous sequence (black boxes) located his4::leu2 (B) Proteins samples of 
indicated strains were resolved on a 10 % SDS-PAGE gel and western blotted with α-myc 
antibody. (C) YMV80, irc5 (ACY152), Irc5-myc (ACY154) and K253R-myc (ACY156) were 
grown to mid-log and serially diluted onto YPAD plates at 30 °C, 37 °C or in presence of 
0.02 % MMS. (D) Indicated strains were grown to mid-log and serially diluted onto either 2 
% glucose or 2 % galactose (-LEU) and incubated at 30 °C for 2-3 days. (E) Indicated 
strains were grown to mid-log and plated 2 % glucose or 2 % galactose (-LEU). Colonies 
were counted after 3 days and percentage survival calculated relative to glucose. Error 
bars represent the SEM of 3 independent biological repeats, and significance calculated 
using unpaired t-test (GraphPad Prism).  
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3.2.11 Unequal sister chromatid exchange at the rDNA locus is 

elevated in strains lacking Irc5 

Given the role for human HELLS in repair of heterochromatic regions, I 

examined the effect of Irc5 on repair at a heterochromatic locus in yeast, 

the rDNA. Several chromatin remodelling complexes have been shown to 

associate with rDNA loci in mammalian as well as S. cerevisiae to regulate 

rDNA expression and recombination resulting in expansion or contraction of 

repeats. To test whether Irc5 influences unequal sister chromatid exchange 

within the rDNA locus, I utilised a strain that harbours the ADE2 marker 

incorporated within the rDNA locus (Figure 3-18 A).  

ADE2 is a common auxotrophic marker involved in the adenine de novo 

synthesis pathway. Yeast strains such as W303 possess an ade2-1 

mutation and therefore require adenine to be supplemented in the media 

used for maximal efficient growth. In the absence of adenine 

supplementation, colonies lacking a functional adenine biosynthesis 

pathway acquire a red colour that is derived from an accumulation of 

ribosylaminoimidazole (AIR), an intermediate in the adenine synthesis 

pathway, that is converted into the red pigment. DMY3010, is a yeast strain 

derived from W303 where a functional ADE2 gene has been inserted within 

the rDNA locus 283. Unequal rDNA crossover events in DMY3010 will result 

in the loss of the ADE2 marker and produce a yeast colony with red pigment. 

Yeast cells in which the ADE2 marker has been loss within the first cell 

division upon plating, will result in a half white/half red sectored colony 

(Figure 3-18 A). Those colonies which are entirely red are discounted from 

this assay, as they have lost the marker before plating. Similarly, colonies 

which showed only a small section of red pigment are excluded from 

analysis, as they will have lost the marker after the first cell division. 

 I measured the rate of ADE2 marker loss from the rDNA array in DMY3010 

lacking IRC5. In addition, I complemented irc5-DMY3010, by reintegrating 

Irc5-myc back into the genome as well as the catalytic-dead mutant Irc5 

K253R-myc. Expression of myc-tagged Irc5 was confirmed by blotting 

(Figure 3-18 B). Yeast strains were grown to mid-log phase and dilutions 

plated onto minimal media lacking adenine. To quantitatively measure the 
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rate of unequal sister chromatid exchange, the number of half-sectored 

colonies over the total number of colonies was calculated (Figure 3-18 C). 

For each strain, at least 5 separate biological repeats were performed, 

totalling over 25,000 colonies counted per strain. The irc5 mutant strain 

showed a significant increase in unequal recombination events relative to 

the wild-type DMY3010 strain. Irc5-myc successfully complemented this 

phenotype and restored the rate of marker loss to wild-type levels. Irc5-

K253R-myc however has the same increased level of marker loss as the 

irc5 strain. This shows that catalytic activity is required for Irc5 to maintain 

the normal rate of recombination at the rDNA locus. 

This data is in agreement with work published during the course of my PhD 

by Litwin and colleagues, who also observed an increase in unequal rDNA 

recombination in an irc5 mutant strain 213. Due to the repetitive nature of the 

rDNA locus, cohesin binds to this locus to maintain equal sister-chromatid 

exchange, and its depletion leads to rDNA gene copy loss. rDNA marker 

loss resulting from IRC5 deletion is likely to be connected to its role in 

recruitment of cohesin. However, I have provided further understanding of 

this function by showing that the catalytic activity of Irc5 is important for 

maintenance of this region, meaning that it is likely that chromatin 

remodelling activity is involved. This could be indicative that Irc5 maintains 

silenced regions of the genome to prevent inappropriate recombination 

events. 
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Figure 3-18 Irc5 affects rDNA recombination 

(A) The rDNA locus in wild-type (DMY3010) yeast strain. There are approximately 150 
tandem copies of rDNA that make up this locus on Chr. XII. The ADE2 marker gene has 
been integrated within the rDNA array resulting in “cream” coloured colonies. Loss of the 
ADE2 gene from a recombination event leads formation of a red pigmented colony. If the 
recombination event occurs within the first round of cell division upon plating, then a half-
sectored red/white colony will appear. (B) Confirmation of integration of Irc5-myc and Irc5-
K253R-myc constructs into irc5 DMY3010 strain by western blotting against the C-terminal 
myc tag (C)The percentage of ADE2 gene marker loss from was calculated as the ratio of 
half red-sectored colonies to the total number of colonies, excluding entirely red colonies. 
Error bars indicate the standard error of the mean from at least 5 independent biological 
repetitions. Asterisks indicate statistically significant differences between the indicated 
pairs (***: P< 0.0001, ns: not significant) determined by one-way anova with a tukey post-
test  
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3.3 Discussion 

I hypothesised that Irc5 may play a role in DNA damage repair. I examined 

the effect of irc5 deletion in a range of assays designed to analyse DNA 

repair efficiency and subpathways. Survival on plates containing MMS was 

impaired (Figure 3-4) and was mildly impaired with phleomycin, however 

not with other damaging agents such as hydroxyurea, UV-damage, or 

camptothecin (not shown). Since the start of this project, this phenotype has 

also been seen in the knockout strain created by Litwin et al 2017 213. Their 

original knockout showed sensitivity to a range of different agents, although 

most of these were later found to be due to an effect on RSC8 transcription 

and failed to be complemented with the re-expression of Irc5. Details of how 

much flanking sequence was removed in their full deletion, and how much 

promoter sequence was included in their complementation plasmid was not 

included in their work. Our lab has found that full expression of Irc5 from a 

plasmid is dependent on how much flanking and promoter sequence is 

included. Instead, they later deleted amino-acids 235 to 853 of IRC5, to 

prevent any alteration to the RSC8 gene. This knockout showed sensitivity 

only to MMS. In this work, we reintegrated Irc5-myc at the IRC5 locus in the 

genome where it was able to complement the sensitivity to MMS (Figure 

3-6). Additionally, point mutants created inside the walker A motif in the Irc5-

myc construct failed to complement the MMS sensitivity, showing that this 

phenotype is due to the catalytic activity of Irc5, and confirms that the MMS 

phenotype is not due to any effect on RSC8 expression (Figure 3-7).  

MEFs (murine embryonic fibroblasts) with deletion of HELLS shows 

sensitivity to ionising radiation (IR) and an aberrant DNA-damage response 

96. The sensitivity to MMS of irc5 strain is consistent with an aberrant DNA 

damage response, but sensitivity was specific to certain DNA damaging 

agents. This might be explained by Irc5 only working within certain 

pathways. MMS causes DSBs induced by stalled replication forks and Irc5 

could be involved with reducing stress caused by these blocked forks 284. 

Unpublished data from this lab has shown that Irc5 interacts with PCNA, a 

DNA sliding clamp, via its PIP box motif. PCNA is a processivity factor 

involved in recruiting polymerases for DNA synthesis and replication. It is 
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also important in overcoming stalled forks by recruiting and regulating the 

activity of additional factors and polymerases to bypass the block 292. 

Absence of Irc5 might affect PCNA function in safeguarding blocked forks 

in the presence of MMS. For instance, given that mutation of the ATPase 

domain also results in sensitivity, Irc5 activity may be required to remodel 

around sites of blocked replication forks or might be needed to help process 

recombination intermediates. Ino80 for example, decreases nucleosome 

occupancy around replication forks following MMS treatment and activity is 

required to restart stalled forks  100,293. Ino80 is also required to remove 

nucleosomes around sites of DSBs  294,295. Sensitivity to MMS treatment but 

not to other agents might also be explained by redundancy of function. rsc 

mutants show sensitivity to a variety of DNA-damaging agents and remodel 

nucleosomes at the MAT locus after the induction of a DSB 129,199,200. 

Therefore, other chromatin remodellers may be compensating for loss of 

Irc5 in other DNA damage pathways and might also explain why loss of Irc5 

does not show an effect in the recombination assay (Figure 3-12). The 

additive sensitivity with RAD52 deletion could well be due to an effect on 

NHEJ or cohesion defects at stalled forks (Figure 3-10).  

Genetic interaction with yKU70 may suggest a role for Irc5 in maintenance 

of telomeres. Temperature sensitivity in yku mutants is reflective of a defect 

in telomere maintenance which can be rescued by overexpression of 

telomerase genes 296–298. Telomeres are recognised as DNA ends and 

therefore require maintenance to prevent fusion or recombination. yKu has 

a distinct role in protecting telomeres compared to its role in NHEJ, binding 

telomeric ends in order to inhibit end-resection and promote normal end-

structure and acting as a silencing factor by recruiting SIR proteins 297–299. 

In the absence of yku70, DNA-ends are subject to telomeric shortening and 

altered expression of telomere-located genes indicating telomeric chromatin 

structure is disrupted 298. irc5 rescues the sensitivity of yKu70 mutants to 

temperature sensitivity. irc5ku70 cells display an amplification of Y’ 

elements and lengthening telomeric ends. This could possibly mean in the 

absence of yku70, Irc5 may function to enable telomeric shortening by 

preventing inappropriate recombination. Consistent with a function at 
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telomeres, chromatin immunoprecipitation (ChIP) has shown that Irc5 is 

enriched at some sub telomeric regions (as well as at rDNA repeats) 

(personal communication data Anna Chambers).  

Analysis by mass spectrometry of Irc5-TAP purified from yeast has also 

identified a number of potential Irc5 protein partners (Dr Anna Chambers). 

These could be forming transient complexes with Irc5 and may stimulate 

activity of the protein. Within the Irc5 interactome were proteins involved 

with heterochromatin and telomere length maintenance, for example Net1, 

a subunit of the heterochromatin RENT complex that mediates repression 

of recombination at rDNA repeats 300. Several hits were identified, such as 

SMC2, that are involved with cohesion and condensation of chromosomes. 

This is likely due to the newly identified role of Irc5 aiding cohesin loading. 

Combined with this, a number of recombination and resection proteins were 

identified, such as DNA2 and Rdh54, which further supports a role for Irc5 

in repair 301,302. 

Loss of Irc5 significantly increased error prone NHEJ but did not affect 

recombination at the MAT locus (Figure 3-12 and Figure 3-13). A summary 

of the effect of irc5 in different repair assays and unequal sister chromatid 

exchange (USCE) is provided in Table 3-2. One interpretation is that Irc5 

may suppress the NHEJ pathway or alternatively could promote other 

competing repair pathways. As a result, loss of Irc5 would increase the rate 

of NHEJ events in cells. Cohesin has been shown to influence pathway 

choice by promoting the use of homologous templates303. Decreased 

cohesin association with this locus in the absence of Irc5 could therefore 

promote NHEJ as the pathway choice for repair of the MAT locus break.  

Another point to consider is that Irc5 may have different effects within 

specific chromatin contexts. The MAT locus is specialised for creation of a 

DSB and resection to enable mating-type switching (resection will occur 

even in the absence of donor templates). Irc5 might have a role in 

recombination at other loci that are heterochromatic and less easily 

resected such as telomeres and rDNA. It is also possible that wt Irc5 may 

have a role in generating more faithful NHEJ events. NHEJ repair events 

measured at the MAT locus in irc5 cells did not show an alteration in the 
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spectrum of particular mutations over wild type cells, therefore it may be a 

case of an increase in the overall rate of error prone events rather than a 

change in the  processing of DSB ends (Figure 3-14).  

Table 3-2 Summary of effect of irc5 on DNA repair and recombination 

 

Deletion of IRC5 resulted in differing effects in plasmid repair assays using 

incompatible ends in different strain backgrounds. However, there was a 

modest increase in blunt ended plasmid repair. Incompatible overhangs 

require processing before being able to repair the break by NHEJ, while 

blunt ends can be directly ligated together without prior processing. Irc5 may 

increase efficacy of filling-in overhangs. Yeast Tdp1, a component of the 

NHEJ pathway has displayed similar effects in blunt-ended ligation assays 

and was found the be antagonising yPol4, a processing factor for blunt-

ended DNA ends 304. It is possible that Irc5 similarly antagonises a 

processing factor for blunt DNA ends. 

The contrast with the results of plasmid assays with the NHEJ repair assay 

at the MAT locus might be due to differing chromatin contexts. In addition, 

the types of DSBs created by HO at the MAT locus are quite different 

compared to the incompatible overhangs created by the NotI/SalI restriction 

enzymes. Repair at the MAT locus must be inaccurate for the cell to survive 

in the NHEJ assay, while plasmid repair must simply re-ligate the ends to 

re-circularise and for the cell to survive. Deletion of IRC5 could favour 

inaccurate repair at the MAT locus.  Evidently the use of W303 strains 

containing an allelic point mutant of URA3 has complicated the results of 

the plasmid repair assay. As discussed previously, it is conceivable that loss 

of Irc5 confers an increase in recombination of the plasmid URA3 locus with 

the genomic URA3 locus. 

I analysed repair through the SSA pathway (Figure 3-17) and found that 

loss of Irc5 did not result in a defect in this assay. Interestingly, deletion of 
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the yeast Fun30 chromatin remodeller displays defects in long-range 

resection in the YMV80 background while short-range resection is only 

modestly impaired. Therefore, there is precedent of chromatin remodelling 

proteins acting on specific stages of repair, and it is possible Irc5 function 

may also be localised to specific repair steps or chromatin contexts. The 

assay used measured SSA rather than resection and further work could 

include analysing resection directly through southern blot analysis. 

I established that Irc5 affects unequal sister chromatid recombination within 

the rDNA array (Figure 3-18). Both the irc5 and catalytic mutant K253R 

showed similar effects and increased the overall level of spontaneous 

unequal sister chromatid recombination at the rDNA array. This supports 

the hypothesis that Irc5 maintains specific loci within the genome and might 

be particularly effective at silenced regions. Irc5 represses rDNA 

recombination and acts to promotes rDNA stability. This may be linked to 

the results seen with yKu70 at telomeres as these are also heterochromatic 

repetitive DNA elements. 

I found that suppression of rDNA recombination required the ATPase 

activity of Irc5. This may be linked to cohesin association, but it may also be 

chromatin remodelling activity by Irc5 that is required to maintain rDNA 

independently of cohesin. I have also shown that ATPase activity is required 

for survival to MMS exposure, possibly indicating that Irc5 remodelling 

activity is required around blocked replication forks. Taken together, these 

results highlight the importance of Irc5 ATPase activity in response to DNA 

damage and maintenance of genomic stability.  

Work from  our lab has shown that human HELLS promotes HR within 

heterochromatic regions 211. This chapter points to a role for Irc5 in 

maintenance of heterochromatin regions of the genome and maintaining 

DNA repeat elements within rDNA and telomeric regions. Further work is 

required to elucidate the chromatin remodelling function of Irc5 at 

heterochromatic regions and during the DNA damage response. This will 

aid in separating the roles of chromatin remodelling activity versus the 

association of cohesin and PCNA to chromatin and replication forks.  I 
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believe some of the contradictory results observed in some assays, may 

reflect varying Irc5 functions and highlights the potential importance of Irc5 

chromatin remodelling activity within different genomic loci. 

 

 

Figure 3-19 The role of Irc5 in maintaining genomic stability  

Irc5 has shown roles in maintaining the level of rDNA   repeats and telomere ends through 
prevention of inappropriate recombination. Additionally, it prevents DNA damage and 
stress during replication caused by MMS treatment. These roles are likely linked to Irc5 
interaction with PCNA and association of cohesin to chromatin. ATPase activity is also 
required for maintenance of rDNA and in preventing stress from DNA damaging agents 
indicating that Irc5 chromatin remodelling activity is also essential for these loci.  Questions 
remain about the role of ATPase activity at telomeres and what chromatin remodelling 
activity Irc5 possesses. 
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4.1 Introduction 

4.1.1 Aims of chapter 

Recombinant protein expression and purification can be carried out from a 

number of different host systems, including bacteria, yeast, and insect cells. 

Each offers their own benefits and shortcomings towards protein 

expression. Bacterial expression systems are widely used owing to their 

ease of manipulation, speed of growth and inexpensive media used for cell 

culture. However, bacteria are not able to add eukaryotic post-translational 

modifications and proteins may not be properly folded.  Yeast are an 

excellent system for the expression of eukaryotic proteins and has the 

advantage of being able to add post-translational modifications to protein. 

In comparison to insect cell expression systems, budding yeast are both 

faster at growing, inexpensive, and protein expression is performed in the 

order of hours and not days. Baculoviral insect cell expression is a more 

expensive and time-consuming process and yield of protein depends on 

viral titre production. However, once optimised, it can produce very high 

yields of protein and offer eukaryotic post-translational modifications.  

Neither human HELLS or Irc5 have been studied in an in vitro context and 

neither have been purified to high yields and quality for biochemical analysis 

and characterisation.  To carry out biochemical characterisation of HELLS 

and Irc5, I will optimise the expression and purification of these proteins, as 

well as the catalytic-dead versions using the model systems described 

above. To identify domains that are important for activity, I will purify a 

truncated form of Irc5 and HELLS corresponding to their N-terminal 

domains for use in biochemical assays alongside the full-length proteins. 

Irc5 and HELLS do not seem to be constitutively part of large multi-subunit 

complexes, and therefore study of the isolated protein is relevant to 

biological activity. This will also therefore make potential structural 

characterisation of these proteins more valuable. In this chapter, I describe 

the efforts to purify Irc5 and HELLS using the model systems described 

above, with the objective of producing high-quality protein with sufficient 

yields for biochemical analysis.   
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4.2 Results 

4.2.1 Irc5 protein expression and purification from E. coli  

Purification of full-length Irc5 (835 amino acids) with an expected molecular 

weight of ~100 kDa, was first attempted in bacterial expression systems.  

Irc5 was amplified from BY4741 yeast genomic DNA by PCR and cloned 

into BamHI and SalI sites of the pET47b expression plasmid. This plasmid 

harbours a T7 promoter and a multiple cloning site, that enables expression 

of fusion proteins with an N-terminal His-tag cleavable with HRV (human 

rhinovirus) 3C protease.  

To assess the optimal expression and solubility of Irc5 in this system, 

samples of bacterial lysate were taken at varying time-points post induction 

with 1 mM IPTG. Samples were analysed by western blotting to detect His-

Irc5. The greatest expression occurred after 4 hours of induction at 18 °C, 

although a significant amount, approximately 50-60 %, of the protein was in 

the insoluble fraction (Figure 4-1 A). Several additional bands in the soluble 

fraction were also detected by the anti-His antibody. These may be N-

terminal fragments of Irc5 from degradation, or possibly histidine-rich 

bacterial proteins. An attempt to optimise induction and solubility of Irc5, 

using the Overnight Express autoinduction System (Novagen) that 

spontaneously induces protein expression during cell growth at high density 

did not improve expression or solubility (not shown), nor did induction at 30 

°C or 18 °C.  

To optimise conditions for His-Irc5 solubility, I performed solubility tests with 

lysis buffers containing additives that may aid solubility (Figure 4-1 B). 

Although the addition of Nonidet P-40, urea, and lysozyme all improved 

solubility above the standard lysis buffer, the addition of Triton X-100 drew 

the most protein from the insoluble to the soluble fraction.  
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Figure 4-1 Irc5 expression from E. coli and optimisation of lysis conditions 

Irc5 was cloned into pET47b (pALC2) and transformed into Rosetta competent cells. 
Transformed cells were grown in LB media containing kanamycin to mid-log phase (OD600 

: 0.8) at 37 °C and were induced with 1 mM IPTG at 18 °C (A) Samples of induced culture 
were taken at indicated time-points, and cells resuspended in lysis buffer (50 mM sodium 
phosphate pH 8, 0.5 M NaCl, 5 mM BME and 1mM PMSF). Equivalent amounts of soluble 
(S) and insoluble (I) fractions were resolved on a 10 % SDS-PAGE gel and western blot 
analysis performed with anti-His antibody. (B) His-Irc5 expression induced with 1mM IPTG, 
at 18 °C for 4 hours. Samples were prepared as before, except for the addition of indicated 
supplements to the lysis buffer. 

Purification of the Irc5 protein was attempted by affinity chromatography 

utilising its N-terminal His-tag. The soluble fraction was loaded onto both 

nickel and cobalt gravity flow columns, before washes and elution with 

imidazole. A band of a size that corresponds to His-Irc5 was enriched on 

nickel beads but not on cobalt beads as visualised by SDS-PAGE analysis 

(Figure 4-2). 
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Figure 4-2 His-Irc5 purification attempt on by Nickel-NTA and cobalt resin 

2 X 500 mL cell cultures induced for His-Irc5 expression, resuspended in in lysis buffer (50 
mM sodium phosphate pH 8, 0.5 M NaCl, 5 mM BME, 20 mM imidazole, 0.5 % Triton X-
100 and 1mM PMSF). Soluble fraction was applied to Nickel-NTA or cobalt gravity column 
(0.75 mL bed volume). Columns were washed with lysis buffer and elution carried out with 
lysis buffer + 250 mM imidazole collecting 0.5 mL fractions. Equivalent samples at each 
stage of purification were resolved on a 10 % SDS-PAGE gel and stained with instant-blue 
Coomassie stain. 

Larger-sale purification from 4 L of cell culture induced for His-Irc5 

expression was attempted using a His-trap (1 mL, GE healthcare) column 

and yielded good quantities of Irc5, however, the elution fractions also 

contained significant quantities of contaminating proteins and further 

purification was required (representative image can be seen in Figure 4-3).  

 

Figure 4-3 Large scale purification of His-Irc5 from His-trap column 

4 L of Rosetta cells transformed with His-Irc5 pET47b (pALC2) induced with 1mM IPTG at 
18 °C. Cell pellet resuspended in 50 mL lysis buffer (50 mM sodium phosphate pH 8, 0.5 
M NaCl, 0.5 % Triton X-100, 5 mM BME, 20 mM imidazole and protease inhibitor tablets). 
Soluble fraction of lysate applied to a 1 mL HisTrap HP column (GE healthcare) equilibrated 
in lysis buffer (FT- flow-through from column). Elution was performed lysis buffer + 250 mM 
imidazole, with a 0-100% gradient over 5 column volumes (CV), collecting 0.5 mL fractions. 
Equivalent samples were resolved on a 10 % SDS-PAGE gel.  

