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ABSTRACT 

 

The eukaryotic Structural Maintenance of Chromosomes (SMC) family 

comprises six members; Smc1 to Smc6. Smc proteins contain five characteristic 

domains: Walker A and B motifs at N- and C-terminus, respectively, two coiled-

coil regions and a hinge motif situated in the centre of the polypeptide. Smc1-

Smc3 heterodimer (cohesin) and Smc2-Smc4 (condensin) are required for sister 

chromatid cohesion and mitotic DNA condensation, respectivel. The Smc5-Smc6 

heterodimer is crucial for proper DNA repair and response to DNA damage 

through homologous recombination (HR). The Smc5-Smc6 scaffold binds six 

non-Smc elements (Nse1 to Nse6) which supplement the structure. Each subunit 

of the yeast Smc5-Smc6 complex is essential for viability and their mutants are 

sensitive to DNA damage. 

  

We generated Smc5-, Nse2-/-/- (SUMO E3 ligase) and Nse2-/-/-Smc5- 

chicken DT40 cells. All three cell lines are viable, but differ in their phenotypes. 

Smc5 cells show increased mitotic index and number of aberrant mitotics 

compared to wild type and Nse2 mutants. Additionally, Smc5 mutants are 

sensitive to ionizing radiation (IR) and methyl methanesulfonate (MMS), 

whereas Nse2 show decreased survival and elevated chromosomal aberrations 

only after MMS treatment. Both cell lines have decreased break induced sister 

chromatid recombination activities but additionally, Nse2 show slightly elevated 

gene targeting efficiencies. Nse2-, Smc5-deficient and Nse2-/-/-Smc5- cells 

showed increased levels of sister chromatid exchanges, compared to wild type. 

Moreover, loss of Smc5 protein but not Nse2, results in impaired sister chromatid 

cohesion as measured by distances between a tet repressor GFP bound to 

chromosomally integrated tet operator arrays. 

 

The different phenotypes of Smc5 and Nse2 cells suggest possible 

separate functions of Smc5 and Nse2 proteins. This was supported by the 

epistatis analysis of the doubly targeted clones Nse2-/-/-Smc5-. Additionally, the 

observed discrepancies can be explained by distinct levels of Smc5-Smc6 

complex destabilization in Smc5 and Nse2 backgrounds. Taken together, our 
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results suggest that the Smc5-Smc6 complex does not play a direct role in HR 

but that it is possibly a part of the HR regulatory machinery. We conclude that 

Smc5 and Nse2 proteins are required for proper regulation of DNA repair and 

recombination after DNA damage. 
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Chapter 1 Introduction 

 

1.1 DNA and genome stability 

Deoxyribonucleic acid (DNA) was discovered in 1869 by Johann 

Friedrich Miescher, a Swiss biochemist working in Tübingen, Germany (Brown, 

2002). Almost a century later, experiments with bacteria performed by Avery 

and co-workers, gave evidence for DNA being the bearer of genetic information 

(Avery et al., 1944). In 1952, Hershey and Chase used viral particles to 

demonstrate that during bacterial cell infection, DNA is transferred from virus to 

bacterial host, not proteins as previously believed (Hershey and Chase, 1952). A 

year later Watson and Crick, using X-ray differentiation patterns, elucidated the 

DNA helix structure (Watson, 1953).  

DNA is a bio-polymer built up of two anti-parallel strands of 

deoxyribonucleotides linked by phosphodiester bonds. Each deoxyribonucleotide 

consists of a sugar ring (deoxyribose), and a negatively charged phosphate group, 

which together form the backbone of the strand and one of four highly 

hydrophobic nitrogenous bases (pyrimidines-like adenine (A) and guanine (G) or 

pyridines-like thymine (T) and cytosine (C), Figure 1.1A). The water-soluble 

backbone of DNA interacts with the solvent molecules, shielding hydrophobic 

bases stacked between the two strands (Figure 1.1B). Individual DNA strands 

contain two different ends with either a 3’ hydroxy group (3’ end) or a 5’ 

phosphate moiety (5’ end) (Watson, 1953) (Figure 1.1B). The anti-parallel 

strands interact through non-covalent hydrogen bonds of A-T and C-G base 

pairs. The genetic information is embedded in the sequence of 

deoxyribonucleotides. The DNA molecule contains many chemical moieties that 

can easily undergo chemical modifications and it is pivotal for any living entity 

to ensure DNA stability and the correctness of its sequence. The maintenance of 

genomic integrity is essential for the survival and prosperity of each single 

species. It has been estimated that tens of thousands of lesions per day are being 

introduced into the DNA of a single cell (Lindahl and Barnes, 2000).  

 



 

Figure 1.1 DNA composition.
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Cyclin D is constitutively expressed through the cell cycle, whereas cyclin E, A 

and B are specific for G1 to S phase, S phase to G2 and G2 to M phase transitions, 

respectively (reviewed in (Sanchez and Dynlacht, 2005)). CDK2,-4,-5 and -6 are 

activated during G1 phase (G1 CDKs), CDK1 and -2 control S and M phase 

progression (S and M phase CDKs) (reviewed in (Murray, 2004)).  

 

1.3 DNA damage 

As mentioned earlier, DNA is a very unstable molecule that is constantly 

being physically and chemically modified. Depending on the source of the DNA 

damaging agent we can distinguish two types of DNA damage: endogenous and 

exogenous (reviewed in (Friedberg, 2003)). 

Endogenous DNA damage is the result of the metabolic activity of the 

cell and it is caused by reactive oxygen species (ROS), nitrogen compounds 

produced by cell metabolism and during the inflammatory response by the 

immune system, alkylating agents (like S-adenosylmethionine) and replication 

errors (reviewed in (Lindahl and Barnes, 2000)).  

Exogenous DNA damage is a result of exposure to UV-light, gamma and 

X-rays, thermal factors, toxins (for example food toxins like aflatoxins or 

heterocyclic amines present and in over-cooked meats), chemicals like those 

present in a cigarette smoke (benzopyrene) and many more environmental 

challenges (reviewed in (Harper and Elledge, 2007)).   

Both endogenous and exogenous DNA damage cause different DNA 

modifications. Those are base (deaminations, oxidations and alkylations) and 

strand alterations (single and double strand breaks, intra- and inter-strand cross-

links). Each of these DNA lesions triggers a specific response to restore the 

integrity of the genetic information. Depending on the level of DNA damage the 

cell can either stall the cell cycle and repair the lesions or undergo controlled 

death (apoptosis). In the next few sections the responses to DNA damage and 

specific DNA repair pathways will be described in detail.  
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DNA damage response (DDR) 

The DNA damage response is a complicated network of protein

ultimate goal is to restore DNA integrity. The vast network of 

proteins comprises three main classes of DDR components, 

damage sensors, signal mediators and effectors (Figure 1.4).  

damage response pathways.  

hical representation of DNA damage response pathways. After DNA damage, specialised 

proteins (DNA sensors) sense the lesions and activate the mediator proteins (signal transducers). 

The function of the mediator proteins is to mobilise the DNA damage effectors which then trigger 

specific cellular responses, such as cell cycle arrest, DNA repair or cell death. 
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The DDR is regulated at many different levels by protein-protein 

interactions and a plethora of protein modifications (reviewed in (Bergink and 

Jentsch, 2009; Harper and Elledge, 2007; Misteli and Soutoglou, 2009)). It is 

crucial for cell survival that these happen in the right place in the right time. 

Many different proteins are required for the proper response to DNA damage 

(reviewed in (Ciccia and Elledge, 2010)). Another layer of DDR control comes 

from up- and down-regulation of specific genes required for cellular responses to 

stressful conditions. 

After introduction of DNA damage, specific DDR pathways are activated 

to stall the cell cycle progression and repair introduced lesions or trigger 

controlled cell death (reviewed in (Niida and Nakanishi, 2006)). The decision is 

mainly made according to the severity of the DNA damage and cell cycle stage. 

Depending on the DNA damage timing, cell cycle arrest is achieved by 

activation of specific surveillance pathways, including degradation of Cdc25 

phosphatases, degradation of cyclins and finally, inhibition of CDKs (discussed 

in Section 1.5 and reviewed in (Nurse, 2002)). These cellular mechanisms, 

termed cell cycle checkpoints, prevent cell proliferation under DNA damage and 

stress conditions.  

Parallel to checkpoint establishment, the DNA damage is being repaired 

by specialised protein complexes. Two families of sensor proteins play a central 

role in the DNA damage response, the phosphatidylinositol 3-kinase like protein 

kinases (PIKKs) family which include the ATM (ataxia telangiectasia mutated), 

ATR (ataxia telangiectasia related) and DNA-PK (DNA dependent protein 

kinase) kinases and a group of poly(ADP)ribose polymerases (PARP) proteins 

(Harper and Elledge, 2007; Meek et al., 2008). The ATM and DNA-PK kinases 

are principally involved in responses to DNA double strand breaks (DSB), 

whereas ATR functions to ensure the integrity of DNA replication forks in 

response to DNA damage (reviewed in (Cimprich and Cortez, 2008)). The PARP 

family of proteins is mainly required for base excision repair (BER) and single 

strand break (SSB) repair pathways. However, it also has been shown to play a 

regulatory role in DSB repair (reviewed in (Schreiber et al., 2006)). The 

ATM/ATR/DNA-PK proteins regulate the DDR outcome by protein 

phosphorylation, whereas PARPs function by attachment of ADP-ribose residues 
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to their targets. Once activated, the sensor proteins recruit the mediator factors to 

the site of the damage. The mediator proteins, such as mediator of DNA 

checkpoint 1 (Mdc1), breast cancer type susceptibility protein 1 (BRCA1) and 53 

binding protein 1 (53BP1) migrates to site of DNA damage (reviewed in (Ciccia 

and Elledge, 2010; Harper and Elledge, 2007). Many of the mediator proteins 

contain the BRCA1 C-terminus (BRCT) domains necessary for transduction of 

DNA damage signals. These domains are required for protein-protein 

interactions through binding to phospho-proteins (reviewed in (Canman, 2003)).  

Each sensor interacts and modifies many different mediator molecules in 

order to amplify the signal. Subsequently, the mediator factors such as Mdc1, 

BRCA1, 53BP1 regulate the activity of effector proteins, such as Chk1 

(checkpoint 1) and Chk2 (checkpoint 2) kinases, which activate a specific 

response to the stress conditions. For example, phosphorylation of the target 

effector proteins, such as the Cdc25 family of phosphatases and cyclin dependent 

kinases by ATM-Chk2 and ATR-Chk1 pathways is required for slowing cell 

cycle progression after DNA damage (reviewed in (Ciccia and Elledge, 2010)). 

Activation of another protein, the p53 transcription factor plays important role in 

the DDR. Its activation by ATM-Chk2 and ATR-Chk1 dependent 

phosphorylation up-regulates gene expression. These genes activate cell cycle 

inhibitory pathways, control DNA damage repair or induce apoptosis.  

 

1.5 Cell cycle checkpoints 

Control of cell cycle progression is important for cell survival. Specific 

pathways have evolved to precisely monitor the advance of the cell through 

stages of the cell cycle. These pathways, called checkpoints, are present in G1, S, 

G2 and M phases and ensure the order of cell cycle events to preserve genomic 

integrity. These mechanisms prevent cell cycle progression and allow for DNA 

repair before the cell can enter the next stage of the cell cycle (Hartwell and 

Weinert, 1989).  

The G1 checkpoint ensures that cells do not enter S phase with damaged 

DNA (reviewed in (Zhou and Elledge, 2000)). It is mainly controlled by the 

tumour suppressor protein p53 which accumulates post-DNA damage in order to 

stall the cell cycle. ATM and ATR phosphorylate p53 at S15 and S20 in order to 
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activate it (Banin et al., 1998). The p53 protein can also be phosphorylated at the 

same sites by the ATM/ATR target kinases Chk1 and Chk2 (Canman and 

Kastan, 1998; Canman et al., 1998). Normally p53 protein forms a complex with 

the ubiquitin ligase MDM2, which ensures the rapid turnover of the p53 protein 

(Wahl and Carr, 2001). The phosphorylated form of p53 does not interact with 

MDM2 and therefore is no longer targeted for degradation (Chehab et al., 1999). 

This results in the accumulation of active p53 protein (Chehab et al., 1999). In 

addition, post-DNA damage MDM2 is also modified by the ATM/ATR kinases 

and targeted for proteasomal degradation, which further amplifies the signal for 

p53 protein release and accumulation (Maya et al., 2001). These events lead to 

increased levels of p53 protein, which is then translocated to the nucleus (Maya 

et al., 2001). The transcriptional activity of p53 stimulates the expression of 

genes involved in the control of cell cycle progression. Genes regulated by p53 

are the growth arrest genes p21CIP1/WAF1, Gadd45, DNA repair genes, such as 

p53R2 and apoptosis genes Bax, Apaf-1, PUMA and NoxaA (Kastan et al., 1992; 

Lowe et al., 1993; Vogelstein et al., 2000). p21CIP1/WAF is a CDK inhibitor that 

negatively regulates Cdk2/cyclin E activity leading to G1 cell cycle arrest (Lowe 

et al., 1993). In addition, ATR and ATM kinases control CDK phosphorylation 

status through the regulation of Cdc25A phosphatase activity (reviewed in 

(Morgan, 1997)). Upon modification by ATM/ATR, Cdc25A protein is targeted 

for degradation (Bartek et al., 2004). Without the activity of Cdc25A, the 

Cdk2/cyclin E complex cannot be activated by dephosphorylation to promote cell 

progression through G1 to S transition. 

The G1 phase contains another checkpoint-like pathway. Each cell has to 

pass through the G1 phase ‘restriction point’, after which cell commits to finish 

DNA duplication and division. This is regulated by the RB (retinoblastoma 

protein)/E2F (transcription factor) complex. Phosphorylation of pRB by the G1 

CDK complex (Cdk4/6-cyclin D) releases the E2F protein. The E2F transcription 

factor then regulates expression of genes required for progression from G1 to S 

phase (including Cdc25A, Cdk2, PCNA, DNA polymerase α/β, cyclin A/D) 

(Bartek et al., 1997; Sherr and McCormick, 2002). 

 The S phase checkpoint induces DNA replication stalling upon DNA 

damage and controls origin firing (Costanzo et al., 2003). When S phase cells are 
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exposed to DNA damage, ATM and ATR kinases are activated in order to 

decrease the rate of DNA synthesis or to stop it until DNA lesions are removed 

(reviewed in (Bartek et al., 2004; Osborn et al., 2002)). It is important to protect 

replication fork integrity as collapsed forks are highly toxic (reviewed in (Bartek 

et al., 2004)). There are two different pathways ensuring for such an outcome. 

The first of the pathways inhibits origin firing by regulation of the Cdc25A 

phosphatase levels in manner similar to that described for the G1 checkpoint. 

ATR/Chk1 is activated and ensures low levels of Cdc25A through activation of 

the Skp1–Cullin–F-box (SCF) ubiquitin ligase βTrCP which targets Cdc25A for 

proteasome-mediated hydrolysis (Busino et al., 2003a). This keeps Cdk2 in its 

inactive hyperphosphorylated state and inhibits Cdc45 protein (Bartek et al., 

2004; Busino et al., 2003b; Jin et al., 2003). Cdc45 is an essential component of 

the CMG complex (Cdc45-Mcm2-7-GINS) required for initiation of DNA 

replication (Moyer et al., 2006). In addition, in the absence of Cdc45, the DNA 

polymerase δ cannot be loaded onto DNA and start DNA synthesis (reviewed in 

(Bell and Dutta, 2002)).  

In the second branch, ATM phosphorylates several proteins, such as 

structural maintenance of chromosomes 1 (Smc1), Nbs1 and BRCA1 to activate 

an S phase checkpoint (Kitagawa et al., 2004; Olson et al., 2007; Yazdi et al., 

2002). Smc1 modification is required for the activation of the S phase checkpoint 

in response to IR and this activation is Nbs1 dependent (Yazdi et al., 2002). 

BRCA1 mediates activation of the S phase checkpoint through interaction with 

checkpoint proteins, such as ATR, Nbs1 and Mdc1 (Cortez et al., 1999; Stewart 

et al., 2003; Tibbetts et al., 2000; Xu et al., 2002). The mechanism of the ATM-

Nbs1-BRCA1-Smc1 branch is not well understood but it is necessary for the full 

activation of the S phase checkpoint and inhibition of DNA synthesis upon DNA 

damage. 

 The G2 checkpoint protects cells from entering mitosis with unrepaired 

DNA. ATM-Chk2 and ATR-Chk1 activate Cdc25C phosphatase in response to 

genotoxic stress (Capasso et al., 2002; Falck et al., 2001). The 14-3-3 complex 

interacts with the phosphorylated form of Cdc25C and relocates it from the 

nucleus where it is targeted for proteasome-mediated degradation (Mailand et al., 

2000). Loss of Cdc25C activity impedes the full activation of the mitosis-specific 
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Cdk1/cyclin B complex (reviewed in (Sancar et al., 2004)). In addition, activated 

Chk1 stabilises Wee1, leading to Cdk1 deactivation by its phosphorylation at the 

inhibitory site T14 (Raleigh and O'Connell, 2000). Inactive Cdk1/cyclin B 

complex cannot drive the cell to enter the mitosis. In addition, Chk2 kinase 

phosphorylates p53, which is followed by increased expression of p21CIP1/WAF1 

and 14-3-3σ proteins (Bunz et al., 1998; Chan et al., 1999). p21CIP1/WAF1 inhibits 

the activity of Cdk1/cyclin B directly and 14-3-3σ proteins indirectly by 

sequestering the Cdk1/cyclin B complex activator the Cdc25C phosphatase. 

The spindle assembly checkpoint (SAC) ensures proper attachment of 

microtubules to chromosomes. This pathway operates early in mitosis and is 

conserved from yeast to human. Defects in this mechanism result in abnormal 

anaphase and aneuploidy (Vallee et al., 2006). Its principal components in yeast, 

Aurora B (aurora kinase B), Bub1 (budding uninhibited by benzimidazole), 

Mps1 (monopolar spindle 1), Bub3, Mad1 (mitotic arrest deficient) and BubR1 

localize to kinetochores (reviewed in (Przewloka and Glover, 2009)). In 

metazoan cells, SAC proteins also include Zwint-1, CENP-E/I/F (Mehta et al., 

2010; Starr et al., 2000). The central function of this checkpoint is to monitor 

spindle health, its proper tension and microtubule attachment to chromosomes at 

the kinetochores. In response to conditions of abnormal spindle attachment to 

chromosomes, Bub1 phosphorylates Mad1 in a Bub3-dependent manner 

(Hardwick and Murray, 1995; Hardwick et al., 1996). This is required for 

formation of the mitotic checkpoint complex (MCC) which inhibits activity of 

the anaphase promoting complex/cyclosome (APC/C) and degradation of cyclin 

B and Pds1/Securin (precocious dissociation of sisters). Activation of the MCC 

complex is not clear but it may occur through two different mechanisms. In the 

first mechanism, abnormal interaction between microtubules and kinetochores is 

sensed and signals for the formation of the MCC complex. In the second 

pathway, the MCC complex is thought to be a part of the kinetochore and it is 

activated when unattached microtubules are present (reviewed in (Lu et al., 

2009)). Normally, the APC/C complex is required for removal of residual 

kinetochore-localised sister chromatid cohesin through degradation of Securin. 

MCC activation leads to prolonged mitosis through negative regulation of sister 

chromatid separation (reviewed in (Nezi and Musacchio, 2009)). If the spindle 
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forces and kinetochore attachment are restored cell is promoted to enter mitosis 

and finish the cell cycle. 

 

1.6 DNA repair 

There are many different DNA repair pathways that can deal with various 

types of DNA lesions. These pathways are highly conserved throughout 

evolution, confirming the importance of genomic maintenance and DNA repair 

activity. DNA damage that can occur includes base modifications (deaminations, 

alkylations, oxidations), sugar modifications, mismatches, intra- and inter-strand 

cross-links, single and double strand breaks (reviewed in (Ciccia and Elledge, 

2010)). Sections 1.6.1 – 1.6.4 describe the various mechanisms involved in DNA 

repair. 

 

1.6.1 DNA alkylation and oxidation repair 

DNA alkylation is a process in which an alkyl group (-R) is transferred 

onto a nitrogen or oxygen atom in the DNA helix. The alkyl groups can be as 

simple as methyl (-CH3) or ethyl (-CH2CH3) groups, or more complicated like 

those found in the antineoplastic agents nitrogen mustard, nitrosoureas and alkyl 

sulphonates. The main responses to DNA alkylation are direct demethylation 

pathways and base excision repair (BER). 

In the direct demethylation process, methyl transferase proteins, such as 

methylguanine-DNA methyltransferase (MGMT) or alkylguanine-DNA 

transferase (AGT) remove the DNA alkylation by coupling the damaging alkyl 

group with its active site cysteine (reviewed in (Lindahl et al., 1988; Sedgwick, 

2004)). O6-alkylguanine and O4-alkylthymine adducts are repaired through a 

direct reversal mechanism. In this process a cysteine residue attacks the alkyl 

adduct and receives it in a SN2 (nucleophilic substitution bimolecular) reaction. 

This leads to irreversible inactivation of the enzyme which is then targeted for 

degradation. Other types of DNA adducts such as N1-methyladenine and N3-

methylcytosine are removed by Escherichia coli AlkB protein and its human 

orthologues. These lesions are reversed through an oxidative dealkylation 
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first recognised and excised from the DNA strand (Figure 1.5 (1)). 
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(reviewed in (Lindahl and Barnes, 2000)). For example the thymine-DNA 

glycosylase (TDG) is required for removal of thymine from G/T mismatches, and 

uracil-DNA glycosylase removes mis-incorporated uracil from DNA (reviewed 

in (Lindahl, 1982)). The E.coli DNA glycosylase AlkA and its human orthologue 

MPG (DNA-3-methyladenine glycosylase) process 3-methyladenine (3mA) 

(reviewed in (Seeberg 1995)). Other proteins including E.coli and human 

endonuclease III and 8-oxoguanine glycosylase repair thymine glycols, 

hydroxycytosine and 8-oxoguanine, respectively (reviewed in (Seeberg et al., 

1995)).  

After removal of the base, the AP site is left behind (Figure 1.5 (1)). This 

site is then cleaved by the activity of either a bifunctional DNA glycosylase or by 

a specialised AP endonuclease. AP endonuclease 1 (APE-1) cleaves the 

phosphodiester backbone immediately 5’ to the AP site leaving a single strand 

break with 3’-hydroxyl and 5’-deoxyribose phosphate termini (Figure 1.5 (2)) 

(Demple et al., 1991). The DNA single strand break (SSB) with or without the 

remaining 5’-deoxyribose phosphate can be processed by two different pathways 

termed long patch BER (LP-BER) or short patch BER (SP-BER) (Figure 1.5 (3-

5) or (6-8)). In LP-BER, DNA polymerase β synthesises a short oligonucleotide 

using the 3’-hydroxyl terminus as a primer (Matsumoto and Kim, 1995; Sobol et 

al., 1996). In this reaction, the 5’ part of the same strand is displaced forming a 

flap that is later removed by flap endonuclease 1 (FEN1) (Li et al., 1995a). In 

SP-BER, the 5’-deoxyribose phosphate moiety is first removed by 5’ dRP lyase 

and then a single nucleotide is added by DNA polymerase β to fill the gap. The 

backbone in either of the pathways is sealed by DNA ligase III/XRCC1 complex 

activity (reviewed in (Frosina et al., 1996)).  

In addition to base removal, the BER pathway is the main route for SSB 

repair. The SSBs are mainly formed by ionizing radiation, topoisomerase I 

inhibition, UV, oxidative stress (H2O2) and indirectly during the above-described 

base excision repair (BER) pathway (reviewed in (Caldecott, 2008)). An SSB is 

sensed by PARPs which catalyse poly(ADP-ribosyl)ation of many acceptor 

proteins involved in SSB repair, including histones H1 and H2B and PARP-1 

(Schreiber et al., 2002; Schreiber et al., 2006). Such modification of the histone 

proteins is believed to be required for the recruitment and assembly of further 



Introduction 

32 

 

chromatin modifiers (polycomb and histone deacetylase complexes) and SSB 

repair factors (Chou et al., 2010; Schreiber et al., 2006). Once the SSB sensed it 

is processed similarly to an AP site in the BER pathway. 

Loss of the base excision repair activity results in many diseases, such as 

cancer, neurodegenerative pathologies (ataxia-oculomtor apraxia 1 (AOA1) and 

spinocereballar ataxia with axonal neuropathy 1 (SCAN1). The oxidative stress 

caused by reactive oxygen species (ROS) has been associated with increased 

rates of carcinogenesis. Exposure of cells to high levels of ROS can lead to 

cellular transformation (Zimmerman and Cerutti, 1984). Mouse knockouts of the 

antioxidant superoxide dismutase enzyme develop cancer or die early after birth 

(Elchuri et al., 2005; Li et al., 1995b). In addition, it has been shown that 

oxidative stress and antioxidant defences affect life span. Experiments with 

caloric restricted diet (reduced radical production) in mice, found significantly 

increased life span in these animals (Kregel and Zhang, 2007). Recently, a huge 

effort is being made to develop small molecule inhibitors of BER as potential 

anticancer drugs. Promising results have been observed in BRCA1/BRCA2-

deficient tumours, where inhibition of PARP-1 specifically induces tumour 

death, leaving normal cells untouched (reviewed in (Cipak and Jantova, 2010)). 