Further purification via size exclusion by gel filtration, anion exchange by 

Mono Q 5/50 GL, and by heparin column, proved unsuccessful. Generally, 
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His-Irc5 showed poor binding and poor elution becoming too dilute to be 

useful for biochemical characterisation; this was confirmed by western 

blotting (data not shown).   

I next attempted to cleave the N-terminal His-tag from Irc5 using HRV 3C 

protease, and reapplied the protein sample to a His-trap column with the 

aim of binding the contaminating proteins and allowing Irc5 to flow through 

the column. Attempts using an excess of HRV 3C to cleave the His-tag 

showed limited success, cleaving between 5 – 20 % of His-Irc5 (Figure 4-4 

A) and also failed to achieve separation from contaminating proteins. 

Western blot analysis using a His-tag antibody showed that at least a portion 

of Irc5 within the flow-through fractions remained His-tagged (Figure 4-4 B).  

Additionally, several of the contaminating bands were detected which might 

indicate that these bands are N-terminal fragments of Irc5, truncated from 

the C-terminus. This degradation may have contributed to poor the yield of 

Irc5 during second column purification. Overall, bacterial expression 

produced low yields of Irc5 which did not purify successfully from 

contaminating bacterial proteins or degradation products of Irc5. Further 

analysis of these contaminating protein bands could be performed by mass 

spectrometry analysis. This would identify if these contaminants are 

potential interacting proteins or whether they are degradation products of 

Irc5. 

  



Purification of Irc5 and HELLS 

 

126 
 

 

 

Figure 4-4 HRV 3C cleavage of His-Irc5 

(A) His-Irc5 was previously purified by 1 mL HisTrap column and peak fractions were 
pooled. Approximately 125 µg total protein was incubated with 4 units of HRV 3C protease 
(Pierce) and protein sample was dialysed overnight into 50 mM sodium phosphate pH8, 
150 mM NaCl, 20 mM imidazole, 5 mM BME and 0.5 % Triton X-100 (at 4°C for 16h). 
Protein sample was passed over a second His-Trap column pre-equilibrated in dialysis 
buffer. Wash fractions and subsequent elution was carried out with dialysis buffer + 250 
mM imidazole. Equivalent protein fractions from the second Histrap column were resolved 
by 10 % SDS-PAGE gel. (B) Western blot analysis of 10 % SDS-PAGE gel, using anti-His 
antibody, of protein fractions from similar purification protocol as (A).  

4.2.2 Irc5 over-expression and purification from yeast 

To try and overcome issues with yield and degradation or contamination in 

bacterial systems, I next decided to utilise budding yeast as an expression 

system for Irc5. Several yeast expression vectors are commercially 

available to perform overexpression within yeast. Yeast episomal plasmid 

vectors (YEp) differ from yeast replicating plasmids (YRp) by the presence 

of a 2- micron origin of replication, which behaves similarly to ARS elements. 

The 2µ origin is based on a plasmid found naturally in most S. cerevisiae 

strains that confers no known phenotype 305,306. His-Irc5 was cloned into 

pYes2 expression plasmid, that incorporates the 2µ origin and a GAL1 

promoter that allows inducible expression of recombinant proteins in the 

presence of galactose. Unfortunately, I did not observe a detectable 

expression of Irc5 either by Coomassie or by western blot analysis.  

Codon-optimisation of Irc5 

Codon-optimisation of Irc5 was next used to maximise the expression of 

Irc5 within yeast expression systems. Codon-bias of translation machinery 

may affect the levels of expression of recombinant proteins. Two codons 
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that result in same amino acid may be translated with differing efficiencies 

depending on the bias of the host system. Highly expressed proteins are 

generally encoded by optimal codons for the host system 307. As such, 

codon optimisation has become a useful tool for increasing recombinant 

protein expression levels.  

A codon-optimised version of IRC5 was developed and optimised for 

expression and purification in yeast (purchased from GeneArt, Figure 4-5) 

The codon adaptation index (CAI) shows the distribution of codon usage 

frequency along the length of the input sequence. Using a reference set of 

highly expressed genes from a given species, CAI measures the frequency 

of each codon and its relative potential for protein expression. A score is 

assigned to each codon and an average for the entire gene. This score is 

often a good prediction tool for protein expression 308. Values closer to 1 are 

ideal for protein expression. The wild-type Irc5 sequence has a CAI score 

of 0.74 and a percentage of low frequency codons of 5 %. Whereas the 

optimised sequence has a CAI score of 0.84 % and 0 % of low frequency 

codons. Figure 4-5 shows optimisation to remove rare codons. 
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Figure 4-5 Codon-optimisation of IRC5 

Codon adaptation index (CAI) is the distribution of codon usage frequency along the length 
of the input sequence. Values between 0.8-1 are regarded as optimal for protein expression 
in the given host organism. Average of the CAI distribution is noted below the graphs.  
Codon frequency distribution (CFD) graph distributes the number of codons present in 
IRC5 based on the highest and lowest usage of codons in the host organism. The value of 
100 is set for the codon with the highest usage for a given amino acid within the host 
organism. Codons with a CFD below 30 are considered low frequency or rare codons. 
Analysis was performed using the GenScript web server rare codon analysis tool. 

pJF2 (provided by Joe Yeeles, Cambridge) is a modified pRS303 yeast 

expression plasmid which contains a galactose inducible bi-directional 

GAL1-10 promoter, and GAL4, a positive regulator of GAL genes in 

response to galactose. In addition, the original supplied pJF2 contains 

CDT1 cloned into NotI/SgrAI restriction sites 249. I replaced CDT1 with the 

codon-optimised construct of IRC5 harbouring an N-terminal CBP-tag 

(calmodulin-binding peptide) (pALC10). The resulting CBP-Irc5 expression 

plasmid (pALC11) was transformed into yJF1, a yeast strain derived from 

W303. Transformants were selected on plates lacking histidine and grown 

in YPA rich-lactate media to mid-log phase (OD600 ~ 0.5). pJF2 is an 

integrative plasmid, therefore, after initial selection for transformants, this 

strain can be grown in rich yeast media. Cells were induced for expression 
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of CBP-Irc5 with 2 % galactose and samples were taken at various 

timepoints to check for expression (Figure 4-6). Analysis by western blot 

with anti-CBP antibody shows a contaminant protein band detected at 

approximately 70 kDa, this is unlikely to be a breakdown product of Irc5 nor 

an interacting partner, as equivalent bands can also be seen in the no vector 

control. Expression of CBP-Irc5 was successful after addition of galactose 

(detected at approximately ~100 kDa) with expression peaking between 2- 

and 4-hours post-induction with galactose. 

 

Figure 4-6 CBP-Irc5 overexpression trial in yJF1 yeast 
CBP-Irc5-pJF2 was transformed into yJF1 yeast strain and plated onto -HIS SC plates. 
Transformants, and yJF1 (as a negative control) were grown in YPA lactate media and 
incubated at 30 °C until mid-log (OD600 0.5). Galactose was added to 2 % final to each 
culture to induce expression, and samples taken at indicated time-points. Cells were 
harvested and the protein fraction precipitated. Samples of each time-point were resolved 
on a 10 % SDS-PAGE gel and analysed by western blotting using anti-CBP-tag antibody. 
Expected position of CBP-Irc5 (~100 kDa) is marked. 

 

Large scale purification trials with induced cultures resulted in successful 

purification of CBP-Irc5 using calmodulin beads. Purification is performed 

using calmodulin (CaM) affinity resin which is able to bind to CBP in the 

presence of CaCl2.  Elution requires chelation of Ca2+ which results in a 

conformational change to CaM thereby releasing the CBP-tag and the 

associated Irc5 protein. While a proportion of CBP-Irc5 bound to calmodulin 

beads, a large proportion (~90 %) of the expressed protein remained 

unbound in the soluble lysate flow through (Figure 4-7). In addition, analysis 

of the calmodulin beads after elution showed that a large amount of CBP-

Irc5 remained bound. Optimisation of conditions by increasing chelating 
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agents did not improve the elution of CBP-Irc5 from calmodulin beads. 

Although there remained room for optimisation of the binding conditions, 

this provided a significant improvement from attempted purification of His-

Irc5 from bacterial cells. Although a low yield was obtained, purity of CBP-

Irc5 from the first stage of purification was much improved, comprising 

approximately ~80-~90 % of the total protein pool, versus 30 – 40 % purity 

for His-Irc5 purified from bacteria. 

 

Figure 4-7. Large scale purification of CBP-Irc5 from yeast 

(A) 4 L of yJF1 transformed with CBP-Irc5-pRS303 (pALC11) was grown in YPA lactate 
media to OD600 0.5 and induced with 2 % galactose for 3 hours. Cells were harvested and 
mixed with a small amount of media to form a paste and dropped into liquid nitrogen. 
Frozen yeast was ground in liquid nitrogen to lyse cells. The soluble fraction, containing 
2mM CaCl2, was applied to 1 mL calmodulin beads. CBP-Irc5 was eluted in 500 µL fractions 
(25 mM Tris-HCL pH 7, 10 % glycerol, 1 mM DTT, 0.02 % NP40, 200 mM NaCl, 2mM 
EDTA, 2mM EGTA). Equivalent samples from each stage were resolved on a 10 % SDS-
PAGE and stained with instant-blue Coomassie stain.  

Once again, further purification using a second column (200pg 16/600 SEC 

gel filtration column, heparin, MonoQ and MonoS) or cleavage of tag with 

TEV protease was ineffective. Despite this, samples of CBP-tagged Irc5 

were kept after purification from calmodulin beads to run initial tests (Figure 

4-8). However significant contaminating proteins remain affecting the 

accuracy of protein concentration. While yields of CBP-Irc5 were enough to 

run biochemical tests (approximately 0.75 mg/L of induced culture, of which 
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80-90% is CBP-Irc5), contaminants may interfere with characterisation of 

the biochemical activity of Irc5. 

 

Figure 4-8 CBP-Irc5 purified by batch binding to calmodulin beads 

Samples were quantified using Bradford assay and 5 µg resolved on a 10 % SDS-PAGE 
gel and stained with instant-blue. 

The inefficient binding to calmodulin and nickel beads, for yeast bacterial 

systems respectively, and unsuccessful cleavage of tag at the N-terminus 

may indicate that the N-terminal domain is partially buried within the 

structure of the protein. It would be useful in future to purify the helicase 

domains of Irc5 which lack the N-terminal end to see if this aids binding. It 

may also be the case that a large portion of the expressed protein may 

represent soluble aggregates which could explain the poor binding seen in 

E. coli and S. cerevisiae expression systems. If this is the case, gel filtration 

or ultracentrifugation may remove the soluble aggregates. In addition, 

modifying the lysis buffer composition could prevent soluble aggregates 

from occurring.  

Although the yield and purity of the recombinant protein produced by this 

system is not suitable for full biochemical characterisation of Irc5 activity, 

this strain could be used in future to study the effect of Irc5 overexpression 

in yeast.   
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4.2.3 Purification of endogenous Irc5-TAP and Rsc2-TAP complex 

I next sought to purify the endogenous Irc5 protein from yeast using a tag 

located on the C-terminus. The lab has previously purified small amounts of 

Irc5, C-terminally tagged with a TAP (tandem affinity purification) tag 

(ACY15) expressed from its endogenous promoter in yeast to analyse 

whether it forms part of a large multi-protein constitutive complex in vivo. 

Irc5 did not co-elute with any other proteins in equivalent amounts during 

the tandem-affinity purification, suggesting that Irc5 does not have any 

interacting partners that form a constitutive complex, although this does not 

exclude possible dynamic interactions with other proteins. It is also equally 

possible that Irc5 might act as a dimer or as a multimeric structure. 

 

Figure 4-9 Irc5 does not form part of a constitutive complex 

Purification of Irc5-TAP from BY4741 yeast (ACY15) using tandem-affinity tag consisting 
of a Protein A component, TEV cleavage site and CBP tag. Purification was carried out by 
binding to IgG sepharose and subsequent cleavage of the TEV site. Cleaved protein was 
then purified further using calmodulin resin. Untagged wild-type BY4741 was subjected to 
the same conditions and used as a negative control. Samples of purified protein were 
analysed by SDS-PAGE and subsequent silver staining. Mass spectrometry analysis was 
performed on the whole lane and compared to purification from untagged strain (Image 
courtesy of Dr Anna Chambers, Bristol). 

The disadvantage of this method is that purification of large enough 

amounts of Irc5 for biochemical analysis, would mean growing large 

volumes of yeast culture. From 12 litres of yeast cell culture, I have purified 

small amounts of Irc5-TAP to test for biochemical activity and act as a 

control for comparison of activity with purified recombinant proteins (~60 ng 
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total from 12 litres) (Figure 4-10). In addition, purification of the RSC2-

isoform of the RSC complex will act as a positive control for chromatin 

remodelling processes and ATPase activity (~40 ng total from 12 litres). 

Figure 4-10 shows that the Rsc2-isoform complex is relatively pure and 

shows all the protein subunits expected. A few remaining contaminants 

which are not part of the complex are present indicated by equivalent non-

specific bands in the Irc5-TAP purification. A one-step purification of Irc5-

TAP using only the protein A portion of the TAP-tag followed by TEV 

cleavage yields Irc5 that is less pure than the previous two-step TAP 

purification in Figure 4-9, but greater quantities. Some of the contaminants 

are not present in the RSC2-TAP prep, and therefore might be breakdown 

products of Irc5. They could also be transient interaction protein partners of 

Irc5 which in future could be analysed by mass spectrometry to determine 

their identity. 

 
Figure 4-10. Purification of Irc5-TAP and RSC2-TAP 

Purification of RSC2-TAP (SMEW116) and Irc5-TAP (ACY15) from BY4741 yeast cells 
using tandem-affinity purification, and cleavage of TAP tag using TEV cleavage enzyme. 
Samples of purified protein were resolved on 10 % SDS-PAGE gel and proteins bands 
visualised by silver staining. 

4.2.4 Purification of HELLS and Irc5 from insect cells 

Overview of cloning, transfection, and viral amplification in insect cells 

The baculoviral expression system in insect cells offers high levels of 

expression and solubility for eukaryotic proteins. In addition, expressed 
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proteins become post-translationally modified, which may reflect the 

modifications present on the proteins in their native systems.  

The insect cell expression system utilises baculoviruses; rod-shaped 

nucleocapsids viruses, capable of infecting insects, that contain double-

stranded DNA surrounded by an envelope 309. In nature, the initial infection 

is carried out by virions encapsulated by occlusion bodies (OdVs – 

occlusion derived virions).  The second stage of infection, approximately 48-

72 hours post-cell infection, occurs once the nucleocapsids are released 

from the nucleus of the insect cell acquiring a plasma membrane-derived 

envelope (BV-budded virus). The polyhedrin protein is one of the major 

components of occlusion bodies, and constitutes approximately 25% of the 

total protein in the infected cells 12 hours post-infection 309. P10 is a protein 

involved with occlusion body maturation and stability, and similarly, high 

levels of P10 expression occurs late post-infection 310. In baculoviral 

recombinant protein expression systems, the P10 and polyhedrin genes 

have been removed to prevent baculovirus stability outside of insect cells. 

Recombinant protein expression is made possible by placing a gene of 

interest under the control of polyhedrin and p10 promoters, resulting in very 

high levels of protein production, in the late stages of infection, 

approximately 24 to 72 hours post-infection 311. 

Specialised vectors have been produced to allow easy cloning of genes and 

subsequent infection into insect cells 311. pACEBac1 harbours the Polh 

(polyhedrin) promoter, SV40 terminator, multiple cloning site, and 

transposition elements (Tn7L and Tn7R). An L21 leader sequence from a 

lobster tropomyosin cDNA has subsequently been added by this lab to 

enhance protein production 311,312. 

A general overview of cloning into pACEBac derivatives and bacmid 

preparation is outlined in Figure 4-11. The gene of interest is cloned into 

pACEBac derivative and plasmid DNA is then transformed in DH10mBT 

(DH10 multiBacTurbo) electrocompetent cells. DH10MBT cells contain a 

modified Autographa californica nucleopolyhedrovirus (AcMNPV) 

baculoviral genome approximately 130 kb in size. The baculovirus contains 
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a mini-attTn7 acceptor site that accepts donor DNA via Tn7 transposition 

elements present on the pACEBac derivatives. Colonies that contain the 

gene cassette integrated into the bacmid are then identified by blue-white 

screening. The bacmid is purified from white colonies using a large-plasmid 

purification kit (Qiagen).  

 

Figure 4-11 Cloning strategy for subsequent protein production in insect cells 

The gene of interest is cloned into pACEBac derivatives that are integrated via Tn7 
transposition into bacmid DNA. Successful integration within the mini-attTn7 site disrupts 
the expression of the LacZ gene preventing blue pigment production in the presence of X-
gal. Bacmid DNA is purified from white colonies using a large construct kit. 

Bacmid DNA is then transfected into SF9 insect cells and virus amplified, 

as seen in Figure 4-12. SF9 cells are a clonal isolate Spodoptera frugiperda 

fall armyworm that can be grown attached or in suspension. Viral 

amplification is carried out through several successive infections of SF9 

cells. Large-scale protein expression is carried out in Hi5 cells, an isolate of 

Trichoplusia ni (cabbage looper ovary), at a high cell-density. Hi5 cells are 

generally better suited to protein production and grow faster than SF9 cells, 

however both are acceptable to use at each stage of viral amplification and 

infection. Successful viral infection is analysed by monitoring cell density, 

size, and viability. 72 hours post-infection, infected insect cells will have 
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grown very large (14 µM to ~18-20 µM) and stopped dividing. At this stage, 

the virus will be excreted from the cell, resulting in a decrease in cell viability.  

 

Figure 4-12 Transfection of baculoviral DNA and viral amplification in insect cells 

Bacmid DNA is mixed with Cellfectin II transfection reagent and used to infect 2 mL of SF9 
insect cells. Viral amplification occurs by serially infecting larger cultures of SF9 cells. 
Large-sale protein expression is carried out using the final P3 virus stock to infect Hi5 cells 
for 72 hours after which the cells are harvested and stored until protein purification. Excess 
virus is stored at 4 °C supplemented with 2 % FBS.  

HELLS expression and purification from insect cells 

Primers that introduced an N-terminal NcoI restriction site and a TEV 

cleavable His-tag on HELLS and a C-terminal NheI site (HELLS 6His NcoI, 

HELLS NheI-R respectively) were used to amplify HELLS from plasmid 

pALCG1. HELLS was cloned into pACEBac1 which contains a polyhedrin 

promoter, using NcoI and XbaI at the MCS, to produce pALCG2. Site-

directed mutagenesis was performed to generate catalytic-dead mutants 

with substitution of lysine 254 to arginine (K254R) or glutamine (K254Q). 

His-HELLS and His-HELLS-K254R/K254Q were successfully expressed in 

Hi5 insect cells. Viability of Hi5 insect cells varies between 97-100 %; 

infection with the P3 virus stock when cells were at the lower or higher end 

of this viability range, respectively decreased or increased the expression 

of HELLS (Figure 4-13). 
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Figure 4-13 Expression of His-HELLS in Hi5 cells 

His-HELLS P3 virus stock was used to infect two separate batches of Hi5 cells (performed 
several weeks apart). Starting viability of Hi5 cells before infecting with P3 virus for “His-
HELLS 1” was approximately 99 % while viability of “His-HELLS 2” was approximately 97 
%. Samples of whole cell lysate (WCL) from Hi5 cells of each batch plus an uninduced 
control were resolved on a 10 % SDS-PAGE gel and Coomassie stained.  

I performed small-scale expression tests to analyse whether SF9 or Hi5 

cells produced a higher yield of His-HELLS (Figure 4-14). Analysis of whole 

cell lysates showed that Hi5 cells express more His-HELLS than SF9 cells. 

Analysis of relative amounts of His-HELLS in the soluble versus insoluble 

fractions also showed that Hi5 cells produced more soluble His-HELLS 

compared to SF9 (data not shown). In addition, the amount of P3 virus to 

be used was optimised (Figure 4-14). Maximum His-HELLS expression was 

observed when 1 mL of P3 was added to 25 mL of cells at 2x106 cells/mL; 

any amount of virus above this did not further increase expression of His-

HELLS. 
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Figure 4-14 His-HELLS expression trials in Hi5 and SF9 cells 

Hi5 and SF9 cells at 2x106 cells/mL were split into 25 mL batches. His-HELLS P3 virus was 
added to each culture at varying ratios. After 72 hours, samples of the whole cell lysate 
from each culture, plus uninduced controls, were resolved on a 10 % SDS-PAGE gel and 
Coomassie-stained. 

Large-scale purification of His-HELLS was performed by batch purification 

on nickel beads (Figure 4-15). Catalytic point-mutant proteins, K254R and 

K254Q, behaved the same at wild-type His-HELLS. Approximately 30-40 % 

of His-HELLS remained in the insoluble fraction. Initial solubility tests 

performed by Anna Chambers, showed that lysis in 300 mM NaCl and 0.1 

% Triton produced the most amount of soluble HELLS protein from the 

whole cell extract. Increased sonication, inclusion of different detergents or 

lysis in higher salt conditions did not significantly increase the fraction of 

His-HELLS in the soluble fraction (data not shown). After binding to nickel 

beads for 2 hours, elution was carried out with buffer containing 250 mM 

imidazole. Analysis of the unbound protein and the soluble fraction shows 

that about 60-70 % of His-HELLS did not bind to the nickel resin. This was 

not due to exceeding the binding capacity of the nickel resin; approximately 

18-20 mg His-HELLS was purified from Hi5 cells, whilst the binding capacity 

of the beads was 80 mg protein. Moreover, increasing the nickel resin bed-

volume did not yield more His-HELLS (data not shown). However, a good 

yield of reasonably pure His-HELLS eluted from nickel beads. 
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Figure 4-15 Large-scale purification of His-HELLS by batch binding to nickel beads. 

1 L of Hi5 cells expressing His-HELLS were harvested and lysed. Soluble fraction was 
applied to Ni-agarose beads and incubated for 2 hours at 4 °C. Beads were washed and 
elution carried out with lysis buffer + 250 mM imidazole in 1 mL fractions. Equivalent 
samples of whole cell lysate (WCL), insoluble (insol), soluble (sol.) and flowthrough (FT) 
from beads were resolved on a 10 % SDS-PAGE gel and Coomassie stained alongside 5 
µL of elution samples. 

Peak His-HELLS fractions from nickel resin elution were pooled and 

dialysed to remove imidazole. After dialysis, the protein sample was 

concentrated approximately 6- fold and applied to a size-exclusion column 

(Superdex 16/600 200pg). Interestingly, His-HELLS elutes in two separate 

peaks from this column which I have named HELLS-LMW (low molecular 

weight) and HELLS-HMW (high molecular weight) (Figure 4-16 A). The His-

HELLS LMW peak corresponds approximately to the fractions where a 97 

kDa protein would be expected to elute (according to a typical calibration 

curve of Superdex 16/600 200pg with known protein standards from 

manufacturer). HELLS HMW corresponds to a molecular weight of 

approximately double the monomer. This peak eluted after the void volume, 

suggesting it is not aggregate HELLS. These two populations of protein will 

be analysed in greater detail in the next chapter. Generally, there was an 

equal proportion of LMW and HMW HELLS following size-exclusion 

chromatography. However, in preparations where viability of Hi5 cells was 

lower, or when using a higher concentration of salt during lysis, the 

proportion of the HMW was lower compared to LMW. The large peak eluting 

between 50 and 55 mL post-inject, between the HMW and LMW peaks, is 
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a contaminant insect cell protein or possibly a breakdown product of His-

HELLS. This peak was kept for analysis by mass spectrometry, but 

unfortunately despite having plenty of peaks in our spectrum, the analysis 

failed to return a significant ID using either human or insect cell 

databases.  However, both the Hi5 and Sf9 databases that were used for 

analysis at the time only contained a small fraction of the proteins present 

in insect cells, so it is quite possible the contaminating band is derived from 

insect cells. Elution profiles of the wild-type and ATPase deficient mutants 

(K254R and K254Q) from the SEC column were very similar; showing these 

mutations do not affect the stoichiometry of the HMW and LMW peaks. 

On a denaturing SDS-PAGE gel, resolving equivalent samples from across 

the entire purification, shows that both His-HELLS-LMW and HMW run at 

the same expected molecular weight as the HELLS monomer, 97 kDa 

(Figure 4-16 B),  suggesting the HMW species represents a higher order 

multimeric assembly of HELLS. Therefore, both peaks of HELLS were 

stored for biochemical analysis. Some His-HELLS that had not been 

separated by gel filtration and contains both species was also stored. Any 

reference to HELLS in this thesis will make clear which batch I have used, 

using these names: HELLS, HELLS LMW and HELLS HMW. 
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Figure 4-16 Gel filtration of His-HELLS 

Peak His-HELLS fractions from batch nickel purification were dialysed and concentrated 
before application to a size-exclusion column collecting 0.5 mL fractions (Superdex 16/600 
200pg). (A) Elution profile from gel filtration column. (B) 10 % SDS-PAGE Coomassie-
stained gel summarising His-HELLS purification. Equivalent samples from each stage of 
His-HELLS purification from nickel beads, dialysis, concentration, and gel filtration were 
resolved.  

Protein concentrations were quantified by Bradford assay and both HMW 

and LMW purified proteins were analysed by western blot using anti-Lsh 

antibody (recognising amino-acids 1- 240 of HELLS) to confirm that they 

are both HELLS proteins (Figure 4-17 A). Additionally, analysis by mass 

spectrometry has identified both these peaks as HELLS. Equivalent 

quantities of wild-type His-HELLS and catalytic-dead mutant His-HELLS 

K254R were resolved on an SDS-PAGE gel and showed that these proteins 

have similar levels of purity and the same pattern of low-level contaminating 
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bands (Figure 4-17 B). Total purified protein yields from insect cells varied 

depending on the expression of His-HELLS from Hi5 cells but approximately 

~16 mg His-HELLS was obtained per litre of Hi5 cells infected with 

baculovirus. 

 

Figure 4-17 Comparison of His-HELLS LMW and HMW peaks and His-HELLS K254R 

(A) Western blot analysis of 10 % SDS-PAGE gel with 40 ng each of His-HELLS LMW and 
HMW purified fractions probed with anti-HELLS antibody. (B) Protein concentrations were 
quantified by Bradford assay. 3 µg each of His-HELLS LMW, and His-HELLS K254R LMW 
and HMW were resolved on a 10 % SDS-PAGE gel and Coomassie stained. 

Irc5 expression and purification from insect cells 

As HELLS purification from the insect cell system was successful, I decided 

to use this system for Irc5 purification as well to improve yield.  I had 

concerns that the N-terminal tags were buried within the structure of the Irc5 

protein, so since the HELLS expression construct bears a short linker region 

between the N-terminal His-tag and the TEV cleavage site, and it purified 

successfully, I decided to introduce the same linker between an N-terminal 

His-tag and the TEV cleavage site of Irc5 to assess whether this improved 

batch purification on nickel beads (Figure 4-18). A codon-optimised 

construct of Irc5 bearing an N-terminal His-tag, linker and TEV cleavage site 

was amplified using primers NcoI-H-Irc5-f and opIrc5-XbaI rev and cloned 

into pACEBac1 to create plasmid pALC62. Bacmid DNA was generated and 

the resulting virus was used for infection and protein expression in insect 

cells.  
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Figure 4-18 N-terminal translated protein sequence of recombinant His-Irc5 

Irc5 DNA and translated protein sequence in pALC62. Green shows the NcoI restriction 
site and start codon. Pink shows the sequence for the His-tag, followed by a small linker 
region and TEV cleavage site (purple). Yellow shows the start of Irc5 coding sequence. 

Expression trials were performed using the His-Irc5 P3 virus and showed 

that similarly to HELLS, Hi5 cells expressed more His-Irc5 more than SF9 

cells, and 1 mL P3 virus to 25 mL Hi5 (at 2 x106 cells/ mL) was the optimal 

ratio for producing His-Irc5. The strategy of including a linker between the 

His-tag and TEV cleavage site did increase the amount of protein that bound 

and eluted from the nickel gravity column (Figure 4-19) and purification 

yielded sufficient protein for biochemical analysis.  

 

Figure 4-19 His-Irc5 purification on nickel resin 

5 µL (not including loading dye) samples of 1 mL elution fractions from batch-binding 
purification of His-Irc5 to nickel resin were resolved on a 10 % SDS-PAGE gel and 
Coomassie stained. 

As the human HELLS protein, His-Irc5 elutes in two major peaks from a 

SEC gel filtration column. The proportion of the HMW and LMW peak is 

relatively equal. Once again, the HMW peak corresponds to His-Irc5 at an 

apparent higher molecular weight approximately twice that of the LMW peak 

which corresponds to the molecular weight expected for His-Irc5, 97 kDa 

(Figure 4-20 A). Resolving the two separate peaks on a denaturing SDS-

PAGE gel shows that they run just above the 100 kDa marker (Figure 4-20 
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B). The expected molecular weight of His-Irc5 is approximately 97 kDa but 

Irc5 consistently resolves slightly higher than this on a denaturing gel 

(between 100 and 135 kDa). Probing by western blot analysis for the His-

tag, confirmed that the HMW and LMW peaks are Irc5 (Figure 4-20 C). The 

contaminating proteins, present in either the HMW or LMW fractions, were 

not detected by probing for the His-tag, indicating that they are not C-

terminally truncated breakdown products of Irc5. We have not yet performed 

mass spectrometry analysis of the major contaminating band present in the 

Irc5 LMW pool, but it could be either an N-terminally truncated form of Irc5, 

a contaminant, or a possibly interacting protein partner. Overall yield of Irc5 

was lower than that of HELLS, generating approximately 4 mg/L of infected 

Hi5 insect cells. However, this is a vast improvement on yield compared to 

CBP-Irc5 purification from yeast (0.75 mg/L of induced yeast). The His-Irc5 

LMW peak contains slightly more contaminants than His-Irc5 HMW or His-

HELLS LMW/HMW fractions shown above. The catalytic-mutant version of 

Irc5, Irc5 K253R purified similarly to the wild-type protein and possesses 

equivalent contaminating bands.  
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Figure 4-20 His-Irc5 purification and analysis on a by gel filtration column 

(A) Peak His-Irc5 fractions from batch nickel purification were pooled, dialysed, and 
concentrated and subsequently applied to a size-exclusion column (Superdex 16/600 
200pg). Elution profile from gel filtration column. (B) Protein concentration of His-Irc5 LMW 
and HMW and His-Irc5 K253R LMW and HMW were quantified by Bradford assay. 3 µg of 
each were resolved on a 10 % SDS-PAGE Coomassie-stained gel. (C) Western blot 
analysis of Irc5 HMW and Irc5 LMW probing for His-tag using anti-His antibody. 

4.2.5 Mock Hi5 purification 

As a control for the background contaminant proteins in the His-HELLS and 

His-Irc5 preparations (as well as the Walker A box mutants), I performed a 

mock purification from a 500 mL culture pellet of uninfected Hi5 insect cells. 

This mock purification was carried out in the same way as with His-HELLS 

and His-Irc5, and equivalent HMW and LMW fractions were pooled based 

on the number of mL post-inject that HELLS and Irc5 elute (see Table 4-1). 

Subsequently, the mock HMW and LMW pools were concentrated to 
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approximately 700 µL (same as HELLS HMW and LMW). For assays that 

mention the mock prep; I used the same quantity of the mock preparation 

as I have for HELLS purified protein. 

Table 4-1. Pooled fractions post-inject for HMW and LMW HELLS and Irc5 

The HMW and LMW mock purifications were pooled according to HELLS and Irc5. 

Protein Name HMW fractions (N° mL 

post inject) 

LMW fractions (N° mL 

post inject) 

His-HELLS 43.5 - 49.5 mL 55 - 61 mL 

His-Irc5 43 – 47 mL 52 – 61 mL 

Mock purification 43 – 49.5 mL 55 – 61 mL 

 

4.2.6 Purification of HELLS-NTD and Irc5-NTD 

I next sought to purify truncated versions of HELLS and Irc5 that lack the 

helicase motifs associated with chromatin remodellers. These proteins will 

serve as useful controls for chromatin remodelling activities and will also 

help in dissection of functional domains of the proteins, for example in 

protein interaction studies to identify protein binding partners and decipher 

domains important for chromatin binding. The N-terminal domains (NTDs) 

of Irc5 and HELLS are predicted coil-coil regions and may be important sites 

for multimerisation or protein interactions. Secondary structure prediction 

software, Psipred and D2P2, was used to predict the secondary structure 

and disordered regions of HELLS and Irc5.  This was used as a guide for 

designing truncations in predicted unstructured regions between secondary 

structure elements (along with sequence alignments with other chromatin 

remodeller proteins) (D2P2 predictions can be found in supplementary 

Figure 9-1 and Figure 9-2) 313,314. The N-terminal domain of Irc5, consisting 

of the first 212 amino-acids, was cloned into the pET47b bacterial 

expression plasmid using BamHI and SalI sites (pALC4), while the first 213 

amino-acids for HELLS were cloned into the StuI and SalI sites of pET47b 

(pALC42). The NTD domains for both Irc5 and HELLS will include the 

potential coiled coil domains but not the conserved helicase motifs (Figure 

4-21). The resulting constructs harbour an N-terminal His-tag and express 

proteins of approximately 27 kDa.   
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Figure 4-21 Cartoon of HELLS protein sequence 

Diagram of HELLS protein sequence including helicase motifs identified by sequence 
analysis (orange boxes), potential coiled-coil motifs (green) and location of nuclear 
localisation signal (NLS; purple). His-HELLS-NTD comprises amino-acids 1-213 (marked 
with a dashed line) harbouring the NLS and N-terminal coiled-coil.  

Irc5-NTD and HELLS-NTD expression was carried out by transforming 

pALC4 and pALC42 into Rosetta DE3 competent cells and inducing 

expression with 1 mM IPTG for 3 hours at 18 °C. Unlike the full-length 

proteins, both NTDs were soluble in bacteria with approximately 95 % in the 

soluble fraction. After induction, lysis, and clarification of lysate, the soluble 

fraction was loaded on to a 1 ml His-Trap HP column, which was 

subsequently washed, and elution carried out with imidazole. Peak fractions 

were dialysed into a low-salt buffer and subsequently purified by ion 

exchange. Irc5-NTD was purified using a MonoQ 5/50 GL anion exchange 

column. Owing to the difference in charge of the NTD proteins, HELLS-NTD 

did not bind to a MonoQ column and was instead purified using Mono S 

5/50 GL cation exchange column (Figure 4-22 A and B). The predicted 

theoretical pI of Irc5-NTD is 4.7 (pI of full-length Irc5: 5.92), while HELLS-

NTD has a higher pI of 8.35 (pI of full-length HELLS: 8.07), probably due to 

the NLS of HELLS which consists of positively charged arginine and lysine 

residues. The NTD proteins were eluted with a salt gradient and 

subsequently stored at -80 °C. 
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Figure 4-22 Irc5-NTD and HELLS-NTD purification 

(A) 12 % SDS-PAGE Coomassie-stained gel summarising His-Irc5-NTD purification by 
resolving equivalent samples from each stage of purification. Final 4 lanes show 1 and 3 
µg of Irc5-NTD determined by Bradford assay alongside 1 and 3 µg of His-HELLS LMW 
(B) Protein concentration was determined by Bradford assay and 5 µg His-HELLS-NTD 
from after His-trap column purification and after MonoS purification resolved on a 12 % 
gel alongside equivalent amounts of His-HELLS HMW. 

A high yield of Irc5-NTD was obtained (0.8 mg/ litre of induced culture) and 

HELLS-NTD (1 mg/ litre of induced culture). Although purity was improved 

after MonoQ and MonoS column, there are still contaminating bands 

running just below the Irc5-NTD and HELLS-NTD protein bands. It may be 
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that this is a contaminating bacterial protein, however it seems likely that it 

is in fact a breakdown product of the N-terminal domain. I have western 

blotted against the His-HELLS-NTD purification and probed for HELLS 

using an anti-LSH antibody raised against amino-acids 1-240, and both 

bands can be detected (not shown). We have been able to reduce this 

breakdown product by increasing protease inhibitor concentrations during 

bacterial lysis and performing purification at 4 °C.  

We do not possess an equivalent antibody for Irc5. Western blot analysis of 

His-Irc5-NTD using a His-tag antibody visualises only the Irc5-NTD purified 

band and not the contaminating band. This does not exclude the possibility 

that the lower molecular weight band is a breakdown product of Irc5 as it 

may be a N-terminally truncated breakdown product which does not bear 

the His-tag (data not shown).  

Full-length Irc5 purification was successfully optimised to obtain reasonable 

purity and sufficient yields for biochemical analysis. Purification of the full-

length Irc5 and HELLS proteins and their N-terminal domains for the first 

time has permitted biochemical analysis of these proteins in vitro. 
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4.3 Discussion 

I have optimised the expression, solubility, and purification of proteins and 

domains of the HELLS/Irc5 subfamily of chromatin remodellers for the first 

time. Purification of Irc5 from bacterial and yeast expression systems 

produced low yields of protein with significant numbers of contaminating 

proteins that could have masked biochemical activity of Irc5. Codon-

optimisation was successful in increasing expression of Irc5 in yeast, but 

greatest quantities of high-purity protein was obtained from insect cells. 

Irc5 and HELLS were both successfully purified from insect cell systems. 

Although purity of the Irc5 LMW fraction is less, good yields were obtained 

for both proteins. I have also optimised the expression and purification of 

the catalytic-dead mutants of both HELLS (K254R) and Irc5 (K253R) which 

will serve as controls for analysing the ATPase activity of the full-length 

proteins and to control for the contaminating proteins present in the protein 

preparations. 

Some evidence suggests the N-terminal domain of both of Irc5 and HELLS 

are partially buried within the protein. Cleavage of N-terminal tags with 

specific proteases was never completely effective, and purification with CBP 

and His-tags did not completely deplete either Irc5 or HELLS from the 

soluble fractions. Small linkers regions between the tag and the N-terminal 

regions aided purification of these proteins. Cleavage of His-tags from the 

truncated NTD proteins has since been optimised by other members of this 

lab, suggesting that the full-length proteins are in some way protecting these 

regions from protease cleavage. 

An interesting question that has arisen from purifying the full-length proteins 

is the possibility that Irc5 and HELLS may be multimeric. Irc5 and HELLS 

both elute as two separate peaks from a size exclusion column. The LMW 

peaks correspond to the molecular weights of the monomers, ~100 kDa, 

while the HMW peaks correspond to molecular weight of double or higher 

than that of the monomer proteins suggesting that they are multimeric. We 

do not yet know whether the HMW peak is a dimer or higher-order structure 

of HELLS and Irc5, and it is possible that only one of either the LMW or 
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HMW fractions will display activity. I will begin to address these questions 

in chapter 5. 

Purification of the N-terminal domains of Irc5 and HELLS from bacterial 

systems produced high yields of protein, however their purification from 

bacteria means that they lack any post-translational modifications. Another 

question that remains is whether the NTDs elute in multiple peaks from a 

SEC column and whether they may also be multimeric. If they do, then it 

might indicate that the predicted coil-coil regions are serving as interaction 

sites to create multimeric structures. I will begin to address these questions 

in the next chapter. Purification of the full-length Irc5 and HELLS proteins 

and their NTD domains permits investigation of the biochemical activity of 

this subfamily of proteins.   
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5.1 Introduction 

5.1.1 Aims of chapter 

The previous chapter described purification of the recombinant proteins, 

catalytic mutants, and N-terminal domains of these proteins. Studying the 

activity of these proteins will be useful as it may inform us of their functions 

in vivo. 

Biochemical characterisation of the HELLS subfamily of chromatin 

remodellers is very limited. Limited work has been carried out on murine 

Lsh, Xenopus HELLS and Arabidopsis DDM1, but human HELLS and yeast 

Irc5 have not yet been studied. 

Mutations in CDCA7 and HELLS, along with Dnmt3b cause ICF syndrome 

(immunodeficiency-centromeric instability-facial anomalies), a disease 

characterised by centromeric instability 236. Previous work on Xenopus 

HELLS proposes that it interacts with CDCA7 to form a complex 240. 

Xenopus HELLS alone is incapable of sliding nucleosomes in vitro using 

reconstituted mononucleosomes. However, CDCA7 has been shown to 

stimulate the nucleosome remodelling activity of HELLS through a 

restriction enzyme accessibility assay and through a nucleosome sliding 

assay, allowing it to centre nucleosomes away from DNA ends 240. This 

suggests that Xenopus HELLS requires CDCA7 as a regulatory and 

stimulating factor to enable chromatin remodelling activity. Xenopus HELLS 

has also shown DNA-stimulated ATPase that is stimulated further when in 

complex with CDCA7. More recently, a role for CDCA7:HELLS complex has 

emerged, showing that they are able to suppress R-loops  at 

pericentromeric repeats 315. 

Biochemical analysis of murine Lsh is very limited but it too shows DNA and 

nucleosome-stimulated ATPase activity 96. Lsh regulates nucleosome 

occupancy at specific loci in vivo and absence of Lsh in MEFs display 

altered nucleosome occupancy and histone H3 retention at transcription 

start sites and enhancers 316–318. Nucleosome sliding has been observed for 

the Arabidopsis thaliana homolog, Ddm1, on its own, which is in contrast to 

Xenopus HELLS. Ddm1 is able to slide nucleosomes from centre to end of 

linear DNA, and vice versa on reconstituted mononucleosomes 248. Human 
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HELLS has been shown to form a complex with PRDM9 to relax chromatin 

and open meiotic recombination hot-spots to give access for DSB 

machinery 319. Moreover, our lab has shown that HELLS is capable of 

interacting with the end-resection protein CtIP and enables recruitment of 

DSB machinery to heterochromatic loci. To date, no biochemical in vitro 

studies have been carried out on the recombinant human HELLS and 

budding yeast Irc5 proteins. Given the biochemical data that exists on Ddm1 

and Xenopus HELLS, it would seem likely that recombinant Irc5 and HELLS 

proteins will also display nucleosome sliding abilities, however whether they 

are capable of remodelling nucleosomes on their own, or whether, like 

Xenopus HELLS, they will require a protein partner to stimulate activity is 

as yet unclear. Perhaps, the PRDM9, CtIP, or human CDCA7 proteins are 

also capable of stimulating HELLS activity. In this chapter I will begin to 

analyse whether the recombinant HELLS and Irc5 proteins are capable of 

chromatin remodelling activity on their own. 

HELLS and Irc5 purify as two peaks from a gel filtration column. I will 

analyse the multimeric status of the proteins from these peaks. The N-

terminal domains will also be analysed to see if they are multimeric to test 

whether they contribute to the higher order structure of the full-length 

proteins. Dimerisation of several remodellers is required for their 

remodelling function, and therefore the properties of both purified pools of 

protein will be analysed. 

The activity of chromatin remodellers is usually stimulated by specific 

factors such as particular nucleosomal templates or a minimum length of 

DNA. This may also be true of HELLS and Irc5. Those remodellers which 

have been characterised are diverse in their substrate specificity and hence 

I will use several different factors to attempt to identify any stimulating 

factors for Irc5 and HELLS. Knowledge of stimulating factors may provide 

functional insights for the protein by restricting activity to specific genome 

locations or steps in a pathway.  I will analyse DNA binding by 

electrophoretic mobility shift assay (EMSA) to analyse whether our proteins 

show bias toward structures that may arise as intermediates found in vivo. 

I will also study the effect of nucleosomes and different DNA structures on 
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ATPase activity and examine whether Irc5 and HELLS are able to perform 

nucleosome sliding chromatin remodelling activity.  
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5.2 Results 

5.2.1 Determination of the multimeric status of Irc5 and HELLS 

Full-length HELLS exists as both monomeric and dimeric species 

Given that the elution profile of full-length HELLS from a size-exclusion 

results in two peaks, I employed the use of SEC-MALS (Size exclusion 

chromatography- multi angle light scattering) to interrogate the multimeric 

status of the full-length protein and provide an accurate means of calculation 

of the molecular weight of the HMW and LMW forms of HELLS. This method 

couples size-exclusion chromatography, using an analytical gel filtration 

column, with multi angle light scattering (MALS) to determine an absolute 

molecular weight and additionally provide information about the 

homogeneity and purity of the protein sample. Light scattering measures 

molar mass and purity of a sample by measuring the light scattered from a 

single polarized light beam at fixed angles from a solution containing 

molecules or proteins. MALS is combined with SEC to determine the size of 

the molecule. 

Bovine serum albumin (BSA) is used as a standard to calibrate the system 

before application of the protein of interest. BSA exists as a monomer and 

dimer with expected molecular weights of 66 kDa and 132 kDa, respectively. 

The monomer is the predominant form of BSA, and is the peak used for 

calibration. SEC-MALS using HELLS storage buffer resulted in inaccurate 

measurement of the molecular weight of BSA.  I determined this was due to 

the presence of Triton X-100 that was used to aid HELLS solubility. I purified 

HELLS again in the absence of Triton X-100, using a higher salt 

concentration during lysis (500 mM) before reducing it to 300 mM during the 

nickel affinity step prior to loading onto a gel filtration column. I obtained a 

lower proportion of the HMW HELLS peak during purification which may 

have been a result of the higher salt conditions during lysis promoting 

dissociation of this peak into HELLS LMW. However, both peaks eluted at 

the same volumes as the previous purification.  

Using this buffer, I obtained values for the molecular weight for each of the 

two BSA peaks of, 69.9 ± 0.9 % and 138.7 ± 2.8 % respectively (Figure 5-1 

A). This matches the expected molecular weight for the monomer and dimer 
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species of BSA. The smaller error on the monomer species is due to the 

higher concentration of this peak compared to the dimer species. Using 

these conditions, SEC-MALS of HELLS LMW generated an estimated 

protein mass of 101.2 kDa ± 0.8 %. This is in agreement with the expected 

molecular weight of HELLS which is 97.8 kDa (including the His-tag, TEV 

cleavage site and linker) and indicates that HELLS LMW represents 

monomeric HELLS (Figure 5-1 B).  