 

1.6.2 Nucleotide excision repair 

During nucleotide excision repair (NER), bulky DNA adducts or helix-

distorting DNA modifications are repaired (reviewed in (Lindahl et al., 1995)). 

Members of a family of proteins mutated in rare recessive disease Xeroderma 

Pigmentosum (XP) are required for proper repair of these DNA adducts. The 

XPA gene encodes for the DNA binding protein and XPC for a highly 

hydrophobic protein (Tanaka et al., 1990). The XPB/D are the DNA helicases 

and XPG/F encode for DNA nucleases (Flejter et al., 1992; Scherly et al., 1993; 

Weeda et al., 1990a; Weeda et al., 1990b). The most common lesions repaired by 

NER are UV photoproducts (thymidine dimmers and 6-4 photoproducts), DNA 

alkylation and intra- and interstrand DNA cross-links such as those caused by 

chemotherapeutics cis-platin and psoralen (Moggs et al., 1996). In the first steps, 

the DNA damage is sensed by HR23B (UV excision repair protein Rad23 
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 complex what is accompanied by UV-DDB (

specific DNA binding protein 1) (reviewed in (Rastogi et al., 2010)

1.6 Nucleotide excision repair pathway.  

Cartoon shows mechanism of nucleotide excision repair with enzymes involved in each step
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unwinding by XPB/D. (2) DNA damage is 

by DNA polymerase δ or ε and 
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. Then the TFIIH complex which 

the XPB and XPD DNA helicases, locally unwinds the DNA, allowing 

. After DNA unwinding 

bind to the DNA damage site (Jones and 

. These are required for efficient excision of 

XPF DNA specific 



Introduction 

34 

 

nucleases (Figure 1.6 (1) and (2)). The DNA fragment of 24-32 oligonucleotides 

is removed by strand cleavage up- and downstream of the lesion (Figure 1.6 (2), 

(reviewed in (Wood, 1996)). The resulting gap is then filled by PCNA-dependent 

DNA polymerase δ or ε activity and sealed by DNA ligase (Figure 1.6 (3), 

(reviewed in (Robins and Lindahl, 1996)).  

In addition to the removal of bulky DNA adducts, NER is also involved 

in repair of DNA intra- and inter-strand cross-links (ICL). Both of these lesions 

are severely toxic for the cell during DNA replication. Intra-strand cross-links are 

replication fork barriers and inter-strand cross-links inhibit the DNA unwinding 

step. Intra-strand cross-links are mainly repaired by similar mechanism as UV 

photoproducts. This include sensing of the inter-strand crosslink, local 

unwinding of DNA, adduct excision and gap filling (reviewed in (Naegeli, 

1995)). Inter-strand cross-links are more challenging to remove as they cannot be 

simply excised from the DNA. However, cleavage of both strands and double 

strand break induction during inter-strand cross-link repair has been reported 

(Jones and Yeung, 1990; Ramaswamy and Yeung, 1994). In E.coli, the UvrABC 

heterotrimeric endonuclease is able to excise inter-strand psoralen DNA adducts 

in an ATP-dependent reaction (Hearst et al., 1984; Kanne et al., 1984). In the 

first steps, one of the DNA strands is cleaved at adduct flanking 5’ and 3’ sites. 

The other strand is left undigested (Van Houten et al., 1986). One DNA end 

adjacent to the DNA adduct is a potential substrate for the RecA protein which 

can catalyse further repair by recombination (Sladek et al., 1989). This 

mechanism is reflected by studies in eukarytotic systems where homologous 

recombination deficiency is associated with hypersensitivity towards inter-strand 

cross-links (reviewed in (Hinz, 2010)). After RecA induced recombination the 

resulting gap in the DNA can be filled by DNA polymerase and further excision 

of the adduct can be then performed (Cheng et al., 1988).  

In mammalian cells, mutations in ERCC1 or XPF genes result in 

hypersensitivity towards inter-strand crosslink agents, whereas mutations in 

XPB/D/G show only moderate effects, suggesting a significant difference in 

repair of regular NER substrates and ICLs (Andersson et al., 1996; Clingen et al., 

2005; De Silva et al., 2000; Niedernhofer et al., 2004). In higher eukaryotes, 

similarly to E. coli, cells, the ICLs are repaired by combined action of NER and 



 

recombination pathways 

the replication machinery encounters the ICL, the lesion is first unhooked on one 

end by the activity of 

followed by an ERCC1/XPF cut

et al., 2006; Niedernhofer et al., 2004)

Figure 1.7 Inter-strand DNA crosslink repair. 

Cartoon shows a mechanism of DNA inter
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an adduct by NER, (6) DSB repair by homologous recombination.

 

This generates one sided DSB. In one of the possible scenarios the strand 

containing the unhooked adduct is then synthesised by translesion synthesis 

(TLS) polymerases (Figure 1.7, (3)) 

duplicated by the converging 

break (Figure 1.7 (3)). In the next step, ICL is removed by NER (Figure 1.7 (4)), 

the gap is filled and sealed by DNA polymerase and ligase activities (Figure 1.7 
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recombination pathways (reviewed in (Hinz, 2010)). In eukaryotic model

the replication machinery encounters the ICL, the lesion is first unhooked on one 

activity of the Mus81/Eme1 endonuclease (cuts 3’ to the lesion) 

ERCC1/XPF cut 5’ to the lesion (Figure 1.7, (1) and (2)) 

et al., 2006; Niedernhofer et al., 2004).  

strand DNA crosslink repair.  

Cartoon shows a mechanism of DNA inter-strand cross-link repair with the enzymes involved at 

(1) DNA excision 5’ and 3’ of the DNA adduct is catalysed by ERCC1/XPF and 

Mus81/Eme1, respectively. (2) DNA adduct flip, (3) TLS at the site of an adduct, (4

adduct by NER, (6) DSB repair by homologous recombination. 

This generates one sided DSB. In one of the possible scenarios the strand 

containing the unhooked adduct is then synthesised by translesion synthesis 

(TLS) polymerases (Figure 1.7, (3)) (Rahn et al., 2010). The second strand is 

onverging replication fork what leads to formation of a

break (Figure 1.7 (3)). In the next step, ICL is removed by NER (Figure 1.7 (4)), 

the gap is filled and sealed by DNA polymerase and ligase activities (Figure 1.7 

(5)). The resulting DSB is then repaired by Rad51 dependent homologous 

recombination (Figure 1.7 (6)) (described in section 1.6.3).  
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In an alternative scenario, induction of the one sided DSB, recruits 

FANCD2 and Rad51 proteins in order to initiate recombination at the stalled 

replication fork (Al-Minawi et al., 2009; Bhagwat et al., 2009; McCabe et al., 

2008). The Rad51 coated 3’ end of the one sided DSB is then invading the 

homologous sequence (if available) or non-homologous chromosome with 

extensive sequence homology (reviewed in (Rahn et al., 2010)). The non-

homologous sequence is then removed by ERCC1/XPF (end trimming) and the 

recombination intermediate is resolved (reviewed in (Rahn et al., 2010)).  

XP is an autosomal recessive genetic disorder. XP patients have defective 

NER and cannot properly repair UV-induced DNA damage. Mutations in eight 

of NER genes, including XPA-G and Polymerase η result in XP (reviewed in 

(Kannouche and Stary, 2003)). Mutations in the XP genes are often associated 

with skin cancer predisposition (reviewed in (Lindahl et al., 1995; Wood, 1996)). 

Inability to properly repair the NER substrates results in increased mutation rate 

and tumourgenesis in XP individuals. Mutations of NER genes result in two 

other genetic diseases, Cockayne’s syndrome (CS) and Trichothiodystrophy 

(TTD) (reviewed in (Bergoglio and Magnaldo, 2006)). Patients with these 

syndromes show UV light sensitivity and premature aging, but do not have 

increased cancer predisposition. CS and TTD are caused by mutations in CSA/B 

and XPB/D, and are defective in removal of DNA damage in transcribed 

sequences of the genome, namely transcription coupled DNA repair (reviewed in 

(Bergoglio and Magnaldo, 2006)). 

  

1.6.3 DNA double strand break repair 

DNA double strand breaks (DSB), if not repaired, are the most mutagenic 

and potentially lethal of all DNA lesions. DSB causes discontinuity of the 

genetic information. Such a situation is dangerous for the cell as the fragmented 

chromosome may be lost, duplicated or fused with inappropriate parts of the 

genome. This can potentially lead to tumourgenesis if the deleted chromosomal 

sequence encodes a protein that normally prevents tumour formation (tumour 

suppressor gene) or if the amplified region contains genes promoting cell 

proliferation (oncogene). 
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DNA double strand breaks are mainly processed by two distinct 

mechanisms error-free homologous recombination pathway (HR) and the error-

prone non-homologous end joining process (NHEJ). Both pathways compete for 

access to the DSB (Ciccia and Elledge, 2010; Hochegger et al., 2006; Rapp, 

2004). The HR pathway normally requires a sister chromatid as a template for 

repair and because of that, its activity peaks in late S and G2 phase of the cell 

cycle. In the non-homologous end joining or alternative-NHEJ, broken DNA 

ends are directly re-joined without or with the help of a short homology 

sequence, respectively. The NHEJ pathway operates mainly in G1 and early S 

phase, when a second copy of the DNA is not yet available for repair. However, 

recent data suggest that NHEJ is far more accurate and is engaged in the repair of 

a greater number of DSB during the cell cycle than was previously believed 

(Beucher et al., 2009a). 

 

1.6.3.1 Homologous recombinational repair 

After induction of DSB, they are sensed within few seconds and bound by 

many proteins, such as PARP-1, Ku70/Ku80, and MRN (reviewed in (Ciccia and 

Elledge, 2010)). In the HR, DSBs are processed by Mre11 (meiotic 

recombination 11), Rad50 (radiation sensitive 50) and Nbs1 (Nijmegen breakage 

syndrome 1) complex (MRN) together with Sgs1 helicase and Dna2/Exo1 

nucleases (Figure 1.8) (Mimitou and Symington, 2008; Williams and Tainer, 

2007; Zhu et al., 2008). The MRN complex then recruits the ATM kinase via the 

C-terminal region of the Ns1 protein in order to activate DNA damage response 

cascade (Jazayeri et al., 2008; Lee and Paull, 2005; Paull and Lee, 2005) (Figure 

1.8). The MRN heterotrimer then activates ATM/ATR which phosphorylate the 

BRCA1, Nbs1, H2AX histone (γ-H2AX) and Smc1 proteins (Ciccia and Elledge, 

2010). The γ-H2AX modification is introduced up to 1-2 Mb around the actual 

DSB site in an ATM-dependent manner (Pilch et al., 2003). Phosphorylation of 

histone H2AX around the DSB site has been shown to be required for 

recruitment and assembly of DNA damage repair proteins (Rogakou et al., 1998). 

This is believed to be an essential platform for factors, such as replication protein 

A (RPA), BRCA1, BRCA2 and Rad51/52/54/55/57/59 (reviewed in (Ciccia and 

Elledge, 2010; Symington, 2002).  



 

Figure 1.8 Model of double strand break repair 

Cartoon show a mechanism

principal enzymes involved in each step. 
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ATM phosphorylates many cellular targets including histone

nucleoprotein Rad51 filament is

then invades the homologous 

strand invasion and DNA synthesis, 
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Enzymes with chromatin remodelling activities like INO80 (putative DNA 
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associated, actin dependent regulator of chromatin) a
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and are believed to facilitate regulation of the local chromatin conformation (Lee 

et al., 2010; van Attikum et al., 2004). Recently, ubiquitylation and 

SUMOylation have been shown to regulate protein recruitment and repair at the 

DSB. For example ubiquitylation of lysine 63 of histone H2A by RNF8 ubiquitin 

ligase is essential for recruitment of the RAP80 (receptor associated protein 80) 

and BRCA1 proteins to the damage site (Huen et al., 2007; Kolas et al., 2007; 

Wang and Elledge, 2007). Localisation of the BRCA1 protein is dependent on 

PIAS1- and PIAS4-mediated (protein inhibitory of activated STAT 1 and 4) 

BRCA1 SUMOylation (Galanty et al., 2009; Morris et al., 2009).  

In the early steps of HR, the endonuclease activity of the MRN complex 

together with Exo1/Dna2 resects the 5’ ends of the DSB to facilitate strand 

invasion (Figure 1.8 (1), reviewed in (Huen and Chen, 2010)). DNA end 

processing is controlled by the ATM, CtIP (CtBP-interacting protein), BRCA1, 

EXO1 (Exonuclease 1), BLM (Bloom helicase) and ARTEMIS (DNA cross-link 

repair 1C protein) proteins (Beucher et al., 2009b; Bolderson et al., 2010; Huen 

and Chen, 2010). In order to protect single-stranded 3’ ends from degradation, 

overhangs are coated with RPA, which binds tightly to single stranded DNA 

(Wold, 1997). The RPA-DNA complex is then displaced by Rad51 recombinase 

in a process dependent on BRCA2 (breast cancer type 2 susceptibility protein) 

and Chk2-dependent BRCA2 phosphorylation (Figure 1.8 (2), (Esashi et al., 

2005; West, 2003). Additionally, SUMOylation of the RPA subunit RPA1 and 

phosphorylation of Rad51 by Chk1 are required for assembly of the Rad51 

protein on 3’ overhangs (Dou et al., 2010; Sorensen et al., 2005). In the next step 

Rad51-coated DNA invades the sister chromatid in search for a homologous 

DNA sequence (Figure 1.8 (2), reviewed in (West, 2003). This process is 

stimulated by Rad52/54/55/57 proteins (reviewed in (Symington, 2002)). Rad55 

and Rad57 are important in formation and stabilisation of the Rad51 filament 

(Mozlin et al., 2008). Rad54 protein interacts with Rad51 and stimulates the 

strand exchange reaction catalysed by Rad51 (Alexeev et al., 2003). Rad52 is 

also required for formation of the Rad51 nucleoprotein filament but additionally 

Rad52 promotes annealing of the 3’ overhang with homologous DNA sequence 

(Nimonkar et al., 2009). When the search is finished, the DNA is then 

synthesised to restore the lost genomic information at the site of DSB, using the 
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sister chromatid as a template (Figure 1.8 (2)). The Holliday junctions are formed 

after the DNA strand synthesis and ligation (Figure 1.8 (3)). These structures are 

often moved by specialised DNA helicases (BLM, WRN) and cleaved by the 

action of Holliday junction dissoluting complexes (BLM/TOPOIII) or resolving 

conplexes, such as, nucleases GEN1, MUS81/EME1, SLX1/SLX4 (Figure 1.8 

(3), (Andersen et al., 2009; Ciccia et al., 2008; Fekairi et al., 2009; Ip et al., 

2008; Muñoz et al., 2009; Svendsen et al., 2009). Depending on Holliday 

junction resolution pathway cross-over (GEN1, MUS81/EME1 or SLX1/SLX4) 

or non cross-over (BLM/TOPOIII) products are formed (Figure 1.8 (4), (Heyer, 

2004; Hollingsworth and Brill, 2004; Yamada et al., 2004).  

Additional homologous recombinational repair pathways exist in 

eukaryotic cells. In one of them, termed synthesis dependent strand annealing 

(SDSA), the initial steps are identical to those in the double Holliday junction 

model (Figure 1.9). The 5’ resected ends coated with Rad51 the invade sister 

chromatid to search for homologous sequence (Figure 1.9 (1) and (2)). After 

synthesis of DNA using the sister chromatid as a template, the DNA duplex 

between sister chromatids is displaced by the activity of RecQ helicases 

(Sgs1/Rqh1/BLM) and offers the possibility of re-annealing DSB ends (Figure 

1.9 (3) and (4)) (Ira et al., 2003; Robert et al., 2006; Wu and Hickson, 2003). It 

has been shown that BLM is able to dismantle Rad51 nucleofilaments (Bugreev 

et al., 2007) and DSB ends can be then annealed. Repair is completed by gap 

filling and ligation. The SDSA pathway leads exclusively to non-crossover 

products suggesting that it may be a major pathway for DSBs repair in somatic 

cells. 

 



 

Figure 1.9 Double strand break repair
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Double strand break repair through synthesis-dependent strand annealing

a model for the mechanism of synthesis dependent strand annealing

with the principal enzymes involved in each step. (1) Similarly to double 

Holliday junction model, the 5’ ends of the DSB are recessed by the MRN complex, which 

activates the DNA damage response through ATM kinase. ATM phosphorylates many cellular 

targets including histone γ-H2AX, Chk2 and itself. (2) A Rad51 nucleoprotein filament is formed 

overhangs in a BRCA2-dependent manner, and then invades the homologous sequence

which is used as a template to synthesise DNA at the site of DSB. (3) The Rad51 nucleoprotein 

filament is dismantled by displacement of Rad51 through activity of RecQ helicase

ends anneal and terminal sequences are removed by FEN-1 endonuclease. (5) SDSA leads to 

crossover products. 

In the second pathway, termed single strand annealing (SSA), DSBs are

repaired using a homologous sequence within the same sister chromatid (Figure 
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1.10). The SSA pathway repair

repeats. First, 5’ end resection uncovers the direct repeat sequences (Figure 1.10 

(1)), which can then anneal together to repair the break (Figure 1.10 (2)). 

annealing step is mediated by Rad52 but not Rad51, which is recruited to ssDNA 

by RPA (Hays et al., 1998)
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Figure 1.10 Double strand break repair

Graphical representation of the single strand anneling (SSA) 

involved in each step. (1) 

activates the DNA damage response through ATM kinase. Resection of the 5’ ends uncovers 

direct repeat sequences (2) Homologous sequences can then anneal through a Rad52
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specific endonuclease Rad1

located between the direct repeat sequences
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SSA pathway repairs DSBs which have occurred between two direct 

5’ end resection uncovers the direct repeat sequences (Figure 1.10 

(1)), which can then anneal together to repair the break (Figure 1.10 (2)). 

annealing step is mediated by Rad52 but not Rad51, which is recruited to ssDNA 

(Hays et al., 1998). The terminal sequences (flaps) not involved in 

annealing are removed by specific endonucleases, such as Rad1

Lobell and Haber, 1992; Saparbaev et al., 1996) (Figure 1.10 (2)). 

 

Double strand break repair through single strand annealing (SSA)

Graphical representation of the single strand anneling (SSA) mechanism and 

involved in each step. (1) First, 5’ ends of the DSB are recessed by the MRN complex, which 

activates the DNA damage response through ATM kinase. Resection of the 5’ ends uncovers 

direct repeat sequences (2) Homologous sequences can then anneal through a Rad52

aling process. (3) Terminal sequences are removed by the 

specific endonuclease Rad1-Rad10 (5) SSA leads to loss of one of the repeats and

located between the direct repeat sequences. 
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Similarly to other HR pathways, repair is completed by gap filling and ligation 

(Figure 1.10 (3)). SSA leads to deletion of one of the DNA repeats and a region 

located between the repeats, therefore it is considered as mutagenic. However, 

eukaryotic genomes contain a significant amount of repeated sequences which 

are likely repaired this way if the sister chromatid is not available for repair. 

 

1.6.3.2 Non-homologous recombinational repair 

In the non-homologous end joining (NHEJ) process no homology or just 

a few nucleotides of microhomology is required for the repair of the DSB (Figure 

1.8). During NHEJ the broken DNA ends are rapidly bound by the Ku70/Ku80 

heterodimer which recruits the DNA-PK (Figure 1.11 (1), reviewed in (Mahaney 

et al., 2009). DNA-PK prevents DNA end resection, regulates chromatin 

structure and facilitates DSB repair by protein phosphorylation (Figure 1.11 (2), 

reviewed in (Meek et al., 2008)). After loading of the DNA-PK, DNA ligase 

IV/XRCC4 complex is recruited to the site of the damage (reviewed in (Mahaney 

et al., 2009)). Additional end regulation may be performed before ligation by 

ARTEMIS, APLF (aprataxin-and PNK-like factor) nucleases and PNK 

(polynucleotide phosphatase/kinase) kinase/phosphatase (Figure 1.11 (2), 

reviewed in (Mahaney et al., 2009). Processed DNA ends are brought together 

and rejoined by activity of the DNA ligase IV/XRCC4 protein complex 

(reviewed in (Mahaney et al., 2009)) (Figure 1.11 (3)).  

In the alternative NHEJ pathway the double strand break is sensed by the 

PARP-1/2 proteins (Wang et al., 2006). Experiments in DT40 cells lacking 

PARP-1 have shown that PARP-1 and Ku70 compete for the binding of the DSB 

ends (Hochegger et al., 2006). In addition, PARP-1 has been shown to be 

required for ATM activation post-DSB induction (Haince et al., 2007; Haince et 

al., 2008). In this process, PARP-1 mediates the recruitment of the DSB repair 

protein CtIP and the MRN complex to the sites of damage (Haince et al., 2007; 

Haince et al., 2008; Yun and Hiom, 2009). Short stretches of homology are 

required for rejoining of the broken ends by the DNA ligase III/XRCC1 complex 

(You and Bailis, 2010; Yun and Hiom, 2009). 

 



 

Figure 1.11 Double strand break repair

Cartoon shows mechanism of

the principal enzymes involved in each step. 
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Double strand break repair through non-homologous end joining.

Cartoon shows mechanism of non-homologous end joining (NHEJ), a DSB repair process, with 

the principal enzymes involved in each step. (1) During NHEJ, DSB ends are bind by the 

PK complex (2) DNA-PK is activated when bound to DSB ends. DNA

phosphorylates target proteins, such as Ku70/Ku80 heterodimer, Artemis and itself. (3

leads to rejoining of broken DNA ends by the DNA ligase IV/XRCC4 complex. (A double 

head shows autophosphorylation events and DNA sequence in green represents short stretches of 

homology or processed DNA ends). 

Deficiency in DSB repair is a hallmark of broad spectrum of 

physiological defects, such as pathologies of the nervous, rep

immune systems. Inefficient DSB repair leads to increased rate

rgenesis and aging (reviewed in (Ciccia and Elledge, 2010)

ATM gene result in the genetic disease, ataxia telangiectasia

characterised by severe movement impairment caused by progressive 

degradation (reviewed in (Biton et al., 2008)). A similar phenotype has 

been reported in individuals with mutations in the MRE11 gene, 

is required for ATM activation in vivo (Limbo et al., 2011)

types of microcephalies are associated with loss of function of genes such as 

(microcephalin 1) which are also involved in
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(reviewed in (Kerzendorfer and O'Driscoll, 2009; O'Driscoll and Jeggo, 2008)). 

The Bloom and Werner syndromes, both of which are associated with a broad 

spectrum of malignancies, show hyperrecombination phenotypes. The products 

of the BLM and WRN genes, Bloom and Werner helicases, respectively, are 

involved in the resolution of HR intermediates (reviewed in (Chu and Hickson, 

2009)). Mutations in the BRCA1 and BRCA2 genes are detected in 10% of 

patients diagnosed with breast and ovarian cancers (reviewed in (Fackenthal and 

Olopade, 2007)). These mutations are hereditary and their early detection 

increases the possibility of efficiently treating breast and ovarian cancer 

(reviewed in (Jackson and Bartek, 2009)). 

 

1.6.4 Mismatch repair 

Mismatch repair is a DNA repair mechanism activated during DNA 

synthesis. During replication of the genomic material, mis-incorporation of the 

wrong base happens with a rate of 10-7 to 10-9 (reviewed in (Kunkel and 

Bebenek, 2000)). Base mismatches are sensed by the DNA sliding clamp, 

MSH2/MSH6 heterodimer (also known as MutSα). MutSα is able to travel along 

the DNA in an ATP-dependent manner in search of wrongly-incorporated bases 

(Blackwell et al., 1998; Gradia et al., 1999; Iaccarino et al., 2000). Another 

heterodimer MLH1/PMS2 accompanies the MutSα mismatch recognition 

complex (Li and Modrich, 1995). In bacterial cells, the MutSα homologue can 

distinguish between old and newly-synthesised DNA strands by sensing their 

methylation status (Glickman, 1982). The human MutSα/MLH1/PMS2 complex 

recognises the newly synthesised strand by the presence of Okazaki fragments on 

the lagging strand or a 3’ terminus on the leading strand (Genschel and Modrich, 

2003). After mismatch detection, the MMR complex removes the erroneous base 

by recruitment of the exonuclease NEO1 (5’ – 3’ activity), which digests the new 

strand containing the wrong base (Dzantiev et al., 2004; Genschel and Modrich, 

2003, 2009). The resulting single stranded DNA is bound by RPA to protect it 

from further digestion and the gap is then filled by the activity of DNA 

polymerase in a PCNA-dependent manner (reviewed in (Kolodner, 1996)). 
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In addition, MMR proteins have been implicated in the repair of other 

DNA lesions such as single and double strand breaks, DNA methylations and 

DNA cross-links (Stojic et al., 2004a; Stojic et al., 2004b). Yan et al. showed a 

moderate sensitivity of hMSH1 and hMSH2 deficient cells and a G2 checkpoint 

defect after IR treatment (Yan et al., 2001). In cells treated with methylating 

agents such as MNU or MNNG, the 6-methylguanine can be mismatched during 

replication with a T nucleotide. Such structures have been shown to be bound by 

MutSα (Duckett et al., 1996). Analogously, the 1,2GpG cis-platin adducts are 

bound by the same MMR heterodimer in vitro (Duckett et al., 1996).  