Analysis of HELLS HMW resulted in two peaks with mass estimates of 204.6 

kDa ± 10.2 % and 128.3 ± 33.2 % (Figure 5-1 C). The mass from the first 

peak (peak 1) is double the value of the LMW peak, consistent with a dimeric 

form of HELLS. The second peak (peak 2), although it might not be a 

homogenous sample, may represent monomeric HELLS. The large error on 

the value calculated for this peak may be due to binding to DNA that might 

have co-purified with HELLS. The presence of two peaks may indicate that 

the protein sample is dissociating into the monomeric form of HELLS either 

during the SEC-MALS run or prior to application to the column. Overall, 

these results suggest that recombinant HELLS exists as two separate 

monomeric and dimeric species. 
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Figure 5-1 SEC-MALS analysis of full-length His-HELLS HMW and LMW shows they 
are monomeric and dimeric 
SEC-MALS performed on a Superose 6 increase 10/300 GL column at a rate of 0.5 mL/min 
in 50 mM Tris-HCl pH 8.0, 300 mM NaCl, 0.5 mM TCEP using a Wyatt SEC-MALS 
Detector, and chromatograms were analysed using ASTRA software (Wyatt). LS (light 
scattering) - green, RIU (differential refractive index) – red, UV absorbance – blue and 
molar mass - black (A) SEC-MALS analysis of BSA (200µg at 2mg/mL concentration). (B) 
Analysis of LMW HELLS (200 µg at 2 mg/mL concentration) by SEC-MALS. (C) Analysis 
of HMW HELLS (80 µg at 0.8 mg/mL) by SEC-MALS. Calculated masses of peaks are 
indicated below their respective graphs  
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HELLS-NTD appears dimeric from gel filtration analysis 

From our SEC-MALS analysis of HELLS, I have seen that HELLS exists as 

monomers and dimers. Examination of the N-terminal domains of HELLS 

and Irc5, which contain a predicted coil-coil motif, will allow us to determine 

whether the NTD alone is capable of forming dimers and may contribute to 

dimerisation. To investigate whether Irc5 and HELLS N-terminal domains 

are multimeric, I first perform size exclusion chromatography on purified 

Irc5-NTD and HELLS-NTD proteins. 

Gel filtration analysis of HELLS-NTD shows that it elutes at a much lower 

volume than expected for a monomer (Figure 5-2). Based on comparison to 

the expected elution volume of protein standards and based on the 

predicted molecular weight of 24 kDa, monomeric HELLS-NTD would elute 

at approximately 100-90 mL post-injection. In practice, HELLS-NTD eluted 

at ~70-75 mL, consistent with a molecular weight between 60 and 70 kDa. 

This is at least double the expected molecular weight and the apparent 

molecular weight from SDS-PAGE analysis.  This might indicate that 

HELLS-NTD could be forming dimers or other higher order multimeric 

structures, or that it is a non-globular structure. In contrast to the full-length 

protein, HELLS-NTD eluted as a single species. Gel filtration does not 

remove the lower-molecular weight band purified with HELLS-NTD, which 

eluted in the same fractions from gel filtration. This contaminating band may 

be a truncated form of HELLS-NTD, as it can be detected by western blot 

using anti-Lsh antibody (data not shown) and  insufficiently different in size 

to be resolved under these conditions.  

This data could indicate that dimerisation occurs through an interaction 

within the predicted coil-coil motif in the N-terminal domain. However, it may 

not be the only domain within full-length HELLS to contribute to 

dimerisation. It may also be the case that HELLS-NTD has an unusual non-

globular shape that causes elution at a volume corresponding to a higher 

molecular weight. 
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Figure 5-2 HELLS-NTD analytical gel filtration 

200 µg His-HELLS-NTD (in a 120 uL volume) dialysed into 50 mM Tris-HCl pH 8, 150 mM 
NaCl, 1mM DTT was separated on a Superdex pg200 gel filtration column at a rate of 1 
mL/min. Top: UV trace from gel filtration column, Bottom: 15 % SDS-PAGE analysis of 
fractions from gel filtration column, Coomassie-stained. Lanes of the gel marked with red-
dotted lines show His-HELLS-NTD, which has eluted at approximately 75 mL post-injection 
to the column. 

Irc5-NTD appears dimeric from gel filtration analysis 

Blue native PAGE on a sample of purified Irc5-NTD showed a band 

approximately double the expected size of Irc5-NTD (data not shown, 

performed by Dr Anna Chambers). This led us to consider whether Irc5-

NTD might also be dimeric. As for HELLS-NTD, gel filtration analysis was 

performed with purified Irc5-NTD to assess its elution profile. His-Irc5-NTD 

also showed an apparent high-molecular weight species of a size consistent 

with a dimer, or larger, from gel filtration analysis (Figure 5-3). 

In contrast to HELLS-NTD, gel filtration has further purified Irc5-NTD, 

removing the lower molecular weight bands that can be seen in Figure 4-22 

A. This could indicate that this is a bacterial protein that does not interact 

with Irc5, or that it is a truncated form of Irc5-NTD that is no longer able to 
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interact with the NTD. As such, gel filtration could be a useful addition to the 

purification process for this protein, however, the lab has since successfully 

purified both HELLS-NTD and Irc5-NTD lacking any contaminant bands by 

using higher concentrations of protease inhibitors and performing the entire 

purification process at 4 °C.   

 

Figure 5-3 Irc5-NTD analytical gel filtration 

100 µg His-Irc5-NTD (in a 100 uL volume) dialysed into 50 mM Tris-HCl pH 8, 150 mM 
NaCl, 1mM DTT was separated on a Superdex pg200 gel filtration column at a rate of 1 
mL/mL. Top: UV trace from gel filtration column, Bottom: 12 % SDS-PAGE analysis of 
fractions from gel filtration column, Coomassie-stained. Lanes of the gel marked with red-
dotted lines show His-Irc5-NTD which eluted at approximately 75 mL post-inject. 

Irc5-NTD and HELLS-NTD are monomeric proteins as determined by SEC-

MALS 

The gel filtration data for HELLS-NTD and Irc5-NTD is consistent with 

analyses of the full-length HELLS and Irc5 (HMW) proteins, which also 

eluted at an apparent higher molecular weight. However, unlike full-length 

Irc5 and HELLS, neither HELLS-NTD or Irc5-NTD displayed a lower 
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molecular weight species. While size-exclusion is a useful technique for 

determining molecular weight of globular proteins, if a protein is of an odd 

or non-globular shape, then these molecular weight calculations can be 

inaccurate. Further confirmation of the multimeric status of the NTDs is 

required by SEC-MALS. Purification of the NTDs in the absence of Triton X-

100 and at 4 °C with increased concentration of protease inhibitors resulted 

in pure HELLS-NTD and Irc5-NTD proteins, with no visible contaminating 

bands. These protein samples were subjected to SEC-MALS analysis using 

the same conditions as the full-length proteins. 

The calculated molecular weight of HELLS-NTD including His-tag and 

HRV3C cleavage site is 27907 Da, while for Irc5-NTD it is 26272 Da. 

Analysis by SEC-MALS showed that the peaks for these proteins eluted at 

approximately the same volume as BSA monomer peak (Figure 5-4). The 

calculated molecular weight of HELLS-NTD was determined to be 25.58 

kDa ± 4.6 %, while for Irc5-NTD it was calculated to be 25.26 ± 10.2 % 

These calculations are consistent with the purified NTD proteins being 

monomeric. These results contrast with the elution profile from size 

exclusion chromatography and might suggest that Irc5-NTD and HELLS-

NTD may have an extended non-globular shape that causes the proteins to 

elute at a much higher volume than is expected for the monomeric 

molecular weight. Further analysis of other regions of Irc5 and HELLS is 

required to identify the domain or domains responsible for dimerisation of 

the full-length proteins. 
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Figure 5-4 SEC-MALS analysis of His-HELLS-NTD and His-Irc5-NTD shows they are 
monomeric 
SEC-MALS performed on a Superose 6 increase 10/300 GL column at a rate of 0.5 mL/min 
in 50 mM Tris-HCl pH 8.0, 300 mM NaCl, 0.5 mM TCEP using a Wyatt SEC-MALS 
Detector, and chromatograms analysed using ASTRA software (Wyatt). LS (light 
scattering) - green, RIU (differential refractive index) – red, UV absorbance – blue and 
molar mass - black (A) SEC-MALS analysis of BSA (200µg at 2mg/mL concentration). (B) 
Analysis of His-HELLS-NTD (200 µg at 2 mg/mL concentration) by SEC-MALS. (C) 
Analysis of His-Irc5-NTD (90 µg at 0.9 mg/mL) by SEC-MALS. Calculated masses for 
peaks are shown below their respective graphs. 
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Irc5 may form dimers in vivo 

To examine whether Irc5 is capable of forming dimers in vivo, a diploid yeast 

strain was constructed in which one copy of Irc5 is tagged with a TAP tag 

at the endogenous locus, and the other is tagged with a 13-myc tag. This 

was achieved by mating two haploid strains which each contain Irc5 

endogenously tagged with either a Myc tag or a TAP tag (Figure 5-5 A). 

Expression of both tagged proteins in the diploid was confirmed by 

performing a western blot probing for the Myc tag and the CBP portion of 

the TAP tag (Figure 5-5 B left). If Irc5 forms dimers, Irc5-Myc should co-

purify with Irc5-TAP pulled down through purification by IgG Sepharose, 

TEV cleavage and calmodulin beads. The original haploid strains were used 

as a control for non-specific binding. 

The pulldown reactions show that purification of Irc5-TAP was successful 

for both the haploid and diploid strain (Figure 5-5 B). Probing for the Myc-

tag revealed non-specific pull-down of Irc5-Myc from the Irc5-myc haploid 

strain on calmodulin beads. The diploid pulldown reactions show slightly 

more Irc5-Myc being pulled down compared to Irc5-Myc haploid alone. The 

subtle increase in elution of Irc5-myc in the diploid pulldown reactions may 

be indicate dimer formation and the small effect may be due to Irc5-TAP 

protein forming dimers equally with other Irc5-TAP or Irc5-myc proteins. 

However due to the non-specific binding of the haploid strain, a conclusion 

about dimer formation in vivo cannot be made based on these data. More 

stringent buffer conditions are required to remove non-specific binding or a 

change in the tags being used.   
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Figure 5-5 Irc5 diploid pulldown 

(A) Diagram of diploid yeast strain with Irc5-Myc and TAP-Irc5 (protein A, TEV cleavage 
site and calmodulin binding peptide). (B) Western blot results of Irc5 diploid pulldown. The 
Myc-tag and TAP tag were detected by an anti-myc antibody and anti-CBP antibody, 
respectively. Left: Western blot probing soluble protein extracts of haploid yeast strains 
Irc5-myc (ACY100) and Irc5-TAP (ACY15) as well as two diploid Irc5-Myc/TAP (ACY133 
and ACY134) strains. Pulldowns were performed by applying the soluble fractions of 
indicated strains to IgG Sepharose. Beads were washed and subsequently resuspended 
in TEV cleavage buffer incubated with 40 U TEV protease. The supernatant was added to 
calmodulin beads equilibrated in CAM buffer. Beads were washed and resuspended in 
SDS-PAGE loading dye and subjected to western blot analysis. 

5.2.2 DNA binding activity of Irc5 and HELLS 

Analysis of DNA binding activity using Cy3-labelled substrates 

ATP-dependent chromatin remodellers must interact with DNA and 

nucleosomes to alter chromatin architecture. I investigated the DNA-binding 

properties of Irc5 and HELLS recombinant proteins through electrophoretic 

mobility shift assays (EMSA). After incubation of DNA with increasing 

concentrations of protein, DNA structures and protein-DNA complexes were 

resolved on non-denaturing TAE gels to analyse the amount of bound 

versus free DNA. DNA bound to protein migrates slower through the gel 

matrix compared to free DNA.  

A series of synthetic constructs that mimic DNA structures found in vivo 

were generated by annealing fully or partially complimentary 
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oligonucleotides (Table 2-11, Figure 2-1, and Figure 5-6). This was to test 

firstly, whether HELLS and Irc5 bind DNA, and secondly to analyse DNA 

bias toward binding specific structures. Fork structures synthetically 

simulate replication forks or single-stranded flaps that occur during DNA 

repair. Overhangs mimic resection at double-stranded break ends or during 

other repair processes and the Holliday junction structure mimics those 

found during DSBR and recombination. Specificity for these substrates over 

single-stranded or double-stranded DNA, could indicate a role for these 

proteins during replication or repair and indicate the step at which their 

function is important, or may act as a means of recruitment to particular 

locations. The synthetic structures possess a Cy3-fluorescent label on the 

5’ end of one strand to monitor migration and binding. To assess any 

interference of the Cy3 label with binding, 3’ and 5’ fork are structurally 

similar but differ by the position of the Cy3-label (Figure 5-6). 
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Figure 5-6 Cy3-labelled DNA structures 
(A) Cartoon of CY3 labelled DNA structures. Yellow dots on DNA substrate cartoons 
represent position of Cy3 label. Lengths in bp are marked beside their respective 
structures. (B) 10 nM Cy3-DNA substrates were resolved on a 5% acrylamide 0.5X TAE 
gel. Gels were run at 90 V using Gelpilot (Qiagen) loading dye (containing Xylene Cyanol, 
bromophenol blue and Orange G) and were analysed using a fluorescence imager. 
Sequences and positions of Cy3-labels are described in Table 2-11 and Figure 2-1, and 
based on 253.  

 

Both HELLS and Irc5 bind to single-stranded and double-stranded DNA 

It is not yet known whether the HMW or LMW species of Irc5 and HELLS is 

the active form of the proteins and therefore both pools of protein have been 

tested in DNA binding studies. 

HELLS and Irc5 bound single-stranded (SS) 60 bp and double-stranded 

(DS) 60 bp DNA in both their monomeric and dimeric forms (Figure 5-7 A-
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D). This suggests that both the HMW and LMW forms of HELLS and Irc5 

recombinant proteins are at least partially folded and active. Some binding 

reactions resulted in discrete retarded bands, which are likely to represent 

specific, stable protein-DNA complexes. These reactions included Irc5 

HMW, HELLS HMW and HELLS LMW binding to dsDNA, and Irc5 LMW, 

Irc5 HMW and HELLS HMW binding to ssDNA.  In many cases, multiple 

distinct species that may represent one versus multiple proteins bound 

along the length of DNA were detected. Greater smearing of bands, for 

example when the HMW species bind ssDNA, may be caused by less stable 

protein-DNA complexes under the gel conditions used or by binding of 

protein to different positions on the DNA substrate to form complexes with 

differing electrophoretic mobilities. 

Although binding was also observed of HELLS LMW to ssDNA and Irc5 

LMW, less distinct retarded bands were formed. Instead, the DNA was 

present in complexes with very low mobility or that were unable to be 

resolved by EMSA and resulted in the bulk of signal remaining in the well.  

This could be caused by large nucleoprotein complexes formed by 

aggregate species or several molecules of the proteins binding to the DNA.  

HELLS showed a significant bias towards single-stranded over double-

stranded DNA, and the multimeric status of HELLS does not appear to 

change the preference for ssDNA. However, it is possible that a proportion 

of the HMW protein may have dissociated into monomers during the course 
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of the experiment, and therefore some of the protein-DNA complexes may 

represent monomer binding. 

In contrast, Irc5 did not show a statistically significant preference for either 

ssDNA or dsDNA; Irc5 proteins bound to ssDNA and dsDNA at similar 

concentrations.  
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Figure 5-7 HMW and LMW Irc5 and HELLS bind to single-stranded and double-
stranded DNA 

(A) Representative TAE-EMSAs for the titration of HELLS LMW and HMW proteins against 
10 nM Cy3-labelled single-stranded (SS) and double-stranded (DS) DNA substrates (B) 
Graph showing free versus bound DNA relative to no protein control, quantified using 
ImageQuant software. Error bars show SEM of at least three separate biological repeats. 
(C) and (D) same as above except analysing Irc5 LMW and HMW under the same 
conditions. 
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HELLS and Irc5 bind to overhang and fork DNA structures 

I next examined whether HELLS and Irc5 are capable of binding to fork and 

overhang DNA structures. EMSA analysis showed that both Irc5 and HELLS 

are able to bind these structures (Figure 5-8). Comparison of 3’ overhang 

and 5’ overhang structures shows that Irc5 and HELLS bind these structures 

with largely similar affinities and there is no statistically significant difference 

between Kd values. Both Irc5 and HELLS form specific species with each 

of the overhang substrates (Representative gels for all structures can be 

found in the Appendix Figure 9-3 through Figure 9-7).  

A potential drawback of using fluorescence labelling is that the Cy3 label 

may be sufficiently large enough to influence binding to DNA substrates 320. 

To check that the positioning of the Cy3 label did not interfere with binding, 

I used fork structures with a Cy3 positioned either the on the ds-end (3’ fork) 

or the flap ends (5’ fork). All proteins were able to form distinct protein-DNA 

species with the fork substrates with multiple bands of different mobility that 

are largely similar between the 3’ and 5’ forks (representative images can 

be found in the appendix).  

EMSA analysis comparing the fork substrates shows that differences in Kd 

affinities between 3’ and 5’ forks are not-statistically significant, therefore 

position of the Cy3 label does not seem to be interfering with binding (Figure 

5-8,  

 SS DS 3’ fork 5’ fork 3’ OH 

Irc5-LMW 179±2 198±10 55±9 82±4 318±31 

Irc5-HMW 736±25 477±28 385±36 390±65 527±43 

Irc5-K253R LMW 96±8 193±17 42±1 85±18 257±16 

Irc5-K253R HMW 510±48 1013±359 270±34 278±65 1230±196 

Irc5-NTD N/A N/A N/A N/A N/A 

 

Table 5-1,  

 SS DS 3’ fork 5’ fork 3’ OH 5’ OH HJ 

HELLS-

LMW 

118±

2 

247.9±1

3 

83.9±0.

2 48±4 222±23 164±5 163±5 
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HELLS-

HMW 

91±0

.6 258±15 115±1 59±3 92±0.8 204±4 90±1.2 

HELLS-

K253R 

LMW 

157±

10 339±15 132±3 128±3 254±12 229±13 195±8 

HELLS-

K253R 

HMW 

240±2

3 212±14 126±1 138±1 320±16 130±9 155±3 

HELLS-

NTD N/A N/A N/A N/A N/A N/A N/A 

Table 5-2 and Figure 5-16). Irc5 LMW and HELLS LMW bound with greater 

affinity compared to the HMW proteins on both the overhang and fork 

substrates Table 5-1and Table 5-2. As suggested previously, this may be 

because the dimer proteins footprints are larger and are therefore binding 

is restricted by the size of the DNA substrates. The tighter binding of HELLS 

HMW to the 3’ overhang substrate could be due to dissociation of the HMW 

HELLS to monomeric HELLS or could represent a preference of this species 

for 3’ recessed ends. 
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Figure 5-8 Irc5 and HELLS bind overhang and fork structures  
Graphs showing free versus bound DNA relative to no protein control. Error bars show 
SEM of at least three separate biological repeats.  
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HELLS and Irc5 bind Holliday junctions 

DNA binding analysis was completed by examining binding to Holliday 

junction structures. Both Irc5 and HELLS bound to Holliday junctions with 

high affinity, with HELLS showing binding at lower protein concentrations 

than Irc5 (Figure 5-9 A and B). Irc5 LMW and HELLS LMW formed multiple 

stable protein-DNA complexes which possessed reduced electrophoretic 

mobility as protein concentration was increased. HELLS HMW and Irc5 

HMW also bound Holliday junctions, but noticeably only low mobility 

complexes were formed, which may represent multiple copies of the HMW 

proteins attached to the Holliday junction DNA. 

 

Figure 5-9 HELLS and Irc5 bind to Holliday junction DNA substrates 
(A) Graphs showing free versus bound DNA relative to no protein control. Error bars show 
SEM of at least three separate biological repeats. (B) Representative TAE-EMSAs for the 
titration of HELLS LMW and HMW and Irc5 LMW and HMW proteins against 10 nM Cy3-
labelled Holliday junction DNA substrates. 
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Irc5 shows a preference for Holliday junction and fork structures 

In comparison of the affinity of Irc5 to the different DNA structures, I have 

removed the 5’ versions of overhang and fork structures to aid clarity. Full 

comparisons can be found in the Appendix Figure 9-8.  

EMSA analyses showed that Irc5 LMW binds to all of the synthetic 

substrates used (Figure 5-10 A). Calculation of the apparent Kd (Kdapp) 

showed that the 3’ overhang substrate was the least favoured with a Kdapp 

of 318±32 nM, while the 3’ fork and Holliday junction are most favoured with 

a Kdapp of 55±10 and 129 ±16 nM respectively (although this was not 

significant by statistical analysis).  

Overall Irc5 LMW has a higher affinity for DNA compared with Irc5 HMW, 

with greater binding affinities for all substrates (a full list of calculated Kdapp 

can be found in  

 SS DS 3’ fork 5’ fork 3’ OH 

Irc5-LMW 179±2 198±10 55±9 82±4 318±31 

Irc5-HMW 736±25 477±28 385±36 390±65 527±43 

Irc5-K253R LMW 96±8 193±17 42±1 85±18 257±16 

Irc5-K253R HMW 510±48 1013±359 270±34 278±65 1230±196 

Irc5-NTD N/A N/A N/A N/A N/A 

 

Table 5-1, Figure 5-16). This is possibly indicative that LMW is the active 

form of Irc5; Irc5 HMW may not exist in cells or may exist as an inactive 

form as part of regulation of the activity of Irc5. 

The substrate specificity for 3’ fork and Holliday junction substrates can be 

readily seen with Irc5 HMW binding curves (Figure 5-10 B), yielding an 

apparent Kd 385±37 nM and 256±14 nM respectively, with single-stranded 

and double-stranded substrates yielding a Kdapp of 736±25 and 477±28 

nM. For both Irc5 HMW and LMW, there is approximately a 2-3-fold 

statistically significant change in Kdapp between the ds and ssDNA versus 

the 3’fork and Holliday junction DNA. The preference Irc5 displays for these 

structures could suggest a role for Irc5 in binding Holliday junctions in vivo 

during DNA repair or aiding replication where fork structures are found. If 
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this is true, then the fact that Irc5 does not favour overhang structures over 

ssDNA or dsDNA might hint that Irc5 may not be recruited to or be essential 

for resected broken ends that are found during the early stages of repair, 

and is only involved or retained during the later stages when Holliday 

junctions are formed. 

Irc5 HMW prefers single-stranded DNA over dsDNA. Both the fork and 

overhang structures possess regions of ssDNA so the preferential binding 

to forks suggests that binding to ssDNA is not by itself sufficient to explain 

the binding preference.  Binding to additional fork structures that mimic 

replication forks or repair intermediates could be further examined.  