Hereditary nonpolyposis colorectal cancer (HNPCC, Lynch syndrome) is 

a result of heterozygous mutation in mismatch repair genes (MLH1, MSH2, 

MSH6 and PMS2) (Spry et al., 2007). HNPCC is a most prevalent cancer type in 

developed countries. Most of the cases (approximately 20%) have a familial 

background (Lynch et al., 2004). Mutations in the MMR genes have been also 

involved in other types of diseases such as microsatellite instability and 

trinucleotide repeat disorders (reviewed in (Iacopetta et al., 2010; La Spada, 

1997)). 

 

1.7 Structural maintenance of chromosome (Smc) 

proteins 

The structural maintenance of chromosome (Smc) family is a group of 

well conserved proteins involved in many aspects of DNA metabolism. Smc 

proteins are relatively large (around 100-150 kDa) and contain extensive coiled-

coil regions (Hirano, 2002). Each Smc protein consists of three characteristic 

domains: the ATP binding and hydrolysis domains (Walker A and B) at the N- 

and C-terminal ends, with long coiled-coil arms separated by the flexible hinge 

(Hirano and Hirano, 2002) (Figure 1.9). The hinge domain allows the coiled-coil 

arms to fold back on themselves. Interaction between hydrophobic coiled-coil 

arms brings the ATP binding and hydrolysis domains together in order to form a 

functional ATPase unit, called the Smc head (Figure 1.9). The eukaryotic Smc 

proteins form heterodimers through hinge-hinge interactions (homodimers are 

observed in prokaryotes). The consensus glycine motifs GX6GX3GG and 



 

GX5GGX3GG have been identified at the hinge domain of the eukaryotic and 

prokaryotic Smc proteins, respectively (reviewed in 

Mutation of 4 of the 5 glycine residues in the 

domain results in the inability of the protein to form a homodimer and bind DNA 

(Hirano and Hirano, 2002)

Figure 1.12 Structure of the Smc proteins.
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different cellular roles (reviewed in (Hirano, 2005; Losada and Hirano, 2005)
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As previously mentioned, when two ends of Smc protein come together a 

functional ATPase is formed (reviewed in (Hirano, 2005)). It has been proposed 

that ATP binding and hydrolysis promotes the closing and opening of the Smc 

arms, respectively (Arumugam et al., 2003; Hirano et al., 2001). Work of Hirano 

and co-workers suggests that intra– and inter-molecular interactions between the 

heads of different Smc complexes may occur in the presence of DNA (reviewed 

in (Hirano and Hirano, 2004; Hirano et al., 2001)). Analysis of the bacterial Smc 

protein ATPase cycle revealed a three step mechanism. This involves ATP 

binding, the so called transition-state and ATP hydrolysis steps (reviewed in 

(Hirano and Hirano, 2004; Hirano, 2005)). Mutations in the Smc sequence which 

affect any of these steps had no or only moderate effects on interactions with 

DNA. However, the same study showed that the conformation of the Smc heads 

in the transition state strongly favours DNA binding (reviewed in (Hirano and 

Hirano, 2004)). From these results, a simple model of action emerged. In the first 

step, ATP binding induces opening of the Smc arms in order to accommodate 

and bind DNA. Interaction with nucleic acid stimulates ATP hydrolysis and 

closing of the arms, inducing intra- or inter-molecular head-to-head interactions 

(reviewed in (Hirano and Hirano, 2004; Hirano, 2005)).  

 

1.7.1 Smc1-Smc3 complex (cohesin)  

All Smc complexes interact with DNA and play important roles in DNA 

metabolism. The Smc1-Smc3 (cohesin) heterodimer was first identified in 

Saccharomyces cerevisiae (Michaelis et al., 1997). The Smc1-Smc3 binds to 

Scc1/Mcd1/Rad21 and Scc3/SAs subunits to form a functional complex required 

for sister chromatid cohesion. Mutation of the cohesin complex results in 

premature sister chromatid separation (Michaelis et al., 1997). The cohesin 

complex was later identified in other organisms including Xenopus laevis, 

Saccharomyces pombe and humans (Losada et al., 1998; Losada et al., 2000; 

Sumara et al., 2000; Tomonaga et al., 2000). In humans, three different isotypes 

of cohesin have been identified so far and, depending on the Scc3 subunit have 

been termed cohesinSA1, cohesinSA2 (observed in somatic cells) and cohesinSA3 

mainly found in cells undergoing meiosis (Losada et al., 2000; Sumara et al., 

2000). The cohesin complex is loaded onto chromatin in early G1 phase by the 
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action of the Scc2/Scc4 complex (Ciosk et al., 2000). Sister chromatid cohesion 

is established during S-phase by modification of Smc3 through the activity of 

Ctf7/Eco1 acetyltransferase (Skibbens, 2009). During S phase, the Smc1-Smc3 

complex interacts with the DNA sliding clamp PCNA providing direct evidence 

for a link between sister chromatid cohesion and DNA replication (Tóth et al., 

1999). The inter-molecular DNA tethering lasts from S phase to mitosis, when 

the cohesin complex is removed from the DNA allowing sister chromatids to 

separate (Hirano et al., 1997; Michaelis et al., 1997). Differences in this process 

exist between lower and higher eukaryotes. Whereas in S. cerevisiae most of the 

cohesin is removed by proteolytic cleavage of the Scc1 subunit in anaphase by 

the Separase protease, in humans the bulk of the Smc1-Smc3 complex 

dissociates from chromatin in prometaphase after phosphorylation mediated by 

polo like kinase 1 (Plk-1) (Amon, 2001; Hornig and Uhlmann, 2004; Sumara et 

al., 2002). Residual cohesion is left behind in the centromeric region where it is 

protected from cleavage and phosphorylation until anaphase by shugoshin and 

protein phosphatase 2A, respectively (Rivera and Losada, 2006; Waizenegger et 

al., 2000; Warren et al., 2000). Chromatin immunoprecipitation studies identified 

the centromeres, chromosome arms and recently, replication origins, as the 

primary cohesin binding sites (Blat and Kleckner, 1999; Guillou et al., 2010).  

In addition, the cohesin complex is believed to facilitate DSB repair by 

keeping the sister chromatids together in close proximity around the damage site. 

Smc1-Smc3 is also required for G2 checkpoint activation (Bauerschmidt et al., 

2010; Bauerschmidt et al., 2011; Dodson and Morrison, 2009b; Ellermeier and 

Smith, 2005; Kim et al., 2002; Watrin and Peters, 2009).  

 

1.7.2 Smc2-Smc4 complex (condensin) 

The Smc2-Smc4 complex (together with CAP-D2/G/H) was first 

identified in Xenopus laevis (Hirano et al., 1997). Temperature-sensitive S. 

cerevisiae mutants smc2-1 and smc2-6 show premature chromosome segregation 

and anaphase bridges formed by non-segregated chromosomes (Strunnikov et al., 

1995). Similarly to Smc1-Smc3, the condensin complex is loaded onto DNA by 

the Scc2/Scc4 heterodimer (Gartenberg and Merkenschlager, 2008). In vitro 

experiments showed that condensin is able to introduce positive supercoils in the 
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presence of topoisomerase I (TopoI) and knots in the presence of topoisomerase 

II (TopoII) (Kimura et al., 1998; Kimura and Hirano, 1997). This suggests that 

similar activities may play a role in chromosome condensation in vivo. In 

addition to the mitotic functions of the Smc2-Smc4 heterodimer, a condensin 

subcomplex is involved in non-mitotic events such as dosage compensation in 

Caenorhabditis elegans (Lieb et al., 2000). The dosage compensation complex is 

specifically recruited to both X chromosomes in order to reduce gene expression 

by half (Lieb et al., 1998; Lieb et al., 2000). Condensin has also been implicated 

in gene silencing in Drosophila melanogaster or rDNA gene cluster organisation 

in humans and S. cerevisiae (Cabello et al., 2001; Freeman et al., 2000; Lupo et 

al., 2001).  

 

1.7.3 The Smc5-Smc6 complex 

The third of the Smc complexes, Smc5-Smc6, was first identified in 

Schizosaccharomyces pombe (Lehmann et al., 1995). The as yet unnamed Smc5-

Smc6 complex, together with six non-Smc elements (Nse1 to Nse6), is mainly 

required for DNA damage repair and G2 checkpoint maintenance (Verkade et al., 

1999) after treatment with a broad range of DNA damaging agents, including 

UV, IR, MMS and cis-platin (Fousteri and Lehmann, 2000; Lehmann et al., 

1995; Taylor et al., 2001). All genes of the Smc5-Smc6 complex are essential for 

viability in S. cerevisiae. On the contrary, the S. pombe Nse5 and Nse6 are not 

required for viability. Surprisingly, the human (Potts et al., 2006; Potts and Yu, 

2005), Arabidopsis thaliana (Watanabe et al., 2009) and chicken (Stephan et al., 

2011a) Smc5-Smc6 complexes are not essential for cell proliferation.  

Similarly to the cohesin and condensin complexes, the Smc5 and Smc6 

proteins heterodimerise through hinge interactions to form a scaffold for a high 

molecular weight complex. The non-Smc elements bind to this scaffold to form a 

functional Smc5-Smc6 complex. Among the non-Smc elements of the Smc5-

Smc6 complex, the Nse1 protein contains a zing finger domain similar to E3 

ubiquitin ligases but no activity has yet been observed in vivo (McDonald et al., 

2003). Recent work by Pebernard et al. revealed no ubiquitin ligase activity for 

Nse1 in vitro. The authors suggested that the zinc finger domain is required for 

formation of the Nse1-Nse3-Nse4 subcomplex (Pebernard et al., 2008b). 
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However, Nse1 showed a robust activity in the presence of Nse3, indicating that 

Nse1 is a functional E3 ubiquitin ligase (Doyle et al., 2010). Nse2/MMS21 is an 

active Siz/PIAS E3 SUMO ligase that SUMOylates many cellular targets (see 

section 1.10.4). Nse3 is a member of the MAGE (melanoma associated antigen) 

family of unknown function (Pebernard et al., 2004). Nse4 has been identified as 

the kleisin element of the Smc5-Smc6 complex, whose function is to bridge the 

Smc5-Smc6 heterodimer heads (Palecek et al., 2006). It contains the kleisin-like 

domain composed of a helix-turn-helix motif, which is also found in other 

members of the family, including Scc1 and CAP-H (Palecek et al., 2006; 

Pebernard et al., 2004). Nse5 does not contain any known domains and Nse6 has 

been identified as HEAT (Huntingtin, elongation factor 3 (EF3), protein 

phosphatase 2A (PP2A), and the yeast PI3-kinase TOR1) repeat protein (Palecek 

et al., 2006; Pebernard et al., 2006). The Nse5 and Nse6 proteins form another 

subcomplex and like the Nse1-Nse3-Nse4 heterotrimer, bind to the heads or arms 

of the Smc5-Smc6 complex in S. pombe (Palecek et al., 2006; Pebernard et al., 

2006) and to hinges in S. cerevisiae (Duan et al., 2009b).  

Chromatin immunoprecipitation (ChiP) experiments in budding and 

fission yeast revealed different chromosomal localisations of the Smc5-Smc6 

complex, with enrichment at telomeres, centromeres and rDNA gene clusters 

(Ampatzidou et al., 2006; Lindroos et al., 2006; Pebernard et al., 2008c; Torres-

Rosell et al., 2005a). Defective HR at the repetitive DNA sequences can result in 

gross chromosomal rearrangements such as deletions and insertions at these loci. 

It has been proposed that the localisation of the Smc5-Smc6 complex on these 

sequences regulates their status through recombination (Torres-Rosell et al., 

2005b; Zhao and Blobel, 2005). In addition, yeast Smc5-Smc6 mutants show 

increased telomere shortening and in human cells, the Smc5-Smc6 is required for 

recombination-dependent alternative telomere lengthening (ALT) process 

(Chavez et al., 2010b; Potts and Yu, 2007). DNA repair and segregation at 

ribosomal loci is also mediated by the Smc5-Smc6 complex (Torres-Rosell et al., 

2005a; Torres-Rosell et al., 2005b; Torres-Rosell et al., 2007). 

The functions of the Smc5-Smc6 complex are considered to be in DNA 

repair. The S. pombe Rad18/Smc6 gene is required for maintenance of G2 

checkpoint and repair after DNA damage (Lehmann et al., 1995; Verkade et al., 
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1999). The Smc5-Smc6 complex plays a role in the restart of the stalled 

replication forks by regulating recombination (Ampatzidou et al., 2006; Irmisch 

et al., 2009). Studies in yeast, chicken and human cells have revealed that the 

Smc5-Smc6 complex is required for efficient homologous recombinational repair 

(Lehmann et al., 1995; Potts et al., 2006; Stephan et al., 2011a; Verkade et al., 

1999). In epistasis analyses experiments, combined mutation of Smc5 and HR 

genes, such as Rad51 or Rad54 does not enhance sensitivity towards IR, UV or 

MMS, further confirming a HR role for the complex (Ampatzidou et al., 2006; 

Bermúdez-López et al., 2010; Lehmann et al., 1995; McDonald et al., 2003; 

Stephan et al., 2011a). Consistent with such a role for Smc5-Smc6, depletion of 

the NHEJ gene Ku70 in chicken Smc5-deficient cells caused further sensitisation 

of Smc5 mutants to IR-induced DNA damage (Stephan et al., 2011a). 

Recruitment of the Rad51 and Rad54 proteins to DSB is unaffected in chicken 

and fission yeast mutants of the Smc5-Smc6 complex, suggesting its activity in 

late stages of HR (Ampatzidou et al., 2006; Stephan et al., 2011a). Extensive 

studies in budding and fission yeast using 2D gel electrophoresis revealed a 

significant increase in the X-shaped molecules in the absence of functional 

Smc5-Smc6 complex before and after MMS or HU treatment (Ampatzidou et al., 

2006; Branzei et al., 2006; Chavez et al., 2010a; Chavez et al., 2010b; Chen et 

al., 2009; Choi et al., 2010). The nature of these X-shaped molecules has not 

been confirmed yet but a large body of data suggests that this are recombination 

intermediates (Ampatzidou et al., 2006; Bermúdez-López et al., 2010; Branzei et 

al., 2006; Choi et al., 2010). This is also associated with aberrant mitosis as 

defined by chromosome mis-segregation, premature septation in the presence of 

unrepaired or not completely replicated DNA (‘cut’ phenotype), nuclear 

segregation and unequal DNA mass separation between mother and daughter 

cells (Ampatzidou et al., 2006; Chavez et al., 2010a; Chavez et al., 2010b; Chen 

et al., 2009; Choi et al., 2010; Lehmann et al., 1995; Verkade et al., 1999). 

Together, these observations indicate that the Smc5-Smc6 complex acts in the 

late stages of HR. The loss of Smc5-Smc6 complex leads to impaired HR and the 

accumulation of lethal DNA repair intermediates. The X-shaped DNA molecules 

arising in smc6-1 and mms21-sp can be removed and the mitotic aberrations 

reversed by restoration of the Smc5-Smc6 complex through expression of either 
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wild-type Smc6 or Nse2 in these mutants (Bermúdez-López et al., 2010; Branzei 

et al., 2006; Chavez et al., 2010b). Additional evidence for a HR function of the 

Smc5-Smc6 complex comes from experiments where deletion of HR factors such 

as MphI/FANCM helicase in smc6-9 and mms21-sp, Shu complex in smc6-P4 

and smc6-56, the post replicative repair protein MMS2 in smc6-P4 and smc6-56 

or overexpression of the 6-BRCT containing protein Brc1 in smc6-74, reverse 

hypersensitivity towards DNA damaging agents such as MMS, HU and UV 

(Ampatzidou et al., 2006; Chavez et al., 2010a; Choi et al., 2010; Lee et al., 

2007; Sheedy et al., 2005). These findings clearly indicate that the Smc5-Smc6 

complex is required for resolution of specific HR intermediates which can be 

removed by other HR factors acting upstream of the Smc5-Smc6 complex or by 

shifting the repair balance towards alternative HR repair pathways.  

In HeLa cells but not in budding and fission yeast, cohesin recruitment to 

DSB is mediated by the Smc5-Smc6 complex (De Piccoli et al., 2006; Outwin et 

al., 2009; Potts et al., 2006). As the Smc1-Smc3 complex is required for local 

sister chromatid cohesion around the double strand break, these data suggest that 

Smc5-Smc6 complex may regulate cohesion to facilitate DSB repair (Ström et 

al., 2004). Another group reported that upon Nse2 and Smc5 siRNA mediated 

knockdown, HeLa cells showed severe loss of sister chromatid cohesion 

(Behlke-Steinert et al., 2009). Our group found that depletion of chicken Smc5 in 

DT40 cells results in increased inter-sister chromatid distances before and after 

DSB induction. We also observed no further cohesion loss in double Scc1-/-/-

Smc5- mutants, what demonstrates that Smc5-Smc6 complex is epistatic to 

cohesin in cohesion maintenance (Stephan et al., 2011a). Another group found 

that in fission yeast, in the absence of functional Smc5-Smc6 complex, the 

cohesin complex is retained at chromosome arms resulting in chromosome 

segregation defects (Outwin et al., 2009). Recruitment of cohesin to DSB by 

Smc5-Smc6 is recognised as a very early event in the HR process. Similarly, the 

localisation of the ‘early’ HR factor Rad52, which is required for recombination 

at stalled replication forks is Smc5-Smc6 dependent (Irmisch et al., 2009). We 

found that Smc5-deficient cells efficiently mobilise Rad51 to IR-induced DNA 

repair foci (Stephan et al., 2011a). These findings indicate dual functions of the 

Smc5-Smc6 complex at different stages of the HR pathway. It is hard to explain 
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how a single complex could be involved at various steps of DNA repair where 

different activities are required. Therefore many groups have proposed that the 

Smc5-Smc6 complex is involved in the regulation of global chromatin 

conformation, like other Smc complexes rather than acting at specific steps of 

DNA repair (Ampatzidou et al., 2006; Torres-Rosell et al., 2007). 

   

1.8 SUMO modification 

Protein modification by small like ubiquitin modifiers (SUMOs), unlike 

ubiquitin, does not target the protein for proteosome-mediated degradation. 

SUMOylation regulates many cellular processes including protein trafficking 

(nuclear targeting), cell signalling, chromosome segregation, DNA synthesis and 

repair (reviewed in (Johnson, 2004)). SUMO family members are small, 

approximately 100 amino acid long, proteins that are attached to ε-amino group 

of lysines in the substrate that meet the minimal requirements of the consensus 

site (ψKXE, where ψ is a large hydrophobic amino acid, K is the target lysine, X 

any amino acid and E glutamic acid). Non-consensus site lysines have also been 

found to be modified (for example AKCP, TKET, TKED, VKYC, VKFT, 

GKVDGKVE) (reviewed in (Johnson, 2004)). The SUMO peptide sequences are 

very different from the ubiquitin protein (76 amino acids) but almost identical in 

their folding pattern (Bayer et al., 1998). The extra amino acids found in the 

SUMO peptides code for an extended N-terminal tail which is relatively flexible 

in solution (Bayer et al., 1998; Johnson, 2004). The SUMO gene is essential for 

budding but not fission yeast viability. There is a single SUMO gene 

(Smt3/Pmt3/SUMO-1) in yeasts, four in higher eukaryotes (SUMO-1/2/3/4) and 

eight SUMO genes in Arabidopsis (Johnson, 2004; Kamitani et al., 1998; Lois et 

al., 2003). The higher eukaryotic SUMO-2/3 proteins are almost identical with 

approximately 95% homology but are only 50% identical to SUMO-1. It has 

been observed that SUMO-1 conjugation is a constitutive modification, where 

SUMO-2/3 attachment is induced by different stimuli (Saitoh and Hinchey, 

2000). In addition, SUMO-2/3 can be automodified to form poly-SUMO 

conjugates as they contain the ψKXE consensus site within their sequence. This 

is absent in the SUMO-1 protein (Tatham et al., 2001). Mutation of the 
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SUMO2/3 SUMOylation consensus site abolishes poly-SUMO chain formation 

as observed for histone deacetylase HDAC4 protein (Tatham et al., 2001). 

 

1.9 SUMOylation pathway 

For a protein modification to occur, a specific enzyme that transfers the 

chemical moiety and a source of such a group are required. In the SUMO 

modification pathway, three distinct enzymes work sequentially to transfer the 

SUMO peptide onto a target protein. The SUMO E1 activating enzyme (SAE1) 

is the first enzyme that interacts with the SUMO peptide. SAE1 is a heterodimer 

formed of Aos1/Uba2 subunits (Johnson and Blobel, 1997). The second enzyme 

in the pathway is the SUMO conjugating enzyme E2 (Ubc9) which directly binds 

to the substrate consensus site and the E3 ligase (Bernier-Villamor et al., 2002; 

Tatham et al., 2003). The E2 conjugating enzyme Ubc9 is sufficient to modify 

around 90% of the target proteins in vitro but it is believed that within the cell, 

the activity of the third enzyme, the E3 ligase, is essential for substrate 

specificity. The E3 SUMO ligase can directly interact with E2 enzyme and 

activated SUMO peptide to catalyse SUMO peptide transfer (Bernier-Villamor et 

al., 2002). Cells produce the SUMO peptide in an inactive form and it has to be 

processed before it can be transferred onto a target protein (Figure 1.11, (1)). The 

mature form of the SUMO peptide lacks several C-terminal amino acids. The 

SUMO-specific proteases (SENPs) mediate cleavage of the C-terminal end to 

reveal a C-terminal di-glycine motif (Figure 1.11. (1)) (Matunis et al., 1996). 

First, the carbonyl group of the C-terminal glycine of SUMO protein attacks the 

ATP molecule to form a SUMO adenylate derivative. Then the AMP group is 

replaced by SAE1 in a reaction which involves the nucleophilic attack of its 

active site cysteine and formation of high energy thioester bond (Figure 1.11, 

(2)). In the next step, the activated SUMO peptide is passed to the Ubc9 enzyme 

(Figure 1.11, (3)). The Ubc9-SUMO intermediate forms an identical covalent 

link (the thiolester bond) with SUMO as the SAE1 enzyme. The final step of 

SUMOylation is catalysed by E3 SUMO ligase which, together with Ubc9, 

directs the SUMO peptide onto a specific site of the target protein (Figure 1.11, 

(4)). SUMOylation is a reversible protein modification. The SUMO peptide can 



 

be recovered by isopeptidase activity of the SENP proteases and reused in the 

next cycle of the SUMOylation process 

al., 2000)). 

 

Figure 1.14 SUMOylation pathway

Cartoon shows mechanism of protein modification by SUMO. 

cleaved by SENP proteases 
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be recovered by isopeptidase activity of the SENP proteases and reused in the 

next cycle of the SUMOylation process (Figure 1.11, (5)) (reviewed in 

SUMOylation pathway.  

Cartoon shows mechanism of protein modification by SUMO. (1) The pro-SUMO peptide is 

cleaved by SENP proteases and (2) then activated by SAE1 (3) Activated

transferred to SUMO conjugating enzyme Ubc9. (4) Co-operative activity of Ubc9 and target

specific E3 ligase is required for transfer of the SUMO peptide onto protein

an be recycled by SENP protease-mediated cleavage. 