Furthermore, the Holliday junction lacks any single-stranded DNA region. 

Irc5 must therefore recognise and bind to the structured dsDNA of this 

substrate with greater affinity than the linear dsDNA substrate. The affinity 

for Holliday junctions may be due to a stabilising effect from the branched 

DNA. A full list of apparent Kd calculated for Irc5 proteins with all DNA 

substrates can be seen in  

 SS DS 3’ fork 5’ fork 3’ OH 

Irc5-LMW 179±2 198±10 55±9 82±4 318±31 

Irc5-HMW 736±25 477±28 385±36 390±65 527±43 

Irc5-K253R LMW 96±8 193±17 42±1 85±18 257±16 

Irc5-K253R HMW 510±48 1013±359 270±34 278±65 1230±196 

Irc5-NTD N/A N/A N/A N/A N/A 

 

Table 5-1 and Figure 5-16. 
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Figure 5-10 Irc5 LMW and HMW show varying substrate specificity 
Graphs showing free versus bound DNA relative to no protein control against titration of 
Irc5 LMW (A) and Irc5 HMW (B) in nM protein using different DNA substrates. Error bars 
show SEM of at least three separate biological repeats. 
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HELLS shows a preference for fork and Holliday junction substrates 

I performed the same comparison of DNA binding affinities for HELLS. 

HELLS LMW and HMW also show a modest preference for single-stranded 

DNA and Holliday junction substrates (Figure 5-11). The most preferred 

substrate was the 3’fork and 5’fork substrates. Overall, HELLS showed 

much stronger affinity for DNA compared with the Irc5 proteins and it may 

be beneficial to repeat these assays at lower concentrations to obtain more 

accurate apparent Kd for some of substrates that are most tightly bound. 

Competition-based assays would also be useful to obtain more accurate Kd 

calculations. However, these results indicate a binding preference of HELLS 

for more complex structures and reflect the results found with Irc5. A full list 

of the calculated Kdapp for these substrates can be found in  

 SS DS 3’ fork 5’ fork 3’ OH 5’ OH HJ 

HELLS-

LMW 

118±

2 

247.9±1

3 

83.9±0.

2 48±4 222±23 164±5 163±5 

HELLS-

HMW 

91±0

.6 258±15 115±1 59±3 92±0.8 204±4 90±1.2 

HELLS-

K253R 

LMW 

157±

10 339±15 132±3 128±3 254±12 229±13 195±8 

HELLS-

K253R 

HMW 

240±2

3 212±14 126±1 138±1 320±16 130±9 155±3 

HELLS-

NTD N/A N/A N/A N/A N/A N/A N/A 

Table 5-2 and Figure 5-16.  
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Figure 5-11 HELLS LMW and HMW show varying substrate specificity 

Graphs showing free versus bound DNA relative to no protein control against titration of 
HELLS LMW (A) and HELLS HMW (B) in nM protein using different DNA substrates. Error 
bars show SEM of at least three separate biological repeats.  
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Irc5-NTD does not bind to DNA 

To begin to define domains that are important for binding DNA, the DNA 

binding activity of the purified N-terminal protein, Irc5-NTD was examined. 

Irc5-NTD does not contain any of the conserved helicase motifs. 

In these assays, Irc5-NTD did not bind DNA unless at very high protein 

concentrations suggesting that this domain does not contribute significantly 

to the DNA binding activity of Irc5 (Figure 5-12 A). As such, reliable 

calculation of the apparent Kd for these substrates was not valid or possible. 

Representative EMSAs with the Holliday junction shows that Irc5-NTD does 

not create any specific species indicating only non-specific or unstable 

DNA-protein complexes (Figure 5-12 B and C). The small amount of binding 

at high concentrations is probably not relevant biologically, but there is a 

minor preference for certain structures (ssDNA, 3’ fork and Holliday 

junctions). We cannot exclude that the NTD may contribute to specificity, 

but it does not contribute significantly to the affinity of Irc5 for DNA. The 

DNA-binding domain appears to be located within the C-terminus of the full-

length protein which contains the helicase motifs, as may be expected 

based on comparison with other remodellers. In future, DNA binding assays 

with the C-terminal domain of HELLS and Irc5 would be beneficial in 

isolating domains important for DNA binding affinity. 
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Figure 5-12 Irc5-NTD titration against selected DNA substrates 
(A) Graph showing free versus bound DNA relative to no protein control against titration of 
Irc5-NTD (nM) using different DNA substrates. Error bars show SEM of at least three 
separate biological repeats. (B) Representative EMSAs titrating Irc5 LMW, HMW and Irc5-
NTD against Holliday junction substrate. (C) Graph comparing Irc5-LMW Irc5-HMW and 
Irc5-NTD with Holliday junction substrate.  
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HELLS-NTD may retain partial DNA-binding activity 

DNA binding assays were also performed with HELLS-NTD. HELLS-NTD is 

predicted to have a coil-coil domain and a short nuclear localisation signal 

motif beginning at amino-acid position 123 (predicted according to cNLS 

mapper online tool 321). In comparison to Irc5-NTD, HELLS-NTD bound 

DNA with higher affinity, raising the possibility that the N-terminal domain of 

the HELLS protein could make a contribution to DNA binding (Figure 5-13 

A). A modest substrate specificity remained for HELLS-NTD which showed 

a preference for Holliday junction, 3’ fork and overhang structures while 

ssDNA and dsDNA were least tightly bound. Comparison with the full-length 

proteins shows that although binding to ssDNA was much reduced, Holliday 

junction affinity was only mildly reduced compared to HELLS LMW and 

HMW (Figure 5-13 B). Representative EMSAs using the Holliday junction 

substrate shows that HELLS-NTD forms specific DNA-protein species like 

the full-length proteins (Figure 5-13 C). 

However, the DNA-binding capability is still reduced in comparison to the 

full-length suggesting that additional DNA binding contacts exist in the C-

terminal region. HELLS-NTD DNA binding may be a result of the positive 

charge of the NLS, rather than a specific interaction. The theoretical pI of 

HELLS-NTD is 8.35 and will therefore be able to bind DNA via 

electrostatic interactions regardless of the sequence. In contrast, Irc5-NTD 

has a theoretical pI of 4.7 which means it is less likely to bind DNA due to 

its charge at physiological pH. The NTDs may or may not be exposed in 

the context of the full-length protein, so it is possible that the DNA binding 
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activity of the HELLS NTD is not biologically relevant. 

 

Figure 5-13  HELLS-NTD titration against selected DNA substrates 
Graphs show fraction bound DNA relative to no protein control against titration of HELLS-
NTD (nM) using different DNA substrates. Error bars represent SEM of at least three 
separate biological repeats. (A) DNA binding comparison of different DNA substrates. (B) 
Comparison of DNA binding between HELLS-HMW, HELLS-LMW, and HELLS-NTD using 
single-stranded and Holliday Junction substrates as examples. (C) Representative EMSAs 
for titration of HELLS LMW, HELLS-HMW and HELLS-NTD against Holliday junction DNA 
substrate.  
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Catalytic activity of Irc5 LMW does not affect DNA binding but alters affinity 

of Irc5 HMW for some structures 

To further analyse what domains are important for DNA binding, the DNA 

binding properties of the catalytic mutant Irc5 K253R was analysed. The 

addition of ATP to DNA-binding assays with Irc5 did not influence binding 

activity (data not shown), therefore the ATPase mutation was not expected 

to influence affinity for DNA.  

Both the HMW and LMW versions of the K253R point mutant were tested 

and overall Irc5 K253R has largely similar affinity for DNA as wt Irc5 and the 

same modest preference for certain structures (Figure 5-14 A). Although the 

K253R proteins have similar affinities for most substrates (the single-

stranded and 3’ fork substrates have been given as examples in Figure 5-14 

B), and differences in Kd are non-significant. Irc5-HMW K253R has a 

marked reduction in binding affinity for the dsDNA and 3’ and 5’ overhang 

substrates (Figure 5-14 B,  

 SS DS 3’ fork 5’ fork 3’ OH 

Irc5-LMW 179±2 198±10 55±9 82±4 318±31 

Irc5-HMW 736±25 477±28 385±36 390±65 527±43 

Irc5-K253R LMW 96±8 193±17 42±1 85±18 257±16 

Irc5-K253R HMW 510±48 1013±359 270±34 278±65 1230±196 

Irc5-NTD N/A N/A N/A N/A N/A 

 

Table 5-1, Figure 5-16 and supplementary Figure 9-8). 

The K253R point mutation is located within the Walker A motif that binds 

ATP. It is possible that a DNA binding motif is located to this region and a 

point mutation has caused a reduction in DNA binding function in the dimeric 

form of Irc5 or that the conformation of distant DNA binding regions has 

been altered, but that it is not sufficient to alter the overall substrate 

specificity of Irc5, or the affinity of monomeric Irc5. 
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Figure 5-14 Catalytic activity of Irc5 LMW does not affect DNA binding but alters 
affinity of Irc5 HMW for some structures 
(A) Irc5-K253R LMW and Irc5-K253R HMW titrations against selected substrates (B) 
Comparison of Irc5 HMW, LMW, catalytic mutants and Irc5-NTD with single-stranded, 3’ 
fork, double-stranded and 3’ overhang substrates. Error bars represent the SEM of at least 
3 separate biological repeats.
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Catalytic activity does not affect HELLS DNA binding affinity 

The effect of an ATPase mutation, K254R, on DNA binding was next 

examined for HELLS. Similar to wt HELLS, both K254R LMW and HMW 

showed a preference for forks and Holliday junctions, relative to other 

substrates (Figure 5-15 A). However, comparison with wt HELLS shows that 

affinity for these preferred substrates is reduced upon introduction of the 

K254R mutation (Figure 5-15 B). HELLS LMW and HMW both show 

preference for ssDNA, forks, Holliday junctions and 3’ overhangs. The 

K254R mutants shows reduced binding affinities for all four of these 

substrates; this mutation reduces affinity for preferred substrates. Statistical 

analysis measuring difference of Kd between wt and K254R shows that 

these differences are not- significant. If there are differences in binding 

affinity competition-based experiments would be best to determine 

difference in binding affinities. As mentioned before, it is possible a DNA 

binding motif may be within the Walker A region and in HELLS may direct 

the substrate specificity of the protein, or that this mutation alters the 

conformation of a DNA binding region reducing the substrate specific DNA 

binding function. A full list of apparent Kd calculated for HELLS, HELLS-

NTD and K254R proteins is presented in Table 5-2, and Figure 5-16.  
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Figure 5-15 Catalytic activity of HELLS-LMW does not affect DNA binding but it does 
for HELLS-HMW 
(A)  HELL-K254R LMW and HELLS-K254R HMW titrations against selected substrates. 
3000 nM data point has been removed for clarity. (B) Comparison of HELLS HMW, HELLS 
LMW, catalytic mutants and HELLS-NTD with single-stranded, and Holliday junction 
substrates. Only 0 – 500 nM data points have been included for clarity. Error bars represent 
the SEM of at least 3 separate biological repeats. 
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 SS DS 3’ fork 5’ fork 3’ OH 5’ OH HJ 

Irc5-LMW 179±2 198±10 55±9 82±4 318±31 186±11 129±16 

Irc5-HMW 736±25 477±28 385±36 390±65 527±43 585±81 256±14 

Irc5-K253R LMW 96±8 193±17 42±1 85±18 257±16 314±15 135±6 

Irc5-K253R HMW 510±48 1013±359 270±34 278±65 1230±196 1481±263 334±15 

Irc5-NTD N/A N/A N/A N/A N/A N/A N/A 

 

Table 5-1 Apparent Kd of Irc5 and modified versions of Irc5 with synthetic DNA substrates 

The fraction of DNA bound versus free DNA from three independent repeats were fitted with non-linear regression using GraphPad Prism to obtain 
the apparent dissociation constant.  

 SS DS 3’ fork 5’ fork 3’ OH 5’ OH HJ 

HELLS-LMW 118±2 247.9±13 83.9±0.2 48±4 222±23 164±5 163±5 

HELLS-HMW 91±0.6 258±15 115±1 59±3 92±0.8 204±4 90±1.2 

HELLS-K253R 

LMW 157±10 339±15 132±3 128±3 254±12 229±13 195±8 

HELLS-K253R 

HMW 240±23 212±14 126±1 138±1 320±16 130±9 155±3 

HELLS-NTD N/A N/A N/A N/A N/A N/A N/A 

Table 5-2 Apparent Kd (nM) of HELLS and modified versions of HELLS with synthetic DNA substrates 

The fraction of DNA bound versus free DNA from three independent repeats were fitted with non-linear regression using GraphPad Prism to obtain 
the apparent dissociation constant. 
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Figure 5-16 Comparison of Kd values for DNA-binding assays 

Apparent Kd (nM protein) for HELLS and Irc5 and point mutants (HMW and LMW) for each of the structured DNA substrates. Error bars represent 
the SEM of 3 separate biological repeats.  
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Irc5 requires a DNA substrate > 25 bp and HELLS requires > 20 bp for DNA 

binding 

To determine the minimum length of DNA required for efficient binding, I 

compared the binding of HELLS and Irc5 to blunt linear dsDNA of different 

lengths from 15 bp to 60 bp. These substrates are all 5’ Cy3 labelled (Figure 

5-17). The addition of HELLS HMW and LMW to these substrates showed 

that they bind to DNA fragments above 20 bp in length, while Irc5 LMW and 

HMW bound fragments at least 25 bp long (Figure 5-18, Figure 5-19). The 

dsDNA substrate used in the previous section was 60 bp in length and the 

flaps and branches of the fork and Holliday junctions were 30 bp in length 

(although the length of the whole oligo is 60 bp). This means that they are 

above the minimum length for binding to Irc5 and HELLS. The 3’ and 5’ 

overhang flaps are 15 bp in length which might explain why these substrates 

are generally least favoured. However, this would only be the case if the 

proteins are binding only to the ssDNA ends rather that the dsDNA regions 

of the overhang structures (the entire length of the overhang structure is 75 

bp). 

Specific stable complexes were observed on these short substrates for 

LMW HELLS, but complexes were shifted into wells using HMW Irc5. This 

could be due to the larger dimer binding compared to monomeric Irc5. The 

same can be seen for HELLS HMW, however HELLS LMW only formed 

specific species with the 20 bp substrate. Another point of interest is that 

Irc5 and HELLS show increasing binding affinity as the length of DNA is 

increased.   

 

Figure 5-17 Cy3-labelled DNA length substrates 

10 nM dsDNA annealed substrates varying from 15 to 60 bp in length resolved on a 0.5 X 
TAE 5 % acrylamide non-denaturing gel. 
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Figure 5-18 EMSAs of DNA length binding assay 
Representative images for the DNA length binding assay for HELLS LMW, HELLS-HMW, 
Irc5-LMW and Irc5-HMW each at 500 nM protein concentration showing binding properties 
with 10 nM Cy3-labelled double-stranded annealed substrates ranging from 15 to 60 bp in 
length. 
. 
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Figure 5-19 DNA binding properties of HELLS and Irc5 with DNA of varying lengths 

Graphs show fraction bound DNA relative to no protein control using dsDNA between 15 
and 60 bp in length and a protein concentration of 500 nM in all reactions. Error bars 
represent the SEM of at least 3 separate repeats. (A) Graphs for Irc5 LMW and HMW (B) 
Graphs for HELLS LMW and HMW. 
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5.2.3 ATPase activity of HELLS and Irc5  

HELLS and Irc5 display weak intrinsic ATPase activity 

DNA or nucleosome stimulated ATPase activity is a shared feature among 

all chromatin remodellers studied to date. Generally, turnover rates for 

chromatin remodeller proteins are low compared to traditional helicase 

ATPases and for that reason are frequently analysed through the use of a 

thin layer chromatography (TLC) radioactive ATPase assay. This assay is 

particularly sensitive, and directly quantifies free phosphate generated by 

ATP turnover. 

The HMW and LMW versions of both HELLS and Irc5 possessed low 

ATPase activity in this assay (Figure 5-20 A and B). ATPase activity 

increased in a protein concentration-dependent manner. HMW and LMW 

proteins were both tested at concentrations based on the monomeric 

molecular weight. The HMW species of Irc5 and HELLS both displayed 

higher ATPase activity than the monomer, suggesting that these are not 

aggregate samples of protein and that both versions may be active and will 

be analysed further in other assays. 

Surprisingly, proteins with substitutions in the Walker A ATP binding motif 

did not show ablation of all ATPase activity. At low protein concentrations, 

the LMW and HMW-K254R HELLS proteins showed a modest, but not 

statistically significant, decrease in hydrolysis of ATP. Even more 

surprisingly, the K253R mutation in Irc5 appeared to have increased the 

rate of hydrolysis (Figure 5-20 B). It is possible that background 

contaminants in the protein purifications may contain an ATPase which 

might mask the low activity of Irc5 and HELLS. To address this, a mock prep 

of Hi5 tested to control for background contaminants. Using equivalent 

volumes to the wild-type HELLS protein at 500 nM concentration, there was 

no notable increase in ATP hydrolysis above the buffer only control (data 

not shown). It remains possible that an ATPase that binds Irc5 or HELLS 

has copurified. It is also possible that ATP binding has not been completely 

inhibited by this substitution. Creation of a mutant with a substitution in the 

Walker B motif, important for the hydrolysis of ATP rather than binding ATP, 

may result in complete ablation of activity. 
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I also tested Irc5-TAP purified from yeast in the TLC ATPase assay, using 

Rsc2-TAP complex as a control (Figure 5-21). The Rsc2-TAP complex 

possessed ATP turnover activity (in the absence of stimulating factors) that 

is comparable to Irc5-TAP. The fact that Irc5 purified by two very different 

methods, from two different species, displays ATPase hydrolysis is 

consistent with Irc5 possessing ATPase activity. 

Future work should include purification of recombinant proteins containing 

additional ATPase point mutants and purification of mutants from the Irc5-

TAP strain, which should help to address why recombinant Irc5-K253R 

protein retains ATPase activity. It is also possible that in the absence of a 

stimulating factor for Irc5 and HELLS the rate of ATP hydrolysis is low and 

that the differences between wild-type and catalytic mutants are not 

significant. 
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Figure 5-20 Measurement of ATP turnover rates of HELLS and Irc5 through the use 
of radioactive TLC ATPase assays 
All reactions above were performed for 1hour at 30 °C for yeast proteins, and at 37 °C for 
HELLS. No substrates were added to help stimulate activity. (A) Representative images 
of radioactive TLC assay show γ32P-ATP at the bottom and free phosphate released at 
the top of image. Below the images show graph representing the number of pMoles of 
ATP hydrolysed/min for HELLS-HMW, K254R-HMW, HELLS-LMW and K254R LMW at a 
range of concentrations. Error bars represent SEM of the independent repeats (B) Same 
as (A) except with Irc5 proteins as well as corresponding K253R mutants. 
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Figure 5-21 Irc5-TAP and RSC2-TAP display ATPase activity 
Graphs representing the number of pMoles ATP hydrolysed/min for Irc5-TAP (A) and the 
RSC2-TAP complex (B) at a range of concentrations. 

 

Investigation of potential stimulating factors of Irc5 and HELLS ATPase 

activity 

Establishing conditions that stimulate the activity of HELLS and Irc5 will help 

to decipher the function of these proteins. Since they both display a low 

intrinsic ATPase activity in the absence of any other factor, I aimed to 

identify candidate factors that increased ATPase activity.  

Circular plasmid DNA, lambda DNA and unlabelled versions of the synthetic 

DNA substrates used in EMSA experiments were added to investigate DNA-

stimulation of HELLS and Irc5 ATPase activity. Native mononucleosomes 

isolated from yeast and calf thymus histones (CTH) were added to allow 

assessment of whether Irc5 and HELLS are stimulated by components of 

the nucleosome. I also included PCNA, the replicative sliding clamp, since 

work from our lab has established that it interacts with Irc5. 

HELLS LMW ATPase activity was modestly stimulated by CTH but not by 

any of the other substrates tested (Figure 5-22 A). HELLS HMW ATPase 

did not show stimulation by any of the substrates used. Irc5 LMW ATPase 

activity was also mildly stimulated by calf thymus histones but no other 

substrates (Figure 5-22 B). It is unexpected that calf thymus histones but 

not native mononucleosomes from yeast, which would also contain 

histones, resulted in stimulation. The mononucleosomes also displayed a 

high level of background ATPase activity which may mask any stimulation 

of ATPase activity and the concentration added may not have been 

comparable to calf thymus histones. Different sources of nucleosomes, 
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such as assembled nucleosomes may show lower background ATPase 

activity, and individual histones could be used to further investigate histone 

stimulation of ATPase activity. Irc5 HMW was stimulated by dsDNA, but not 

by any of the other DNA substrates. Additionally, these substrates failed to 

stimulate Irc5-TAP ATPase activity (data not shown). 

Since both HELLS and Irc5 display increased DNA binding activity as the 

length of DNA increased, it was possible that longer DNA substrates could 

stimulate ATPase activity further. However, neither the circular plasmid 

pSRTB1 (which could mimic DNA of infinite length) or linearised plasmid 

induced ATPase activity above that of the protein on its own. The absence 

of any significant stimulation of Irc5 and HELLS, together with the catalytic 

mutant data, raises the possibility that the recombinant proteins are not 

active. However, the DNA binding activity of Irc5 and HELLS points to these 

proteins being folded and active.  

While many chromatin remodellers show DNA and nucleosome stimulation 

of ATPase activity, it is possible that a particular chromatin substrate is 

required for HELLS and Irc5 activity. Work from our lab has shown a 

possible role for HELLS at heterochromatic regions and Irc5 plays a role at 

rDNA loci and at telomeres. Therefore, it is possible a heterochromatic 

factor or protein partner is required for stimulation. Intramolecular inhibition 

of HELLS and Irc5 could prevent ATPase activity in the absence of an 

activating modification or partner.  
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Figure 5-22 TLC ATPase assay with HELLS and Irc5 LMW and HMW with various 
substrates 
All reactions above were performed for 1 hour at 30 °C for yeast proteins, and at 37 °C for 
HELLS proteins. Graphs represent the number of pMoles of ATP hydrolysed/min with 
different potential stimulating factors (n=1 repeat). (A) HELLS LMW and HMW were 
incubated in the reaction at 500 nM concentration with lambda DNA (500 ng), calf thymus 
histones (500 ng), unlabelled DNA structures (i.e., ssDNA – Holliday junction; 30 nM), 
PCNA (500 nM), circular and linear DNA (pRSTB1 plasmid, 30 nM), and yeast 
mononucleosomes (1 µg). (B) Irc5 LMW and HMW at 500 nM protein concentration. 
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5.2.4 HELLS and Irc5 translocation and chromatin remodelling 

activity 

HELLS and Irc5 do not display translocation activity significantly above 

background in a triplex displacement assay 

In this section, I have investigated the motor activity of HELLS using a triplex 

oligonucleotide displacement assay that is able to monitor DNA 

translocation activity. Several chromatin remodellers have shown activity in 

this assay, such as Sth1, the catalytic core of the RSC complex and ISWI 

106,107. The assay involves the formation of a “triplex” substrate using a 

labelled oligo that anneals to a specific site on the double-stranded circular 

plasmid pSRTB1 under acidic conditions by Hoogsteen base pairing (Figure 

5-23). Translocation of a protein along dsDNA can result in the 

displacement of the triplex-forming oligo (TFO) from the circular plasmid. 