Characterisation of E3 ligases 

There are three distinct families of SUMO ligases identified 

PIAS, RanBP2 and PC2 (Jackson, 2001b; Jackson and Bartek, 2009; Kagey et 

al., 2003; Pichler et al., 2002). All of the above mentioned SUMO ligase

conjugating enzyme Ubc9 and SUMO, and bind to a set of substrates 

to enhance their modification by SUMO attachment. The function of the E3 

ligases is to bridge a specific substrate with the Ubc9-SUMO intermediate.
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be recovered by isopeptidase activity of the SENP proteases and reused in the 

(reviewed in (Yeh et 

 

SUMO peptide is first 

Activated SUMO is next 

tive activity of Ubc9 and target-

specific E3 ligase is required for transfer of the SUMO peptide onto protein. (5) The SUMO 

There are three distinct families of SUMO ligases identified to date: 

(Jackson, 2001b; Jackson and Bartek, 2009; Kagey et 

. All of the above mentioned SUMO ligases interact 

set of substrates 

nt. The function of the E3 

SUMO intermediate. 
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1.10.1 Siz/PIAS 

The PIAS type of SUMO ligases were first identified in  

S. cerevisiae (Jackson and Bartek, 2009). The Siz/PIAS ligases contain the SP-

RING (Siz/Pias-RING) that resembles the RING finger domain of the ubiquitin 

ligases and a characteristic N-terminal domain SAP (SAR, Acinus, PIAS ~400 

residues) that binds DNA (Jackson, 2001a). The SP-RING is a catalytic domain 

and also Ubc9 interaction motif (Kahyo et al., 2001; Sachdev et al., 2001; 

Takahashi et al., 2001). The PIAS SUMO ligases possess a short sequence called 

SXS domain. The SXS sequence is made up of hydrophobic amino acids 

followed by a string of acidic residues (Minty et al., 2000). This is a SUMO 

interacting motif that binds to SUMO proteins and it has been proven to be 

required for proper ligases localisation (Kotaja et al., 2002). The C-terminal 

domain of the PIAS proteins is the least well-characterised and the most variable 

between the ligases in this family. It is speculated that various C-terminal ends 

play a role in substrate specificity (reviewed in (Johnson, 2004)). As mentioned 

before, the SP-RING of PIAS proteins resembles the one found in the ubiquitin 

ligases. The major difference between these two classes of proteins lies in 

number of cysteines found in the catalytic domain (six for ubiquitin ligases and 

four for Siz/PIAS SUMO ligases) (Jackson, 2001a). Two main members of this 

family, the S. cerevisiae Siz1 and Siz2 proteins SUMOylate cytoskeletal proteins 

(septins), the replication factor PCNA and the sister chromaitd cohesion protein 

Pds5 (Hoege et al., 2002; Stead et al., 2003). Neither protein is essential for  

S. cerevisiae viability, nor are the S. pombe homologues (Johnson and Gupta, 

2001; Takahashi et al., 2001; Takahashi et al., 2003; Xhemalce et al., 2004). The 

mammalian PIAS family consist of four ligases, PIAS1, 3, x and y (reviewed in 

(Chung et al., 1997; Shuai, 2000)). PIASx and -y are mainly expressed in testis, 

suggesting a role in meiosis and sperm production, whereas PIAS1 and PIAS3 

are found in all cell types (reviewed in (Chung et al., 1997; Moilanen et al., 

1999)). 
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1.10.2 RanBP2 

Another class of SUMO ligase are the homologues of the nuclear pore 

protein RanBP2/Nup358 (RNA binding protein 2/Nuclear pore complex protein 

358). RanBP2 proteins contain a specific E3 domain called the internal repeat 

domain (IR) which consists of two repeats of 50 amino acids. The IR domain 

does not share significant similarity with other known E3 ligases (reviewed in 

(Avis and Clarke, 1996)). The RanBP2 protein localises to the nuclear pore 

where it is part of a high weight molecular complex that regulates protein 

transport by SUMOylation (Pichler et al., 2002). RanBP2 SUMOylates RanGap1 

(Ran GTPase activating protein 1) protein and this SUMOylation is required for 

RanGap1 nuclear pore localisation (Matunis et al., 1998; Saitoh et al., 1997). In 

vitro studies revealed that SUMOylation of HDAC4, Sp100 and RanGap1 is 

enhanced by RanBP2, but only RanGap1 has been confirmed as an in vivo 

substrate thus far (Kirsh et al., 2002; Pichler et al., 2002). 

 

1.10.3 PC2 

The third subgroup of SUMO ligases are the polycomb group proteins 

(PcG). The PcG are nuclear proteins first identified in D. melanogaster 

(reviewed in (Lewis, 1978)). PcG proteins form complexes with histone 

methylation activity and function in gene silencing through modification of 

chromatin structure (Kagey et al., 2003). They do so by post translational 

modification of histone proteins. The PcG SUMO ligases such as Pc2 (polycomb 

2 homologue) are part of the nuclear polycomb bodies, where Pc2-mediated 

SUMOylation is believed to occur. At least two different polycomb-repressive 

complexes (PCRs) exist in cells, PRC1 and PRC2 (Levine et al., 2004). PRC1/2 

bind to DNA and maintain gene expression of genes required for cell 

differentiation and organism development. The PRCs have been also implicated 

in embryonic stem (ES) cell self-renewal and pluripotency (Rajasekhar and 

Begemann, 2007). One of the identified Pc2 substrates is the transcriptional co-

repressor CtBP1 (C-terminal binding protein 1), which localises to PcG bodies 

(Kagey et al., 2003). Recently, two SUMO interacting motifs have been 
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described in Pc2 protein and one of them (SIM2) is essential for Pc2 

autoSUMOylation and modification of CtBP1 (Yang and Sharrocks, 2010). 

 

1.10.4 Nse2/MMS21 SUMO ligase 

Mms21/Nse2 is a SUMO ligase and a member of the Siz/PIAS family of 

proteins (hereafter Nse2). The Nse2 gene was first identified in S. cerevisae (as 

Mms21) in a screen for DNA damage sensitive mutants (Prakash and Prakash, 

1977). It is a small (~30 kDa) globular protein with the SP-RING domain at the 

C-terminal end (Andrews et al., 2005; McDonald et al., 2003; Pebernard et al., 

2004; Potts and Yu, 2005). The N-terminal SAP domain specific for the PIAS 

proteins required for DNA localisation is absent in the Nse2 protein. However, 

Nse2 is still targeted to DNA via its interaction with the Smc5-Smc6 complex 

(Andrews et al., 2005; Lindroos et al., 2006; Potts and Yu, 2005; Zhao and 

Blobel, 2005). The N-terminal domain (NTD) of the Nse2 SUMO ligase is 

responsible for interaction with Smc5, allowing the C-terminal SP-RING free 

access to potential substrates (Figure 1.12) (Duan et al., 2009a; Sergeant et al., 

2005). The interaction between Smc5 and Nse2 is mediated by set of non-

covalent interactions such as hydrogen bonds, hydrophobic interactions and salt 

bridges (Duan et al., 2009a). Two distinct helices (P16 to S52 and D60 to A100) 

in the Nse2 NTD motif have been identified as essential for binding to Smc5 

(Duan et al., 2009a). These helices wrap around the Smc5 arms, anchoring the 

Nse2 protein as shown in Figure 1.15 (Duan et al., 2009a). In contrast to the Siz1 

and Siz2 genes, Nse2 is essential for budding and fission yeast viability (Andrews 

et al., 2005; Zhao and Blobel, 2005). Hypomorphic Nse2 alleles resulting in 

SUMO ligase dead forms of Nse2 show sensitivity to a broad range of DNA-

damaging agents, including cis-platin, IR, MMS, HU and UV (Andrews et al., 

2005; Pebernard et al., 2004; Potts and Yu, 2005; Sergeant et al., 2005; Zhao and 

Blobel, 2005). Therefore, the SUMO ligase activity of Nse2 is not essential for 

cell survival but required for DNA damage responses and DNA repair (Andrews 

et al., 2005). Nse2 mutations in S. pombe  are epistatic with Rhp51Rad51 in 

response to IR and UV (Andrews et al., 2005). Surprisingly, the hypomorphic 

nse2-21 allele is not epistatic with Rad18/Smc6 in response to UV and double 

mutants of smc6 and nse2 show greater growth retardation than either single 



 

mutant, suggesting the existence of some non

Smc6 (Andrews et al., 2005; Chavez et al., 2010b)

mms21-sp cells accumulate X

DNA damage (Bermúdez

2010a). 
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mutant, suggesting the existence of some non-overlapping functions of 

(Andrews et al., 2005; Chavez et al., 2010b). Similarly to smc

cells accumulate X-shaped molecules and chromosomal linkages after 

(Bermúdez-López et al., 2010; Branzei et al., 2006; Chavez et al., 

 

structures of the Nse2 protein and Smc5 coiled-coil region

Graphical representation of the crystal structure of the coiled-coil region of S. cerevisiae Smc5 

(Duan et al., 2009a). 

As mentioned earlier, siRNA-mediated depletion of Nse2

in increased gene targeting and decreased sister chromatid exchanges. The 
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Nse2-dependent SUMOylation. This is indeed the

the Scc1 subunit of cohesion is modified by Nse2 
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Nse2 and Smc5-Nse2) with potentially distinct functions in DNA 

Additionally, two different complexes have been described by 

Hazbun et al. in budding yeast (Hazbun et al., 2003). 
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Nse2 SUMO ligase has been also implicated in telomere maintenance.  

In the S. cerevisiae mms21-sp mutants an increased rate of senescence has been 

observed (Chavez et al., 2010b). In human cells, Nse2-dependent SUMOylation 

of the telomere sheltering proteins Trf1, Trf2, Tin1 and Rap1 is required for 

telomere integrity and extension through the ALT process (Potts and Yu, 2007). 

Depletion of the Nse2 SUMO ligase activity in budding and fission yeast causes 

fragmentation of nucleoli and an increased number of repair foci in this nuclear 

organelle, confirming a function for Nse2 in the maintenance of repetitive DNA 

sequences (Torres-Rosell et al., 2005a; Torres-Rosell et al., 2007; Zhao and 

Blobel, 2005). 

Other known substrates of Nse2 SUMO ligase are listed in Table 1.1 

Nse3, Nse4, Smc5, Smc6 and Nse2 itself are SUMOylated by Nse2 (Andrews et 

al., 2005; Potts et al., 2006; Zhao and Blobel, 2005). Modification of multiple 

subunits of the Smc5-Smc6 complex by Nse2 indicates a potential role in the 

regulation of the activity of the complex. It is possible that SUMO-interacting 

motifs are present within the sequence of Smc5-Smc6 complex subunits, but 

their existence awaits discovery. Zhao and Blobel showed that the NHEJ protein 

Ku70 is also modified by Nse2, indicating a multiple roles in the DNA damage 

response of the Smc5-Smc6 complex-associated SUMO ligase (Zhao and Blobel, 

2005).  

 

Table 1.1 Nse2 substrates. 

Protein Organism Function Reference 

Ku70 S. cerevisiae NHEJ (Zhao and Blobel, 2005) 

Nse2 

H. sapiens, S. 

cerevisiae and S. 

pombe 

HR 

(Andrews et al., 2005; Potts et 

al., 2006; Zhao and Blobel, 

2005) 

Nse3 S. pombe HR (Andrews et al., 2005) 

Nse4 S. pombe HR (Pebernard et al., 2008c) 

Rap1 H. sapiens 
Telomere 

maintenance 
(Potts and Yu, 2007) 

SA2 H. sapiens 
Sister chromatid 

cohesion 
(Potts et al., 2006) 

Scc1 H. sapiens Sister chromatid (Potts et al., 2006) 
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cohesion 

Smc5 S. cerevisiae HR (Zhao and Blobel, 2005) 

Smc6 
H. sapiens and S. 

pombe 
HR 

(Andrews et al., 2005; Potts et 

al., 2006) 

Tin2 H. sapiens 
Telomere 

maintenance 
(Potts and Yu, 2007) 

Trax H. sapiens Unknown (Potts and Yu, 2005) 

Trf1 H. sapiens 
Telomere 

maintenance 
(Potts and Yu, 2007) 

Trf2 H. sapiens 
Telomere 

maintenance 
(Potts and Yu, 2007) 

 

1.11   SUMOylation in DNA repair 

As previously mentioned, protein SUMOylation can lead to significant 

changes in protein biochemical properties (section 1.8). It has been well 

established that many proteins in the DNA damage response are modified by 

SUMOylation (reviewed in (Jackson and Bartek, 2009)). During DNA synthesis, 

the DNA polymerase occasionally encounters a lesion which can be by-passed 

by the activity of Y-family DNA polymerases (reviewed in (Ho and Schärer, 

2010)). In this process, a polymerase switch has to occur in order to continue 

DNA replication over the lesion. The heterotrimeric PCNA sliding clamp is 

required for maintenance of polymerase fidelity. The PCNA sliding clamp is a 

heterotrimeric protein that binds different polymerases (reviewed in (Hubscher, 

2009)). SUMO modification of PCNA is required for error-free DNA translesion 

synthesis pathway (TLS). PCNA ubiquitinylation on K164 is essential for for 

that process (Vanoli et al., 2010). Steller and co-workers showed that 

SUMOylation competes with ubiquitylation for modification of that site. 