Displacement is measured by resolution of the samples on an agarose gel 

and analysis of the free TFO band, which migrates faster than the triplex 

structure.  

 

Figure 5-23 Diagram of Triplex forming oligo binding site on pSRTB1 
pSRTB1 plasmid contains a TFO binding site (black box) +39 to 60 bp downstream of a 
T7A1 promoter. Circular or linearised pSRTB1 can be used in this assay. Restriction sites 
which can be used to linearise the plasmid, ClaI and AlwNI, are shown in italics. TFO 
binds to the major groove of the plasmid DNA in a sequence specific manner to the 
transcribed strand (sequences are shown in the insert). 

 

Preliminary assays using high concentrations of protein without elimination 

of protein prior to resolution on gels, showed binding of HELLS to the free 

TFO and supercoiled plasmid (data not shown) which interfered with 
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analysis of displaced TFO. Proteinase K treatment of these samples 

removed most of the DNA-binding interference by HELLS and Irc5, however 

some has remained. This is because the TFO displacement assay is 

performed at room temperature to prevent the triplex from dissociating, 

while optimal proteinase K treatment is performed at higher temperatures 

(optimal digestion temperature is 65°C). DNA binding to the free TFO is still 

observable, therefore caution should be applied when interpreting the 

quantification of the free TFO (Figure 5-24). UvrD helicase protein was 

included as a positive control for displacement of TFO (Figure 5-24, top 

panel) 322. 

 Significant translocation activity was not observed for either HELLS LMW 

or HMW or Irc5 LMW and HMW, above that of the buffer only control (Figure 

5-24). CBP-Irc5 purified from yeast did not show any translocation activity 

either (data not shown). The representative images show that reactions 

containing ATP have a slightly stronger signal for free TFO compared to the 

no ATP controls. This may be due to modest translocation activity for HELLS 

and Irc5 but that this is not under optimal buffer conditions.  It is possible 

that a linear plasmid DNA substrate may be more suitable for activity. We 

may be able to use a shorter DNA fragments to assemble the triplex as this 

may prevent HELLS binding to sites far away from the TFO fragment. 

HELLS and Irc5 may only translocate short distances and be titrated by an 

excess of DNA. It appeared that reactions containing increasing 

concentrations of HELLS HMW and Irc5 LMW display an increase of nicked 

plasmid DNA, while simultaneously supercoiled DNA is no longer 

observable. Potentially this is an effect of DNA binding, however more likely 

there is a low-level contaminant that is capable of nicking DNA. This may 

also interfere with translocation activity. 
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Figure 5-24 HELLS does not display translocation activity 
Translocation assay as measured by the displacement of free TFO from pSRTB1 plasmid. 
50 nM final concentration of protein and +/- 2 mM ATP. Reactions were proteinase K 
treated and samples resolved on a 1 % agarose gel. Free TFO was resolved from non-
displaced substrates on a 1% agarose gel, which was fixed and then viewed by phosphor 
imager. Gels show nicked and supercoiled plasmid pSRTB1 with TFO attached, as well as 
free TFO running as a lower band on the gel.  Percentage displaced TFO was calculated 
using Image Quant software and error bars represent SEM of 3 biological repeats. Top 
panel: representative image shows addition of UvrD at 250 nM final protein concentration 
as positive control in final two lanes. UvrD was not included for a full set of repeats and 
hence is not included in displaced TFO calculations. 



Biochemical characterisation of Irc5 and HELLS 

 

202 
 

HELLS and Irc5 do not slide nucleosomes  

Nucleosome sliding is one of the possible chromatin remodelling activities 

that Irc5 and HELLS might possess. Chromatin remodellers can often show 

a preference for either sliding centre positioned nucleosomes to the end or 

vice versa. I performed preliminary experiments to see if HELLS and Irc5 

possess nucleosome sliding activity. Nucleosomes have been assembled 

on to a murine rDNA fragment DNA sequence (5’ Cy3 labelled) which adopt 

either a centre or end position on the labelled DNA. The two pools of 

differently positioned nucleosomes were extracted and incubated with a 

wide-range of  concentrations of HELLS and Irc5 in the presence of ATP 

(Figure 5-25). Sliding was monitored by the differing electrophoretic mobility 

of centre-positioned and end nucleosomes on a non-denaturing EMSA gel. 

Centrally positioned nucleosomes migrate slower than nucleosomes 

positioned at one end of the DNA fragment.  

As expected, RSC-TAP complex, which was included as a positive control, 

was able to slide centre-positioned nucleosomes to the end of a DNA 

fragment but not vice versa (Figure 5-25). HELLS did not show detectable 

nucleosome sliding ability on either centre- or end-positioned nucleosomes. 

Irc5 showed some modest sliding ability on centre-positioned nucleosomes 

particularly at 250 nM protein concentration. At higher concentrations, Irc5 

did not show observable sliding activity. This may be due to higher 

concentration of Irc5 coating the nucleosome which may have prevented 

translocation and sliding abilities. To stop the reactions, plasmid DNA was 

added to compete the protein off the nucleosomes before resolution on non-

denaturing gels, however some binding to nucleosomes is still observable 

at high concentrations of HELLS and Irc5. This suggests that both proteins 

display nucleosome binding activity. This could be studied further by 

comparing DNA and nucleosome binding activity by EMSA. The potential 

nucleosome sliding ability of Irc5 must in future, be repeated with the rDNA 

centre- and end- positioned nucleosomes, testing different buffer conditions 

and additionally with nucleosomes reconstituted onto the Widom 601 DNA 

sequence. 
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It is possible that both HELLS and Irc5 possess a more subtle nucleosome 

altering activity. A restriction enzyme accessibility assay could by 

performed, using DNA which harbours a restriction enzyme site located at 

the site of the positioned nucleosome. This may reveal more subtle changes 

to the DNA positioned on the nucleosome. Rather than sliding or ejection of 

whole nucleosomes, HELLS and Irc5 may translocate to introduce a 

distortion of DNA around the histone core which could be detected by the 

restriction enzyme assay. HELLS or Irc5 could also function to exchange 

histone variants from the nucleosome core. By incubating the recombinant 

proteins with reconstituted mononucleosomes and free tagged-histones, we 

can monitor histone exchange by western botting for the incorporation of 

the tagged histones 161.  
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Figure 5-25 HELLS does not slide nucleosomes and Irc5 may slide centre 
nucleosomes 
Centre-positioned nucleosomes (lane 1) and end-positioned nucleosomes (lane 2) 
incubated with increasing concentrations of HELLS HMW and LMW or Irc5 HMW and 
LMW protein in the presence of 2 mM ATP (-ATP control is included containing 2000 nM 
protein. RSC-TAP complex (400 ng or approximately 40 nM based on estimated 945 kDa 
Mw) was included as a control. Reaction products were resolved on a 4.5% acrylamide 
0.4 X TBE non-denaturing gel. Gels were visualised using Typhoon imager.  
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5.3 Discussion 

This chapter covers initial biochemical characterisation of purified 

recombinant Irc5 and HELLS. SEC-MALS and analytical gel filtration 

studies of the full-length proteins showed that HELLS an Irc5 are capable 

of forming dimers. It is unclear which of the HMW and LMW proteins are the 

fully active form of the protein. Both bind DNA and possess low basal 

ATPase activity with the ATPase activity of HMW slightly greater.  The HMW 

form of HELLS has been shown by SEC-MALS to dissociate into monomeric 

protein and is likely to be in equilibrium between the two forms. It may be 

that both are active forms and the dimer associates to fulfil a specific 

function. Modifications or binding to a protein partner could stabilise the 

interaction or possibly allow a switch between the two forms to regulate the 

function of HELLS and Irc5. It has previously been shown that native HELLS 

purified from mammalian HeLa cells and recombinant HELLS purified from 

insect cells eluted from size exclusion at a volume corresponding to ~150 

kDa 219. HELLS has a molecular weight of ~97 kDa and the larger size 

observed was proposed to be due to interaction with smaller proteins (a 

band of a smaller molecular weight could be observed by western blotting 

using anti-Lsh antibody), but analysis of native and recombinant HELLS by 

sucrose gradient showed HELLS to be monomeric 219.  However high salt 

concentrations were used (420 mM NaCl) during their analysis which may 

have disrupted protein interactions. Sucrose gradient sedimentation or 

ultracentrifugation could be used with the HELLS and Irc5 proteins I have 

purified, to further analyse the multimeric status of these proteins.   

Attempts to determine whether Irc5 forms dimers in vivo were inconclusive 

and requires further optimisation. Pulldowns from mammalian cells would 

also address the question of whether HELLS dimerises in vivo. Introduction 

of a tagged version of HELLS would enable analysis of multimeric status. 

The fact that HELLS and Irc5 can form dimers provides an interesting insight 

into their structure-function relationship. Ino80 is a functional as a dimer 

requiring both complexes for nucleosome sliding and monitoring DNA length 

159. Therefore, analysis of both HMW and LMW versions of Irc5 and HELLS 
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in biochemical assays is informative to assess if there is a difference in 

function. 

I have established through SEC-MALS analysis that the N-terminal portion 

of both Irc5 and HELLS are monomeric. Further truncation of the C-terminal 

domain of the full-length proteins could narrow down a site that is required 

for dimerisation. Generation of truncated proteins or specific point-mutants 

to generate a dimerisation mutant will be useful for analysis of the 

importance of dimerisation for biochemical and biological function. Further 

work should include purification of the CTDs of HELLS and Irc5 to see if 

they are also capable of forming dimers. 

The DNA-binding properties of both Irc5 and HELLS have been established 

in this chapter. In general, Irc5 and HELLS tend to show preferential binding 

to 3’ fork and Holliday junction structures. Determining Kd values for 

different DNA substrates is perhaps not best performed by EMSA analysis, 

and in future competition-based assays by fluorescence anisotropy would 

be a better alternative for determining binding affinities. This data has 

however, shown interesting preliminary results for HELLS and Irc5 binding 

to structured DNA substrates. Binding to these structures in vivo may permit 

alteration of chromatin structure at these locations. The branched and 

structured DNA substrates that were bound most tightly mimic structures 

that arise during replication and HR and would be consistent with a role DSB 

repair. Whether these DNA binding preferences relate to a chromatin 

remodelling activity, such as moving nucleosomes around the sites of 

breaks or ahead of replication forks, is not yet clear. Further work could 

include analysis of binding to full replication fork mimics and flap structures. 

We could also analyse the enrichment of HELLS and Irc5 at replication forks 

in cells. For example, we could monitor co-localisation of HELLS with 

replication foci using BrdU incorporation as a marker, or we could monitor 

replication fork progression by measuring the length of BrdU tracks in yeast 

323,324. Since Irc5 interacts with PCNA, a replicative sliding clamp, this may 

also indicate a role for Irc5 at forks.  
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The data finds a requirement for a minimal length of 25 and 20 bp DNA for 

Irc5 and HELLS binding respectively but has not shown stimulation of ATP 

turnover by DNA. Calf thymus histones modestly stimulated ATPase activity 

but further work is required to investigate factors that results in robust 

stimulation of Irc5 and HELLS ATPase activity. Additional proteins or 

substrates or PTMs are likely to be needed to induce activity. Without a 

genuinely defective ATPase mutant, it cannot be totally ruled out that the 

recombinant proteins are not fully active, although Irc5 and HELLS both 

showed DNA binding activity and Irc5 purified from different sources 

displayed low basal ATP turnover.  

I was not able to observe nucleosome sliding activity for HELLS or Irc5; this 

may also need a stimulating factor. HELLS and Irc5 did not show robust 

translocation activity in the TFO displacement assay. However, this activity 

may also be increased by interaction with a partner protein or substrate or 

by optimisation of buffer conditions.  Further work could also include the use 

of a linear template in the TFO assay to see if this subfamily of proteins 

requires an DNA end to bind for optimal translocation activity. Nucleosome 

sliding may not be the primary chromatin remodelling activity of HELLS or 

Irc5, and a restriction enzyme accessibility assay may show more minor 

modifications to the nucleosome structure. A histone dimer exchange assay 

could also be employed to see if this is the major remodelling activity of 

HELLS and Irc5. 

Recent work has shown that CDCA7 is required as a stimulating factor for 

Xenopus HELLS nucleosome sliding ability 240. Depletion of CDCA7 in 

human cells has shown a reduction in HELLS localised at chromatin. 

However, a direct interaction has not yet been shown with the human 

proteins. Our lab is attempting to purify human CDCA7 for biochemical 

analyses which will help to establish whether it stimulates HELLS activity. 

Arabidopsis thaliana DDM1 is able to remodel nucleosomes in the absence 

of a protein partner, while murine Lsh displays modest DNA and 

nucleosome-stimulated ATPase activity 96,248. Taken together it seems likely 

that interaction with a partner protein is required for maximal activity of the 

Lsh subfamily of remodellers. Mass spectrometry analysis of HELLS 
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purified from mammalian cells could identify potential protein partners. As 

mentioned in Chapter 3 discussion, this has already been performed with 

Irc5 purified from yeast which has identified a number of proteins involved 

with transcription, heterochromatin and other chromatin remodelling 

complexes that could be investigated. 

Why CDCA7 binding to Xenopus HELLS stimulates its nucleosome sliding 

ability is unclear. It is possible that binding causes a structural 

rearrangement of the protein to induce sliding or alters affinity for DNA. I 

have initiated expression and purification of the C-terminal regions of Irc5 

and HELLS which contain helicase motifs. It is possible that there may be 

intramolecular inhibitions by the N-terminal region that suppresses 

chromatin remodelling and ATPase activity. ISWI remodellers possess 

AutoN and NegC inhibitory motifs that regulate nucleosome sliding ability 

142. Binding of these domains to nucleosomes, or removal of these motifs 

allows the complex to translocate across DNA and slide nucleosomes in the 

absence of its normal stimulating factors. Similarly, HELLS and Irc5 may 

also possess some inhibitory module that prevents the intrinsic ATPase and 

chromatin remodelling activity of these proteins. Analysis of the C-terminus 

by SEC-MALS or analytical gel-filtration would also help to identify any 

further regions that contribute to dimerisation of the full-length proteins. 

Obtaining a structure for HELLS will inform us of its domain organisation 

and assist analysis of its function. A structure with DNA or nucleosomes 

would also help to determine how this protein interacts with its substrate and 

may provide mechanistic details of its function. I have begun crystallisation 

trials with both the full-length and N-terminal domains of HELLS. I obtained 

crystals across six separate buffer conditions for HELLS-NTD, from 576 

conditions tested. These crystals failed to diffract however, therefore 

optimisation and expansion of the buffer conditions around these initial hit 

conditions will be expanded to potentially crystallise these proteins.   
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6.1 Protein interactions of HELLS 

As described in the previous chapter, it is possible that an interacting partner 

is required to stimulate Irc5 and HELLS catalytic activity. Human HELLS 

protein partners have not yet been thoroughly studied, but Xenopus HELLS 

has been shown to interact with CDCA7 to form a nucleosome remodelling 

complex capable of sliding nucleosomes, while murine Lsh has been shown 

to directly interact with the DNA methyltransferase, Dnmt1, which is 

necessary for its role in DNA methylation and transcription repression 219,325. 

This chapter will focus on investigating HELLS protein-protein interactions 

using a candidate approach and will examine any effect of activity of HELLS. 

Not only will this benefit the study of the biochemical function of this 

subfamily, but it may aid mechanistic understanding of the role of HELLS in 

specific pathways. Moreover, identifying protein interactions domains of 

HELLS will determine regions important for its function. 

Work in our lab has uncovered a role for HELLS in DNA repair in human 

cells, specifically in HR within heterochromatin (HC). Depletion of HELLS 

from mammalian cells using siRNA, resulted in a reduction of IR-induced 

RPA, ssDNA formation and CtIP accumulation at breaks 211. Reintroduction 

of the ATPase-deficient mutant could not rescue the CtIP foci defect, 

indicating that catalytic activity of HELLS is required for accumulation of 

CtIP, possibly by creating an appropriate chromatin environment. However, 

a direct protein-protein interaction could also assist recruitment or retention 

CtIP at DSBs.   

I will examine whether HELLS interacts with the end-resection protein, CtIP. 

CtIP is heavily modified in response to the cell cycle and damage. It also 

acts as tetramer to bridge DNA ends and binds a number of DNA repair 

proteins 255. For example, CtIP has been shown to regulate DNA damage 

checkpoint control through its interaction with BRCA1 and this interaction is 

abolished in tumour-associated mutations of BRCA1 326–328. CtIP also 

physically interacts with the DNA replication protein PCNA, and in the 

absence of this interaction, cell cycle progression, DNA repair and cell 

proliferation are impaired 323. 
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I will also investigate whether HELLS physically interacts with histone 

proteins.  I intend to analyse this possibility using histones generated from 

various sources to identify if specific histones are bound by HELLS. This will 

provide valuable information and insights into the possible details of 

interaction with nucleosomes that may be important for recruitment and 

remodelling.  

Further to identifying protein partners, I aim to dissect the domains of 

HELLS that are important for these interactions which in future, could be 

exploited by creation of interaction mutants to examine any effect on HELLS 

function. 
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6.2 Results 

6.2.1 HELLS interacts with the CtIP DNA repair protein 

To examine whether there is a direct protein-protein interaction between 

HELLS and CtIP that may contribute to role of HELLS in recruitment or 

retention of CtIP at breaks and consequently function in HR,  I performed 

an in vitro pulldown assay using recombinantly purified CtIP and His-

HELLS. CtIP is a tetrameric protein, and the monomer has a molecular 

weight of 100 kDa, although resolves at approximately 135 kDa on a 

denaturing PAGE gel. His-HELLS containing both HMW and LMW species 

was immobilised on cobalt beads and incubated with CtIP (gift from Dr 

Oliver Wilkinson) (Figure 6-1). A small amount of non-specific binding of 

CtIP to cobalt beads alone occurred, however a dramatically stronger signal 

for CtIP was observed in reactions containing HELLS, showing that these 

two proteins physically interact in vitro. Work from this lab has also tested 

the ability of these two proteins to interact in mammalian cells. U2OS cells 

were transfected with CtIP-GFP and Myc-HELLS and HELLS 

immunoprecipitated from nuclear extracts using an anti-Myc antibody and 

an interaction with CtIP-GFP was detected (performed by Dr Anna 

Chambers) 211.  

These results contribute to a new model for HELLS function in HR in 

mammalian cells. HELLS catalytic activity promotes CtIP retention, possibly 

by altering the chromatin environment to promote recruitment or initiation of 

resection by CtIP, thereby facilitating HR.  In addition to this, these results 

suggest that a physical interaction between HELLS and CtIP also 

contributes to CtIP localisation to breaks, by directly recruiting or retaining 

CtIP.   
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Figure 6-1 HELLS interacts with recombinant human-CtIP 

In vitro pulldown assay showing interaction between recombinant His-HELLS containing 
HMW and LMW species and human CtIP. 100 ng of His-HELLS was immobilised on 15 µL 
cobalt beads and incubated with 100 ng of untagged-CtIP for 1 hour. Beads were washed 
and boiled in SDS-PAGE loading dye. Samples were resolved on 8 % SDS-PAGE gels 
analysed by western blot analysis using either anti-LSH antibody anti-CtIP antibody. 
Representative image of at least 3 separate repeats. 

6.2.2 CtIP preferentially binds to HELLS dimer 

The interaction with CtIP was identified using a mixture of both LMW and 

HMW HELLS.  To begin to understand the stoichiometry of this interaction, 

pulldown reactions were performed using LMW and HMW HELLS.  

The gel-filtration purified HMW and LMW versions of His-HELLS were used 

in pulldown reactions in the same conditions as in Figure 6-1. As above, 

CtIP showed interaction with HMW HELLS, however the interactions of CtIP 

with LMW HELLS was reduced, but not ablated (Figure 6-2 A). An 

equivalent amount of LMW and HMW HELLS was detected in these 

reactions. This shows that CtIP binds more tightly to the dimeric form of 

HELLS (Figure 6-2 B). The CtIP tetramer may require contacts with two 

molecules of HELLS for stable interaction. There could be a conformational 

change between monomeric and a dimeric form of HELLS, so that it is able 

to bind CtIP more tightly, which could serve as a regulatory mechanism. 
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Figure 6-2 CtIP preferentially interacts with HMW HELLS 

100 ng of His-HELLS LMW or HMW were immobilised on cobalt beads and incubated 
with 100 ng of untagged-CtIP for 1 hour. Beads were washed and subsequently boiled in 
SDS-PAGE loading dye. Samples were resolved on 8 % SDS-PAGE gels and probed by 
western blot analysis for either HELLS or CtIP. Representative images of at least 3 
separate repeats. 

 

6.2.1 Tetramerisation of CtIP does not affect HELLS binding 

The effect of the multimeric status of CtIP on interaction with HELLS will 

provide further useful information of the stoichiometry of the HELLS-CtIP 

complex. CtIP forms a stable homotetramer formed of a dimer of dimers. 

The tetramer is capable of bridging two DNA ends to enable DNA damage 

repair 255,329,330. The N-terminal domain, comprised of amino-acids 1 -145, 

is responsible for dimerisation and subsequent tetramerisation through 

parallel coiled-coil interactions. The C-terminal domain of CtIP, which 

harbours a Sae2-like homology domain, is required for DNA-binding 

interactions, efficient resection and interaction with DNA repair proteins 329. 

The central region of the protein is  predicted to be disordered and is also 

involved in protein-protein interactions (Figure 6-3) 255.  

A mutation within the N-terminal region, L27E, has been shown to disrupt 

the tetrameric status of CtIP, while retaining the ability to form dimers 329. 

This mutation also severely reduces the DNA-binding activity of CtIP, as the 

tetrameric form is required for efficient DNA binding. 
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Figure 6-3 Cartoon of CtIP protein 
CtIP comprises an N-terminal region responsible for tetramerization, a central disordered 
region and C-terminal DNA-binding region. CtIP monomers assemble to form a 
homotetramer of a dimer of dimers assembled through the NTD. 

 

The L27E tetramerisation mutant of CtIP, retained the ability to interact with 

HELLS (Figure 6-4). Differing levels of non-specific background binding 

between the L27E and wild-type CtIP makes direct comparison of the 

relative binding affinity of these two proteins difficult. Unfortunately, non-

specific binding of HELLS to cobalt beads prevents analysis of this 

interaction using CtIP as the bait protein.  The defect in DNA binding activity 

of the L27E mutant also means that the interaction with HELLS is not 

mediated by any DNA that has copurified with the recombinant proteins. N-

terminal truncation of CtIP results in defective dimer formation 331. It might 

be informative in the future to purify this N-terminally truncated CtIP protein, 

to examine if CtIP dimer formation is important for HELLS binding.   
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Figure 6-4 CtIP L27E interacts with His-HELLS 
100 ng of His-HELLS was immobilised on 15 µL cobalt beads and incubated with 100 ng 
of untagged-CtIP L27E for 1 hour. Beads were washed and subsequently boiled in SDS-
PAGE loading dye. Samples were resolved on 8 % SDS-PAGE gels and probed by western 
blot analysis for either HELLS  or CtIP L27E. Representative images of at least 2 separate 
repeats. 

 

6.2.2 Phosphorylation of CtIP does not affect interaction with 

HELLS 

Phosphorylation of CtIP is a prerequisite for its function in end-resection at 

double-strand breaks. Human CtIP undergoes CDK-dependent and ATR-

dependent phosphorylation  in response to DSBs which in turn enables CtIP 

accumulation to chromatin332,333. It is heavily phosphorylated in a cell cycle-

dependent manner, to restrict its activity to S/G2 phase damaged cells334–

336. Ser327 and Thr847 phosphorylation regulates resection efficiency 337, 

but phosphorylation events also regulate CtIP-protein interactions. For 

example, the BRCA1-CtIP interaction is dependent on CDK-mediated 

phosphorylation of CtIP Ser327 334.   

Human CtIP purified from insect cells has been confirmed to be 

hyperphosphorylated on sites known to be phosphorylated in human cells 

and in response to damage 255. Dephosphorylated CtIP (kindly provided by 

the Dillingham lab, Bristol) was generated by treatment with lambda 

phosphatase (although a lack of residual phosphorylation after treatment 

has not been confirmed). Although  a lack of phosphorylation of CtIP has 

been found to abolish chromatin binding in mammalian cells, 
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counterintuitively in vitro studies found that dephosphorylated CtIP (deP-

CtIP)  bound DNA with a greater affinity than untreated CtIP 255,332.  

deP-CtIP retained the ability to bind HELLS in pulldown reactions; the 

absence of CtIP phosphorylation does not abolish interaction with HELLS 

(Figure 6-5). Once again, differences in non-specific binding between deP-

CtIP and CtIP prevented direct comparison of the binding affinity with 

untreated CtIP. Whilst phosphorylation is not essential for binding, PTMs 

may still change the affinity of interaction either directly or via an effect on 

DNA binding.  It is also worth noting that CtIP from insect cells may not 

possess all the phosphorylation events that occur in human cells in 

response to the cell cycle and damage.   

 

Figure 6-5 deP-CtIP interacts with the His-HELLS 
100 ng of His-HELLS was bound to 15 µL cobalt beads and incubated with 100 ng of 
untagged-deP-CtIP for 1 hour. Beads were washed and subsequently boiled in SDS-
PAGE loading dye. Samples were resolved on two 8 % SDS-PAGE gels and each 
probed by western blot analysis for either HELLS or deP-CtIP. Representative image of 
at least 2 separate repeats 

 

6.2.3 HELLS binds to the disordered region of CtIP 

To further explore the interaction of HELLS and CtIP, I aimed to map the 

region of CtIP that binds to HELLS. Identifying a domain for HELLS 

interaction will aid the creation of interaction mutants in the future and could 

be used for studies in mammalian cells to determine the importance of the 

interaction in DSB repair. Several CtIP truncation mutants varying in length, 
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were available for use in interactions assays that are all truncated from the 

C-terminal end of CtIP (Figure 6-6). Some of these truncations mimic 

disease-related mutant proteins. ΔS CtIP, comprising residues 1-782, and 

ΔJ CtIP, comprising residues 1-608 of CtIP, are mutations found in Seckel 

2 and Jawad syndromes respectively, characterised by microcephaly and 

end-resection.  These mutants proteins are severely defective in DNA-

binding, as they lack the Sae2-like DNA binding domain 338. Both disease 

related mutations are homozygous and in Jawad syndrome, a two base pair 

deletion mutation results in a shift in reading frame. The Seckel 2 mutation 

creates an alternative splicing site leading to expression of both wt CtIP and 

truncated proteins. The 1-782 ΔS CtIP protein displays dominant negative 

effects preventing ATR activation 338. The 1-705 truncation is an extension 

of ΔJ CtIP to include a proposed globular domain. DNA binding of this 

truncated protein is weak compared to wt CtIP. 

The truncated proteins possess a cleavable C-terminal StrepII-tag. In 

previous interactions assays, the antibody used for detection of CtIP 

recognised the C-terminal region of CtIP (amino acid residues 620-897), 

therefore the StrepII tag enabled detection of the truncated proteins. The 

truncation mutants were expressed in insect cells using the same conditions 

that were optimised for His-HELLS. Initially the truncated CtIP proteins were 

purified using a similar protocol to wt CtIP, however, in pulldown reactions, 

most of the truncated proteins displayed a very high background binding to 

cobalt beads. The assay was modified to reduce non-specific binding. In the 

modified protocol, insect cell lysate expressing truncated mutants was used, 

in the hope that the presence of other proteins would block non-specific 

binding. In addition, an immunoprecipitation protocol was employed, binding 

HELLS to protein A magnetic beads via anti-His antibody, instead of using 

cobalt beads.   

The shortest construct 1-145 CtIP, showed no detectable interaction with 

HELLS, meaning that the coiled-coil tetramerization domain of CtIP on its 

own, is not capable of binding HELLS (Figure 6-7). All of the other truncated 

CtIP proteins displayed an interaction with HELLS, suggesting that HELLS 

is binding to the disordered region of CtIP, between residues 145-608 
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(Figure 6-8). Future work with shorter CtIP proteins will narrow the binding 

site of HELLS even further.  

The disordered region of CtIP contains interactions sites for other known 

CtIP interacting proteins such as BRCA1 and PCNA 211,323,334.  PCNA has 

also been speculated to recruit or retain CtIP at breaks formed by collapsed 

replication forks 339. Whether HELLS competes with PCNA and BRCA1 to 

bind to CtIP or whether HELLS is capable of binding to CtIP at the same 

time as these proteins or if their interaction is mutually exclusive or 

sequential, will be interesting to address. 
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Figure 6-6 Cartoons of human CtIP (hCtIP) and truncated versions used in pulldown 
assays 
Human CtIP (hCTIP) is shown at the top with identified sites for ATM and CDK 
phosphorylation and binding sites for MRN, BRCA1 and retinoblastoma-binding (RB) 
proteins marked. Replication foci targeting sequence (pink) contain the PIP box binding 
motif for PCNA binding (blue.) Coil-Coil dimerisation domain is marked in bright orange and 
Sae2-like homology domain at the C-terminus is shown in light orange. DNA binding motif 
is marked in green. Constructs based on disease-related truncations are are marked in 
purple. ΔSCtIP (1-782) lacks the Sae2-like domain carrying the major DNA binding motif 
RHR. ΔS retains some DNA binding activity localised to residues 608-782. ΔS also carries 
a predicted globular domain between residues 600-700 according to IUPRED. ΔJCtIP (1-
608) is missing all known DNA binding sites and also missing proposed globular domain at 
residues approximately 600-700. 1-705 CtIP is an extension of ΔJ CtIP to carry the 
proposed globular domain. DNA binding status is weak. 1-145CtIP carries the 
multimerisation domain and coiled coils. 

 

  



Investigation of protein interactions 

 

222 
 

 

Figure 6-7 HELLS does not interact with 1-145 CtIP 
Reactions contained 10 uL Dynabeads, and indicated lanes were incubated with 0.75 µg 
anti-His antibody or IgG mouse control antibody, 50 µL soluble fraction of insect cell 
lysate expressing 1-145 CtIP, 5 µg His-HELLS. Samples of reactions were resolved on a 
10 % (for HELLS) or 18 % (for 1-145 CtIP) and analysed by western blot using anti-
HELLS antibody or StrepII antibody.  

 

Figure 6-8 HELLS bind to disordered region of CtIP 
(A) Input samples were resolved on 8 % SDS-PAGE and probed for HELLS or StrepII-tag. 
(B) Pulldown reactions contained protein A Dynabeads, and indicated lanes were 
incubated with 0.75 µg anti-His antibody or IgG mouse control antibody, 50 µL soluble 
fraction of insect cell lysate expressing CtIP-StrepII construct and 5 µg His-HELLS. 
Samples of reactions were resolved on 8 % SDS-PAGE gel and analysed by western blot 
using anti-HELLS antibody or StrepII antibody.   
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6.2.1 CtIP binds to the N-terminal domain of HELLS 

To investigate the region of HELLS that mediates interaction with CtIP, 

binding of HELLS NTD was tested in pull-down assays. CtIP was observed 

to interact with HELLS-NTD (Figure 6-9). This indicates that the N-terminal 

domain of HELLS, comprising amino-acids 1-213 and containing the coil-

coil motif, is involved in protein interactions and forms at least one of the 

interaction interfaces with CtIP. There may still be other binding sites for 

CtIP located within the C-terminal region. 

 

Figure 6-9 CtIP interacts with the N-terminal domain of HELLS 
2 µg of His-HELLS-NTD was immobilised on 10 uL dynabeads using 1 µg anti-Lsh antibody 
and incubated for 1 hour at 4 °C. 1 µg of untagged-CtIP was added and incbated for 1 hour. 
Beads were washed and subsequently boiled in SDS-PAGE loading dye. Samples were 
resolved on a 8 % and 12 % SDS-PAGE gels and probed with anti-CtIP or anti-Lsh 
antibody. Representative of 3 separate repeats. 

6.2.1 CtIP does not stimulate ATPase activity of HELLS and binding 

is not affected by ATPase mutation 

The ATPase K254R mutant of HELLS interacted with CtIP equivalently to 

wt HELLS (performed by Dr Anna Chambers, data not shown). Therefore, 

the interaction between HELLS and CtIP is independent of ATP binding.  

To investigate whether CtIP stimulates the activity of HELLS, ATPase 

assays were performed using a fixed concentration of LMW and HMW 

HELLS (200 nM) in the presence of increasing concentrations of CtIP and 

60 bp dsDNA (Figure 6-10). As expected CtIP did not possess ATPase 

activity other than at very high concentrations. This is likely due to low-level 

contamination with an ATPase carried through during purification. CtIP did 

not stimulate the ATPase activity of the HMW or LMW versions of HELLS. 

These reactions were also performed in the absence of DNA and in the 
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presence of lambda DNA which also did not stimulate ATPase activity (data 

not shown). These results suggest that CtIP is insufficient on its own to 

stimulate HELLS activity. Potentially, PTMs of HELLS and CtIP may be 

required to promote ATPase activity of HELLS or for binding. Our lab has 

shown that HELLS ATPase mutation K254R, introduced into mammalian 

cells, displays deficient CtIP foci formation 211. The fact that the recombinant 

HELLS K254R is still capable of binding to CtIP and that CtIP does not 

stimulate the ATPase activity of recombinant HELLS may suggest that 

HELLS ATPase activity is required at a step prior to CtIP accumulation at 

sites of DSBs. 

 

Figure 6-10 CtIP does not stimulate HELLS ATPase activity 
TLC ATPase assay measuring effect of titrating concentration (0 - 1 µM) of CtIP, with a 
constant concentration of HMW and LMW HELLS (200 nM, HELLS lysed in the presence 
of phosphatase inhibitors) in the presence of 30 nM 60bp dsDNA oligo. Reactions 
proceeded for 1 hour at 37 °C. Error bars represent the SEM of at least three separate 
repeats. 

6.2.2 HELLS interacts with yeast histone proteins 

The nucleosome sliding assay performed in chapter 5, indicated that HELLS 

interacts with nucleosomes. Our understanding of the mechanism of HELLS 

function would be aided by identifying the region of HELLS’ contact with the 

nucleosome including knowledge of which histones HELLS interacts with. 

Initially, pulldown assays were performed using histones extracted from 

yeast. These histones are extracted under acidic conditions and therefore 

do not retain their folded structure. Therefore, any interaction would not be 

based on a structural element of the histone but rather be sequence based. 

Pulldowns were performed with these histones using a HIS-antibody to 
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couple HELLS to magnetic Dynabeads (IgG was used as a control). After 

incubation with the yeast histone mixture, interaction of each of the 

individual histones was evaluated by western blot analysis. HELLS 

displayed an interaction with yeast H2A, H3 and H4 histone proteins, but 

failed to interact with the yeast H2B protein (Figure 6-11 and Figure 6-13). 

When the same assay was performed using a mixture of calf thymus 

histones (commercially available and also prepared via an acid extraction 

protocol), His-HELLS interacted once again with H4, but failed to interact 

with H2A and H2B (Figure 6-12, Figure 6-13), while H3 displayed high levels 

of non-specific binding (Figure 6-12)  . 

 

Figure 6-11 HELLS interactions with yeast histones 
Western blot analyses of pulldown reactions containing 10 uL protein A Dynabeads 
incubated with anti-His or IgG control antibodies. His-HELLS and yeast histones (YH) were 
incubated with Dynabeads for a further hour and analysed on 8 % and 20 % SDS-PAGE 
gels for the presence of His-HELLS or each of the indicated histone proteins. 
Representative images of 3 separate repeats. 
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Figure 6-12 HELLS interactions with calf thymus histones 

Western blot analyses of pulldown reactions containing 10 uL protein A Dynabeads 
incubated with anti-His or IgG control antibodies. His-HELLS and calf thymus histones 
(CTH) were incubated with Dynabeads for a further hour and analysed on 8 % and 20 % 
SDS-PAGE gels for the presence of His-HELLS or each of the indicated histone proteins.  

 

 

Figure 6-13 Cartoon of nucleosome from yeast and mammalian sources 
summarising HELLS interactions with histones 
HELLS interacts with yeast H3, H4 and H2A but not H2B. HELLS interacts with mammalian 
H3, H4 but not H2A or H2B. 
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6.2.3 HELLS interacts with human H3 and H4 

To confirm the interaction with H3 and H4, pulldowns were performed with 

individual purified human histone proteins purchased from NEB. These are 

recombinant proteins purified from E. coli under denaturing conditions. Both 

H3 and H4 bound to His-HELLS. Although H3 showed some non-specific 

binding to the anti-His coupled-beads, consistently more H3 was pulled-

down when HELLS was included as bait.  This is consistent with results of 

pulldowns using yeast and calf thymus histones. (Figure 6-14). This 

confirms the results seen with yeast histones and additionally confirms that 

human H3 and H4 are capable of interacting with HELLS. 

 

Figure 6-14 HELLS interacts with human H3 and H4 

Reactions contain protein A Dynabeads incubated with either anti-His or IgG mouse isotype 
control antibody and indicated lanes contain recombinant human H3 or H4 (NEB) and/or 
His-HELLS. Reactions were resolved on an 8 % (for HELLS) and 20 % (for histones) SDS-
PAGE gel and probed using anti-Lsh, anti-H3 or anti-H4 antibodies. 

6.2.4 HELLS-NTD interacts with human H3 and H4  

To further dissect the interaction of HELLS with H3 and H4, and to narrow 

down the interaction site of HELLS with histone proteins, HELLS-NTD was 

subjected to the same interaction assay with H3 and H4 (Figure 6-15).  

Once again H3 displayed some non-specific binding, however, significantly 

more H3 was pulled-down from reactions containing HELLS-NTD. HELLS-

NTD was also capable of binding to H4, showing that the N-terminal domain 

of HELLS contributes to multiple protein-protein interactions and may 

mediate the interaction with H3 and H4 observed for full-length HELLS. 
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Figure 6-15 HELLS-NTD interacts with human H3 and H4 

Interaction reactions contain protein A Dynabeads incubated with either anti-His or IgG 
mouse isotype control antibody and indicated lanes contain recombinant human H3 or H4 
(NEB), and/or His-HELLS-NTD. Reaction were resolved on an 8 % (for HELLS) and 20 % 
(for histones) SDS-PAGE gel and probed using anti-Lsh, anti-H3 or anti-H4 antibodies. 

6.2.5 HELLS does not interact with human H2A or H2B 

Previous experiments suggested that full-length HELLS does not interact 

with H2B, and that while it is able to interact with yeast H2A, it does not 

interact with mammalian H2A. To further investigate HELLS interaction with 

human histones, recombinant human H2A and H2B (NEB) were analysed 

for their ability to interact with HELLS (Figure 6-16). The antibodies for H2A 

and H2B were raised against the yeast forms of the protein and therefore 

probing for the human H2A protein was unsuccessful. Silver staining was 

used in addition to western blot analysis to visualise the histone proteins. In 

this assay, there was no detectable interaction between HELLS and 

recombinant human H2A or H2B. Under the same conditions, HELLS-NTD 

also does not interact with either human H2A or H2B (data not shown). This 

is consistent with the results from the calf thymus histone interaction assay.  
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Figure 6-16 HELLS does not interact with human H2A or H2B 

Interaction reactions contain protein A Dynabeads incubated with either anti-His or IgG 
mouse isotype control antibody and indicated lanes contain recombinant human H2A or 
H2B (NEB), or His-HELLS. Reaction were resolved on an 8 % (for HELLS) and 20 % (for 
histones) SDS-PAGE gel and probed using anti-Lsh, anti-H2A or anti-H2B antibodies, or 
protein bands were visualised by silver staining. 

6.2.6 HELLS does not bind to human H2AX 

Full-length HELLS bound to yeast H2A but not to human H2A. One 

explanation could be that yeast H2A and human H2A, although conserved, 

differ in their protein sequence at their C-terminus (Figure 6-17). Human 

H2AX possesses a longer C-terminal tail extension compared to human 

H2A, which harbours an SQE motif. Serine-139  of the SQE motif is 

phosphorylated in response to damage by ATM and other PIKK kinases to 

form a specific modified form termed γH2AX 340. Yeast H2A is the only form 

of H2A in yeast and possesses features of both human H2A and H2AX. 

While it does not have a C-terminal tail extension, yH2A contains an SQE 

motif that is also phosphorylated in response to damage (Figure 6-17)71. I 

hypothesised that HELLS may recognise the SQE motif of yH2A as a 

binding site. If this is the case, then HELLS may bind to human H2AX. 

 

Figure 6-17 H2A and H2AX sequence alignment 
Alignment of the C-terminal amino-acid sequences of H2A (Saccharomyces cerevisiae and 
Homo Sapiens) and H2AX (from Homo sapiens). The DNA‐damage phosphorylation SQE 
motif present in the budding yeast core H2A (S129), mammalian H2AX (S139).  
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I wanted to examine the possibility that HELLS interacts with human H2AX 

and whether it binds to the C-terminal region harbouring the S139 

phosphorylation site.  To investigate this, recombinant human H2AX was 

purified from bacterial cells, as well as H2AX bearing a stop codon at the 

S139 residue (H2AX*139st). H2AX proteins were expressed from a pQE9 

vector with a non-cleavable His-tag, which means that His antibody cannot 

be used to immunoprecipitate HELLS, as this would also immunoprecipitate 

the H2AX proteins. Instead, the interaction assay was adapted to 

immunoprecipitate HELLS using the Lsh antibody (raised against amino-

acids 1-240). Using the same conditions as for the recombinant human 

histones (purchased from NEB), an interaction was not observed between 

HELLS and H2AX or H2AX*139stop. This either means that yeast H2A 

contains another sequence motif not found in human H2A/H2AX that 

HELLS binds (although this is unlikely to be biologically relevant as the 

proteins are from different species), or that the conditions were too stringent 

to observe an interaction. Another possibility is the difference in modification 

status of these proteins. Both H2AX and human H2A (purchased from NEB) 

were purified from E. coli, which means they will not have been subjected 

to PTMs. However, yeast H2A was purified from yeast under acidic 

conditions, meaning that a subpopulation of this pool may have been 

phosphorylated by native kinases or possess other PTMs that were 

preserved during purification. Therefore, HELLS may still bind to a 

phosphorylated or modified form of H2A or H2AX.  
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Figure 6-18 HELLS does not bind to H2AX or H2AX*S139stop 

Interaction reactions contain protein A Dynabeads incubated with either anti-Lsh or IgG 
mouse isotype control antibody and indicated lanes contain recombinant human H2AX or 
H2AX*S139stop, or His-HELLS. Reaction were resolved on a 20 % SDS-PAGE gel and 
protein bands were visualised by silver staining. 

6.2.7 Histones do not stimulate ATPase activity of HELLS 

HELLS interaction with histone proteins may stimulate the ATPase activity 

of HELLS. Since a mild stimulation of ATPase activity was seen with calf 

thymus histones in Figure 5-22, individual histones may also stimulate 

HELLS activity. To examine this possibility, HELLS was incubated with 

histone proteins (purchased from NEB) and acid-extracted yeast histones 

in the presence of DNA.    

After addition of individual histones proteins, there was no significant 

increase in ATPase activity of HELLS above that of HELLS alone (Figure 

6-19). This indicates that binding to histones in isolation does not stimulate 

activity of HELLS. While histone stimulation is commonly seen with 

remodellers, this is not a universal trait of these enzymes, for example, 

Drosophila melanogaster Mi-2 does not display DNA or histone stimulated 

ATPase activity but is instead stimulated by reconstituted nucleosomal 

arrays. This could be used as a substrate in future in HELLS ATPase activity 

assays. In addition, the individual histones used in this assay have been 

purified from E. coli, and as such, will not possess any post-translational 

marks that could stimulate activity. PTMs may have been added to the yeast 

acid-extracted histones, however the high level of background signal from 

this impure prep may be masking any HELLS ATPase activity. 
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Figure 6-19 Histones do not stimulate HELLS ATPase activity 

Graph shows pMoles ATP hydrolysed/min measured by radioactive TLC ATPase assay. 
Indicated lanes contain His-HELLS (500 nM), 100 ng/µL plasmid DNA (pSRTB1), and 200 
ng/ µL of either H3, H4, H2A or H2B, or 1 µg/µL of acid extracted yeast histones (YH).  
Reactions proceeded for 1 hour at 37 °C. Error bars represent the SEM of at least three 
separate repeats. 
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6.4 Discussion 

Work from this lab has uncovered a role for HELLS in promoting HR. HELLS 

depletion resulted in an increase of persistent γH2AX foci, which indicates 

that HELLS functions in repair of breaks with slower repair kinetics. The 

ATPase motifs of HELLS were important for promoting CtIP and RPA 

accumulation at breaks and repair.   

I have found an additional role for HELLS in repair, through its direct 

physical interaction with the end-resection protein CtIP. Additionally, we 

have found that CtIP co-purifies with HELLS when His-HELLS and StrepII-

CtIP are coexpressed in insect cells. Given the data published from this lab 

about the role of HELLS in mammalian cells, the interaction between 

recombinant HELLS and CtIP, likely suggests that HELLS directly 

contributes CtIP accumulation and resection of double-strand breaks 

through both chromatin remodelling to create the appropriate chromatin 

environment and via protein-protein interactions.   

Dephosphorylated CtIP retained interaction with HELLS, therefore the 

phosphorylation events on CtIP extracted from insect cells do not promote 

HELLS binding. As a caveat, deP-CtIP was prepared by treatment with 

lambda phosphatase, and while dephosphorylation was confirmed by SDS-

PAGE analysis, mass spectrometry on this pool of deP-CtIP has not been 

performed, so we cannot conclusively say that all phosphorylation events 

have been removed. Additionally, wt recombinant CtIP was prepared from 

insect cells, which may lack modifications that occur in human cells in 

response to DNA damage. These phosphorylation events may be important 

for tighter binding of HELLS or possibly stimulation of HELLS activity.  

I have successfully mapped the binding region for HELLS to between 

residues 145-605 of CtIP, and work has begun creating constructs of shorter 

length to narrow this region further. This will give information about whether 

HELLS binds to a specific region of CtIP, or multiple regions within CtIP that 

are distant in sequence, but structurally close. I have also successfully 

mapped a binding region for CtIP to residues 1-213 of the HELLS N-

terminus. Again, there may be multiple binding sites for CtIP, which is why 
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purification and analysis of interaction with the C-terminus of HELLS will 

provide more information. Narrowing down the interaction interface of 

HELLS on CtIP will help to elucidate whether competition between HELLS 

and other known CtIP interacting proteins such as BRCA1 and PCNA 

occurs.  

This role for HELLS recruitment of CtIP could be conserved for the Irc5 

protein and Sae2. Sae2, the CtIP homolog in S. cerevisiae, shares 

functional similarities 341,342 . It is an endonuclease that is required for 

telomere elongation and functions with the MRX complex to process and 

end-resect DSB ends 343,344. Interaction of Irc5 and Sae2 could be analysed 

using a strain bearing tagged versions of the native proteins. Sae2 is the 

homolog of CtIP C-terminal domain, however it does not contain the N-

terminal tetramerisation and disordered region that is important for HELLS 

binding. An interaction that performs the same function could occur between 

Irc5 and a different region of Sae2, or Irc5 could interact with a different 

component of the resectosome. Deletion of Irc5 from yeast does not affect 

resection (personal communication data, Dr Anna Chambers) or 

recombination at the MAT locus, nor does it affect SSA annealing which 

also requires resection. However, none of the loci examined in these assays 

are maintained in heterochromatin. Given the finding that HELLS 

contributes to repair within heterochromatin, it is possible that Irc5 has a 

specified function at heterochromatic regions and could interact with 

resection and DSB repair proteins at these genomic loci. 

CtIP preferentially binds to HMW HELLS compared to LMW HELLS, which 

could suggest the dimeric form of HELLS binds to CtIP in vivo to recruit or 

retain CtIP at DSBs. However, it is not yet clear whether the dimer or 

monomeric form, or both, are biologically relevant.  HELLS may require 

post-translational modifications to dimerise, or there may be a switch 

between the two species of HELLS. Since CtIP tetramer is required to 

bridge two ends of a DSB, it is possible that a dimer of HELLS could act 

both sides of the break. Determining the stoichiometry of the HELLS-CtIP 

complex would be informative of how this complex functions. Analytical 
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ultracentrifugation, SEC-MALS, cross-linking or FRET-based experiments 

could all be utilised in order to address this question in vitro.  

Given that we have not yet discovered how HELLS is activated, the lab has 

begun looking at possible phosphorylation sites of HELLS. Based on mass 

spectrometry data from large phosphoproteomic screens, HELLS is post-

translationally modified at several sites. I performed mass spectrometry 

analysis on HELLS HMW and LMW purified from insect cells, which shows 

that it is hyperphosphorylated when purified in the presence of phosphatase 

inhibitors (Supplementary Figure 9-10 and Figure 9-11). Several of these 

sites match those curated in the large-scale proteomic mass spec screens. 

One of these, S115, is frequently mutated to leucine in cancers (COSMIC 

database). The reduction in CtIP-GFP foci formation when HELLS is 

depleted in mammalian cells, is rescued by introduction of wild-type HELLS, 

but not HELLS-S115L 211. This means that HELLS function in recruitment of 

CtIP to damage, might be supported by phosphorylation at S115 position. 

Consistent with this hypothesis, a phosphomimic glutamic acid mutation, 

S115E was able to rescue the CtIP-GFP foci defect.  Based on consensus 

site prediction by the NetPhos3.1 online tool, several putative kinases could 

be responsible for this phosphorylation. Inhibition of the kinase most likely 

to be responsible for HELLS phosphorylation, CK2, resulted in the same 

reduction of CtIP foci compared to depletion of HELLS, and this defect was 

then rescued by S115E expression. Further work could include 

dephosphorylation of HELLS or introducing the S115L or S115E mutation 

into the recombinant HELLS protein, to see if this affects binding to CtIP in 

vitro. Phosphorylation of HELLS, or indeed of other protein partners, may 

also be a stimulating factor for HELLS activity and a recruitment factor for 

HELLS to genomic loci, such as heterochromatic regions. This may be why 

we have not yet observed ATPase activity stimulation of HELLS or Irc5 

recombinant proteins. 

The interaction of HELLS with histone proteins has provided information into 

how this protein interacts with the nucleosome. The N-terminal coil-coil 

region of HELLS seems to an important region for protein-protein 
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interactions as this domain is not only involved in binding to CtIP but also 

the H3 and H4 histones.  

The lack of interaction of HELLS with human H2A was surprising though, 

given that HELLS is capable of binding to yeast H2A. Additionally, a recent 

publication has shown that murine Lsh shows reduced binding to 

nucleosomes reconstituted using H2A acidic patch mutants (H2A E61A, 

E64S, N68A, D72S, N89A, D90A, E91S) 28. This means that there could be 

binding sites for HELLS within the acidic patch on the histone disk surface 

(acidic patch of the nucleosome can be seen in Figure 6-20). Our interaction 

assay used a high salt concentration to remove non-specific interactions 

while conditions for their nucleosome pulldowns used much lower 

concentrations. Our conditions may have been too stringent to see an 

interaction with human H2A. However, our results may indicate that HELLS 

interaction with the acidic patch of hH2A is weaker than that of hH3 and 

hH4. If HELLS binds to the acidic patch of the nucleosome (which includes 

residues in H2A and H2B), it is possible that binding to H2A might only occur 

within the context of the nucleosome. The presence of the rest of the histone 

octamer or nucleosomal DNA may have a stabilising effect on this 

interaction. Several other remodellers also contact the acidic patch of the 

nucleosome, which is a hotspot for protein interactions and directs function. 

For example, several cryo-EM structures have revealed the structure of 

RSC in complex with a nucleosome 173,176,345. All are in agreement that the 

RSC complex forms several modules that contact the nucleosome both at 

the acidic patch and on the opposite side, effectively sandwiching the 

nucleosome. The Sfh1 subunit interacts directly with the acidic patch of the 

histone octamer via conserved arginine residues, four of which are known 

to be mutated in cancer 342. RSC also preferentially recognises 

nucleosomes containing the histone variant H2A.Z. With the variant, the 

acidic patch is extended, likely increasing the affinity for RSC binding, via 

the basic finger helix of Sfh1 346.  
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Figure 6-20 Electrostatic potential of the surface of the nucleosome 
Left panel displays electrostatic potential of Xenopus laevis nucleosome generated with 
ABPS (PDB ID: 3LZ0) in PyMOL. Acidic patch is composed of the H2A and H2B residues. 
347,348. Right panel ribbon traces of the X-ray crystal structure of the nucleosome core 
particle at 1.9 Å resolution. Histones H2A (red), H2B (orange), H3 (purple) and H4 (green) 
form the central histone octamer which is wrapped by 147 bp of DNA (Light and dark blue). 
Superhelical locations (SHL) with respect to the central dyad (SHL 0) are marked. Cartoon 
was visualised using PDB (PDB: 1KX5) 30. 
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7.1 Role of Irc5 in maintenance of telomeres, rDNA, and 

replication forks 

In this work, biochemical and in vivo methods were employed to analyse the 

HELLS and Irc5 proteins involvement in DNA repair, their biochemical 

activity and interactions with repair proteins and components of the 

nucleosome. Analysis of Irc5 in yeast cells has shown that it influences 

recombination at rDNA loci. Genetic interactions with HR repair protein 

RAD52, and NHEJ protein KU70, in conjunction with the MMS sensitivity 

defect observed when irc5 is deleted from yeast cells support its 

involvement with DNA repair. Cells lacking yku70 display sensitivity to 

temperature due to telomere shortening 296–298. Further deletion of irc5 

rescues this sensitivity and in addition, work from our lab has shown that 

these cells have lengthened telomeres. Furthermore, our lab has shown Irc5 

is enriched at sub-telomeric regions pointing to role for this subfamily of 

proteins in prevention of inappropriate recombination at heterochromatic 

regions. 

Deletion of IRC5 did not affect single-stranded annealing or overall 

recombination at the MAT locus. The MAT locus is not heterochromatic and 

therefore this may indicate that Irc5 function may be limited to certain loci 

within the genome, such as at rDNA repeats and telomeres.  It may also be 

that there is redundancy of function with other chromatin remodeller proteins 

at some genomic loci that compensates for any effect of Irc5 on 

recombination or genomic at these sites. For instance, the Fun30 chromatin 

remodeller has been shown to promote resection and may compensate for 

loss of Irc5 protein, and many remodellers have been implicated in 

remodelling and repair of the MAT locus, such as RSC complex and INO80 

196,199,349.  

During the course of this project, defects in recombination and MMS 

sensitivity were also observed by Litwin and colleagues which has been 

attributed to the role of Irc5 in loading cohesin onto chromatin  213. My work 

has also uncovered that the same MMS sensitivity defect is observed when 

a point mutation, K253R, within the Walker A motif concerned with ATP-

binding, is introduced. This suggests that the defect relates to the catalytic 



Discussion and future directions 

 

240 
 

activity of Irc5 and a probable chromatin remodelling function. This 

remodelling activity may contribute to enrichment of cohesin complexes 

near blocked replication forks and may represent a second function for Irc5 

in maintenance of genome stability. It will be of interest to determine if 

cohesion is disrupted in strains containing the Irc5 ATPase mutation. Irc5 

potentially has several functions in maintenance of these regions. 

Unpublished data from this lab has also found that Irc5 interacts with PCNA, 

via its PIP box motif. PCNA recruits polymerases for DNA synthesis and 

replication and is also important in protein recruitment to overcome stalled 

forks 292. Absence of Irc5 might affect PCNA function in safeguarding 

blocked forks in the presence of MMS. Since sensitivity to MMS is also seen 

with the catalytic-dead mutant, Irc5 K253R, wt Irc5 activity may be required 

to remodel around sites of blocked replication forks. 

7.2 HELLS and Irc5 function potentially as monomeric and 

dimeric species 

Purification of the recombinant Irc5 and HELLS proteins, as well as N-

terminal truncation mutants, has enabled biochemical characterisation and 

analysis of their multimeric status. Given that neither Irc5 and HELLS are 

found to be part of large constitutive multi-protein complexes, the analysis 

of HELLS and Irc5 is likely to prove biologically relevant. This, however, 

does not preclude the possibility that transient interactions with protein 

partners regulate the function of these proteins. Indeed, mass spectrometry 

analysis of Irc5 from yeast has revealed several potential protein interactors. 

Examination of interacting partners of HELLS isolated from mammalian 

cells should be performed in future.  

SEC-MALS analysis has shown that that full-length HELLS exists as both a 

dimer and monomer species. Analytical gel-filtration of Irc5 was also 

consistent with it being a monomer and dimer. Biochemical analysis of these 

proteins has not identified or highlighted either one as being the biologically 

relevant form, with both dimer and monomer pools displaying DNA-binding 

activity, modest intrinsic ATPase activity and translocation abilities. It is 

possible that a post-translational modification, protein partners or genomic 
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marks specific to particular loci, could act as regulatory elements enabling 

a switch between the two forms. It is possible that one form is repressive to 

function as a regulatory mechanism, while the other is active. Therefore, 

both species could be biologically relevant, or it may be that the existence 

of one of two species is an in vitro artefact. The fact that CtIP preferentially 

binds to dimer HELLS compared to monomer HELLS, might suggest that 

this form of HELLS is more functionally relevant at least in recruiting or 

retaining CtIP at sites of DSBs, although CtIP interaction with monomeric 

HELLS is not ablated. 

Analysis by SEC-MALS of HELLS-NTD and Irc5-NTD suggests that both 

the N-terminal purified proteins are monomeric, but purification by gel 

filtration indicates that they may have an extended or non-globular shape. 

Since the N-terminal domains have been purified from E. coli, native PTMs 

will not be present. It is possible that PTMs contribute to dimerisation or 

alternatively dimerisation may occur via the C-terminal region. Since 

HELLS-NTD is capable of binding to CtIP, this might indicate that a dimeric 

form is not essential for an interaction with CtIP to occur, and neither is the 

addition of PTMs. This would need to be confirmed by analysing interaction 

between CtIP and a dephosphorylated form of full-length HELLS. Further 

work is needed to isolate the dimerisation domain of HELLS and Irc5. 

7.3 The role of Irc5 and HELLS at chromatin 

Analysis of recombinant Irc5 and HELLS proteins has demonstrated that 

they are both capable of binding to DNA and nucleosomes substrates. While 

further analysis should be performed to examine the nucleosome binding 

characteristics, DNA-binding analysis showed that these proteins generally 

prefer binding to fork and Holliday junction DNA structures compared with 

other substrates. Preference for these substrates could point to a potential 

recruitment or retention mechanism for the proteins either to sites of 

damage, or to replication forks. The finding from our lab that Irc5 binds to 

PCNA, is consistent with Irc5 displaying a bias towards fork structures. This 

is also in agreement with a role for Irc5 in enabling replication progression 

by loading cohesin complexes near blocked replication forks 214. Further 
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work should include analysis of HELLS and whether it localises to 

replication forks.  

Analysis of protein-protein interactions has shown that HELLS is capable of 

binding to histones H3 and H4 with the N-terminal domain of HELLS 

contributing to this interaction. Interaction with H2A or H2B may still be 

possible within the context of the nucleosome possibly through binding to 

the acidic patch, which could be examined further with reconstituted 

nucleosomes. An interaction with H2AX was not observed, however, 

binding to phosphorylated H2AX has not been ruled out. This may further 

link HELLS with localising to DNA damage sites. 

7.4 The role of HELLS in DNA repair and heterochromatin 

I have demonstrated that HELLS physically interacts with the DNA repair 

resection protein, CtIP. Combined with data from our lab demonstrating that 

in the absence of HELLS, CtIP foci formation at sites of DSBs is impaired, 

my data supports a role for HELLS in localisation or retention of CtIP at sites 

of damage. 

Heterochromatin is a compact chromatin structure that presents a challenge 

to DNA repair processes and replication fork progression. These regions 

require chromatin remodelling to alter the compact chromatin structure to 

prevent replication stress and aberrant DNA damage responses. Work from 

our lab has shown that relaxation of the heterochromatin structure by 

depleting KAP-1, is able to rescue the DNA repair defects when HELLS is 

depleted 211. The same is true of chloroquine, a chromatin relaxation drug 

that can open the heterochromatin structure. Given that ATPase activity of 

HELLS has also been shown to be important for the timely repair of DSBs, 

it is likely that HELLS promotes the relaxation of the heterochromatin 

structure in order for DNA repair to take place.   

A role for HELLS has also been found in establishing accessible chromatin 

for DSB machinery during meiotic recombination 319. Several publications 

have implicated murine HELLS in male and female meiosis in mice 239,350 

and is consistent with our hypothesis that HELLS facilitates the initiation of 
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recombination and providing access for CtIP and other HR proteins by 

opening the structure of chromatin. 

Taking together these results, my model proposes a role for HELLS in 

promoting HR through recruitment of CtIP to DNA damage sites (Figure 

7-1). HELLS K254R displays a defect in CtIP foci formation in mammalian 

cells, therefore the putative chromatin remodelling activity of HELLS is 

potentially a prerequisite for effective recruitment of CtIP within 

heterochromatic regions of the genome. The direct interaction of HELLS 

and CtIP is likely to contribute to CtIP accumulation. This enables resection 

and commits the DSB to repair by HR. Overall, this points to a role for 

HELLS maintaining genomic stability through its protein-interaction and 

potential chromatin remodelling activity. Since loss of Irc5 increases error-

prone repair by NHEJ, further work will explore the role of HELLS in 

alternative pathways of DSB repair including NHEJ.   

A question for the future is why the action of HELLS is particularly important 

at heterochromatic sites and how HELLS is recruited to sites of DSBs. 

Whether a recruitment factor, or several recruitment factors, is involved with 

localising HELLS to these sites is unknown, but analysis of protein 

interactions with HELLS coupled with mammalian cell experiments could 

shed light onto this.  



Discussion and future directions 

 

244 
 

 

Figure 7-1 Model of HELLS function at double-strand breaks 
Based on our research, a role for HELLS at DSBs has been proposed. HELLS may function 
as both a monomer and a dimer. When a DSB occurs within the context of heterochromatin, 
HELLS may interact with histone proteins, H3 and H4, and potentially via the acidic patch 
of the nucleosome in order to remodel chromatin to open the sites around the break site. 
Through direct interaction of the HELLS dimer with CtIP and HELLS chromatin remodelling 
activity, HELLS promotes the recruitment of CtIP to DSB ends to begin initiation of end-
resection and HR.  
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7.5 Concluding remarks 

De novo methylation is a well-characterised role for HELLS. It is able to 

interact directly with the methyltransferase DNMT3b to promote 

methylation. The work in this lab suggests that the defect in DNA repair is 

not due to a loss of DNA methylation 211. Since methylation does not occur 

in yeast, an alternative methylation-independent role for this subfamily in 

DNA repair has been proposed.  

Chromatin remodellers are involved with many aspects of maintaining 

chromatin structure within the cell to regulate transcription, replication, and 

repair. More recently they have also been demonstrated to act directly with 

DSB machinery to repair DNA breaks. Research on chromatin remodellers 

has revealed a connection between their dysfunction and human diseases 

such as cancer. HELLS has been shown to be mutated or misregulated in 

several cancers 227,228. Given overexpression has been associated with 

aggressive tumour phenotypes, this raises the possibility for therapeutic 

targeting HELLS. However, since both dysfunction and overexpression of 

HELLS is associated with cancer, therapies might need to be personalised 

and classed based on the levels of HELLS expression. PARP inhibitors are 

a cancer treatment that specifically sensitise cells with defects in the HR 

pathway. This lab has already shown that cells depleted of HELLS are 

sensitive to PARP inhibition and therefore there is potential for their use in 

treatment of tumours with disrupted HELLS function. Further work is needed 

to understand the role of overexpression of HELLS and how this effects 

tumour growth. 

My work has shown, along with data published from this lab, that Irc5 and 

HELLS maintain heterochromatic regions and potentially replication forks to 

enable proper repair and localisation of repair proteins. The work presented 

here has provided groundwork into understanding the function of this 

subfamily of chromatin remodellers. Further work will need to be performed 

to identify the chromatin remodelling function for these proteins to 

understand their mechanistic function at break sites and replication forks. 

While I have not been able to ascertain an activity for recombinant Irc5 and 

HELLS, DNA and protein-binding activities have been demonstrated for the 
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purified proteins suggesting that they are folded. Most likely, I have not yet 

discovered the stimulating factor for their chromatin remodelling function. 

Going forward, this will be the focus of in vitro work with the recombinant 

proteins. 
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Figure 9-1 HELLS protein disorder prediction  

Figure adapted from D2P2 prediction software. 
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Figure 9-2 Irc5 protein disorder prediction 

Figure adapted from D2P2 prediction software. 
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Figure 9-3 Representative images of EMSA DNA binding assays with HELLS HMW 
and HELLS LMW 
Reactions contained 0-3000 nM protein with 10 nM DNA substrate and incubated at 4°C. 
Reactions were resolved on 0.5 X TAE non-denaturing 5 % PAA gels and imaged on 
Typhoon Imager.  
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Figure 9-4 Representative images of EMSA DNA binding assays with HELLS K254R 
HMW and HELLS K254R LMW 
Reactions contained 0-3000 nM protein with 10 nM DNA substrate and incubated at 4°C. 
Reactions were resolved on 0.5 X TAE non-denaturing 5 % PAA gels and imaged on 
Typhoon Imager.  
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Figure 9-5 Representative images of EMSA DNA binding assays with Irc5  HMW and 
Irc5 LMW 
Reactions contained 0-3000 nM protein with 10 nM DNA substrate and incubated at 4°C. 
Reactions were resolved on 0.5 X TAE non-denaturing 5 % PAA gels and imaged on 
Typhoon Imager.  
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Figure 9-6 Representative images of EMSA DNA binding assays with Irc5 K253R 
HMW and Irc5 K253R LMW 
Reactions contained 0-3000 nM protein with 10 nM DNA substrate and incubated at 4°C. 
Reactions were resolved on 0.5 X TAE non-denaturing 5 % PAA gels and imaged on 
Typhoon Imager.  
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Figure 9-7 Representative images of EMSA DNA binding assays with HELLS-NTD 
and Irc5-NTD 
Reactions contained 0-3000 nM protein with 10 nM DNA substrate and incubated at 4°C. 
Reactions were resolved on 0.5 X TAE non-denaturing 5 % PAA gels and imaged on 
Typhoon Imager.  
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Figure 9-8 Comparison of Irc5 HMW, LMW, catalytic mutants and Irc5-NTD against 
all DNA substrates 

Graphs showing fraction of DNA bound relative to no protein control against titration of Irc5 
LMW, Irc5 HMW, K253R HMW, K253R LMW and Irc5-NTD (nM protein) using either single-
stranded, double-stranded, 3’ fork, 5’ fork, 3’overhang, 5’ overhang and Holliday jucntion 
DNA structures. Error bare represent the SEM of at least 3 separate repeats.  
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Figure 9-9 Comparison of HELLS HMW, LMW, catalytic mutants and HELLS-NTD 
against all DNA substrates 

Graphs showing fraction of DNA bound relative to no protein control against titration of 
HELLS LMW, HELLS HMW, HELLS-K254R HMW, HELLS-K254R LMW and HELLS-NTD 
(nM protein) using either single-stranded, double-stranded, 3’ fork, 5’ fork, 3’overhang, 5’ 
overhang and Holliday jucntion DNA structures. Error bars represent the SEM of at least 3 
separate repeats. For some substrates, the 3000 nM data points hve been omitted for 
clarity. 
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Figure 9-10 HELLS HMW phosphorylation sites 
Protein sequence of HELLS with phosphorylation sites for HMW HELLS highlighted in bold 
and yellow. Phosphorylation sites were determined by LCMS mass spectrometry analysis 
on HELLS HMW purified protein. Below are written the same phosphorylation sites, with 
those matching sites predicted by NetPhos3.1 highlighted in blue, and those matching 
predicted sites by multiple online tools are highlighted in green. 
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Figure 9-11 HELLS LMW phosphorylation sites 
Protein sequence of HELLS with phosphorylation sites for LMW HELLS highlighted in bold 
and yellow. Phosphorylation sites were determined by LCMS mass spectrometry analysis 
on HELLS LMW purified protein. Below are written the same phosphorylation sites, with 
those matching sites predicted by NetPhos3.1 highlighted in blue, and those matching 
predicted sites by multiple online tools are highlighted in green. 