SUMOylation at the PCNA K164 residue prevents unwanted TLS and inhibits 

mutagenesis (Stelter and Ulrich, 2003). In addition, SUMOylation of K164 leads 

to recruitment of the Srs2 helicase through its SUMO interacing motif (SIM). 

Notably, Srs2 helicase binds SUMOylated PCNA with a higher affinity than 

unmodified PCNA. The active Srs2 helicase is able to remove filaments of 

Rad51 protein from chromatin, leading to inhibition of recombination (Pfander et 
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al., 2005). Another lysine 127, located at the PIP-box, the main PCNA 

interacting domain, can also be modified by SUMO attachment (Moldovan et al., 

2007). PCNA modification at K127 abrogates binding of Eco1 acetyl transferase 

required for cohesin recruitment to newly-synthesised DNA and sister chromaitd 

cohesion establishment (Moldovan et al., 2006).  

Another example comes from studies on the base excision repair protein 

TDG. TDG is a DNA glycosylase that removes thymine or uracil bases from T-G 

or U-G mismatches, producing an AP site (Hardeland et al., 2002). TDG shows 

high binding affinity to damaged DNA. After removal of the lesion, TDG has to 

be dissociated from DNA in order to allow access of downstream BER factors to 

the AP site. This is stimulated by the downstream enzyme APE1 and SUMO 

modification of the TDG protein by an as-yet unidentified E3 ligase (Hardeland 

et al., 2002). Interestingly the TDG protein contains the SIM motif which binds 

to SUMO peptide upon TDG SUMOylation, forming an intra-molecular bridge. 

This radically changes the conformation of the TDG protein and affects TDG 

affinity to DNA. Later SUMO peptide is cleaved off, allowing TDG to 

participate in the next cycle of DNA repair. 

SUMOylation is also required for proper repair of DSBs. The SUMO 

modification of many targets including BRCA1 and RNF8/UBC13 proteins is 

essential for this DNA repair pathway (Galanty et al., 2009). Two SUMO ligases, 

PIAS1 and PIAS4, localise to the DSB and PIAS4 is required for modification of 

the RNF8/UBC13 ubiquitin ligase (Morris et al., 2009). This stimulates 

recruitment of BRCA1 and RNF168 to the DSB (Galanty et al., 2009; Morris et 

al., 2009). Additionally, PIAS1 is responsible for BRCA1 SUMOylation in vivo 

(Galanty et al., 2009). These results indicate that SUMOylation enhances 

ubiquitin ligase activity of the BRCA1 and RNF8 proteins. With the new 

technologies used to study protein modifications, many novel substrates of 

SUMO pathway will be identified in the near future, permitting improved 

understanding of the function of this elusive protein PTM. 
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1.12   Gene targeting 

Gene targeting is defined as the controlled and artificial introduction of a 

specific DNA sequence into a desired position in the genome of a cell (reviewed 

in (Hudson et al., 2002)). Gene targeting is a designed modification of a cell 

allowing for introduction of a desirable change in cell’s genotype. It has been 

successfully used to genetically modify plants to obtain abundant harvests and 

protect them from environmental conditions. For decades, gene targeting has 

been used to study mouse genetics. This has allowed understanding of different 

cellular mechanisms involved in pathologies and diseases. Additionally, gene 

targeting in mouse has led to the development of human disease models, 

facilitating their analysis and drug development. Gene targeting is also used in 

reverse genetics, a method which allows the study of gene functions by their 

mutation or disruption and analysis of this gene product deficit on the biological 

system of interest. Reverse genetics has become routine for analysis of vertebrate 

genes. Many strategies have been developed for gene targeting in order to study 

gene functions in various systems, including bacteria, yeast, mouse, hamster, pig, 

chicken, plants and humans (Capecchi, 1989; Cost et al., 2010; Geurts et al., 

2009; Liu et al., 2010; Rémy et al., 2010; Watanabe et al., 2010). 

 

1.12.1  Gene disruption in vertebrate cells 

Extensive knowledge of the gene of interest is the most important 

information required to design a targeting strategy. To disrupt or introduce 

mutation(s) in the specific gene, a set of targeting vectors is generated. The 

targeted region can be the whole coding sequence, domains essential for protein 

function or single nucleotides. Each targeting vector must contain at least one 

homology arm (two are recommended) and a selective marker (Figure 1.13A). 

The homology arm(s) specify the targeted region and marker which allows for 

subsequent isolation of cells containing the desire mutation.  



 

Figure 1.16 General strategy for gene disruption.
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General strategy for gene disruption.  

locus with a targeting vector showing a disrupted region between the two 

homology arms. B) Genomic locus X after targeting event showing replacement of gene X exon 

and intron sequences by the resistance cassette from the targeting vector. 
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determination of the role of many genes involved in cellular functions. Mouse 

knockout technology paved the way to establish animal models for studying 

human diseases such as different types of cancer, skin disorders, bone marrow 

and metabolic pathologies, muscular dysthrophies, immunodeficiencies and 

others (reviewed in (Bedell et al., 1997)).    

  The chicken system mentioned earlier is also useful to study vertebrate 

gene function. Chicken DT40 cells are a transformed B lymphoblast cell line 

originally derived from an avian leukosis virus (ALV)-induced bursal lymphoma 

(Baba et al., 1985; Baba and Humphries, 1984). Characteristics of DT40 cells 

include cell surface IgM, increased expression of c-myc and continuous Ig light 

chain gene conversion (Baba et al., 1985). Studies in DT40 allowed for 

understanding mechanisms of gene conversion and vertebrate DNA repair (Kim 

et al., 1990; Morrison and Takeda, 2000). Whereas in human cell lines, the 

average ratio of random DNA integration to targeted integration is between 

1:10000 – 1:100000, in the DT40 cells it is between 1:100 -1:1000 (Buerstedde 

and Takeda, 1991). As in the mouse model, chicken DT40 cells are transfected 

with targeting vectors designed for the locus of interest. Heterozygotes and later 

homozygotes are selected and screened for the desired mutation. Multiple 

knockout clones can be obtained and easily analysed using the DT40 model. 

Gene disruption has also been reported in humans, rat, hamster and pig 

cells (Dai et al., 2002; Kragh et al., 2009; Lai et al., 2001; Rogers et al., 2008). 

Recently, new technology based on DNA sequence specific zinc-finger nucleases 

has been developed and successfully used to target rat, pig and hamster genes 

(Geurts et al., 2009; Mashimo et al., 2010; Watanabe et al., 2010). 

 

1.12.2  Mechanism of gene disruption 

The mechanism of gene disruption by homologous recombination has 

been extensively studied in mouse embryonic stem cells (Capecchi, 1989). Gene 

targeting by homologous recombination requires active replication as shown by 

experiments with synchronised cells. Cells transfected during S phase had the 

highest gene targeting frequencies (Wong and Capecchi, 1986). Additionally, 

linear DNA molecules are the most favourable substrates for efficient gene 

targeting (Thomas and Capecchi, 1986). Correlation between the size of 
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homology arms and number of positive clones has been also reported. Targeting 

vectors with arm sizes between 10-14 kb had the highest frequencies observed in 

these experiments (Capecchi, 1989). In one of the models proposed for a gene 

targeting mechanism, the linearised targeting vector is first processed at 5’ ends 

to expose single stranded DNA. These 3’ overhangs then invade the homologous 

sequence on the chromosome through RPA- and Rad51-dependent reactions. In 

the last steps the heteroduplex between episomal and genomic DNA is resolved 

and the original sequence is removed leaving the synthetic sequence behind 

(Niedernhofer et al., 2001). 

In the novel zinc-finger nucleases (ZNFs) technology, artificial chimeras 

between the DNA binding zinc-finger proteins and unspecific DNA 

endonucleases such as an isolated active site of the FokI restriction enzyme are 

used (Rémy et al., 2010). The DNA binding part of the ZNF can be carefully 

designed to recognise a specific DNA sequence. The zinc-finger domain then 

binds to sequence of interest and brings the nuclease into close proximity to the 

DNA. This results in the cleavage of the desired DNA sequence. The double 

strand break induced this way has to be repaired. The cleavage of the sequence is 

then induced again and again. Inevitably, this cycle leads to loss of the genetic 

information at the desired site due to eventual local failure in DNA repair. This 

may cause loss of gene function and result in a null phenotype for the desired 

gene (Cost et al., 2010; Liu et al., 2010; Santiago et al., 2008). 

 

1.12.3  Alternative methods for gene ablation 

In models where low frequencies of gene targeting prevent the analysis of 

the gene of interest, several alternative methods have been applied. The recently-

developed technology of small interfering (siRNA) and short hairpin RNA 

(shRNA) allows for gene ablation in different cell types (Clemens et al., 2000; 

Fire, 1999). siRNA depends on the delivery of short RNA sequences of 19 

complementary bp with 2-nucleotide 3’ overhangs. These are transfected into 

cells and one strand of the siRNA is bound by the multi-subunit 

ribonucleoprotein complex (RISC). This RISC complex is then targeted to the 

complementary mRNA, resulting in mRNA degradation by RNAase or RNA-

dependent RNA polymerase mechanisms (Harborth et al., 2001). This leads to 
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down-regulation of target gene expression and subsequently reduction of protein 

levels (termed as a knock down rather than knockout).  

Short hairpin RNA technology allows for more stable, controlled and 

continuous gene ablation (Cao et al., 2005; Harper and Davidson, 2005; 

McIntyre and Fanning, 2006; Paddison et al., 2002). In this method, interfering 

RNA is expressed from a chromosomally-integrated episome which is delivered 

to the cell by transfection or viral particles. The expressed hairpin RNA (50-70 

bp in length and partially double stranded) is cleaved by Dicer to expose a single 

stranded RNA sequence complementary to the target mRNA. The heteroduplex 

between the target mRNA and silencing RNA is then degraded. The main 

advantages of shRNA are that there is no need for repeated RNA delivery to the 

cell and the possibility of its controlled expression. 

Some other methods based on the interfering RNA, such as small 

internally segmented RNAs (sisiRNAs) and RNA-DNA chimeras have been 

recently developed (reviewed in (Sibley et al., 2010)). In the sisiRNA method the 

22 nucleotide sense sequence of siRNA is segmented into two smaller sequences. 

These two parts are held together by specific modifications of the nucleic acids. 

Further, optimisation revealed that sisiRNA has decreased off-target silencing 

compared to regular RNAi methods (Bramsen et al., 2007). DNA-RNA chimeras 

were primarily developed to reduce off-target silencing. In this approach, parts of 

the dsRNA duplex were substituted with deoxyribonucleotides (at their 5’ end). 

This affects the interaction of RISC with off-target mRNA, thus reducing 

degradation of non-specific transcripts. Gene silencing with this method proceeds 

through a mechanism identical with the original siRNA (Ui-Tei et al., 2008).  

 

1.12.4  Disruption of essential genes 

Disruption of essential genes is a more problematic challenge. Targeting 

of these genes is not achievable using standard gene targeting approaches as the 

cells cannot proliferate in the absence of such genes. Specific methods known as 

conditional knockout strategies have been developed in order to study the 

function of essential genes. These include systems, such as expression of 

switchable transgene (TetOFF), transgene removal by Cre/loxP and FLP/frt 

mediated recombination or auxin-mediated protein degradation (Gossen and 
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Bujard, 1992; Gu et al., 1993; Nishimura et al., 2009).  The basic principle of 

conditional gene targeting is to first introduce a transgene encoding the gene of 

interest whose expression or activity can be shut down on demand. Then the 

endogenous gene sequence is targeted in the transgene-expressing background. 

After gene targeting, the essential transgene or activity of the protein it encodes 

can be inactivated and the null phenotype analysed. 

The Tet system is a tetracycline operator based method in which 

transgene expression is dependent on an inducible transcriptional activator 

(Baron and Bujard, 2000; Gossen and Bujard, 1992). In the TetOFF variant, the 

tetracycline controlled transactivator (tTA) regulates expression of the gene that 

is under transcriptional control of a tetracycline-responsive promoter element 

(TRE). The tTA is a fusion protein of a tet repressor DNA binding protein and 

VP16 activation domain. The tetracycline (Tc) or doxycycline (Dox) deactivates 

the tTA protein which no longer binds to the TRE element and transactivates 

target gene expression. The main disadvantage of the TetOFF is the extensive 

timing required for gene shutdown.  

In a second system, site-specific bacterial or yeast recombinases are used 

(Dymecki, 1996; Gu et al., 1993; Marino et al., 2000; Vooijs et al., 1998). The 

Cre and FLP recombinases recognise and excise DNA sequences flanked by 

LoxP and Frt sites, respectively. After successful expression of the transgene 

flanked by these sequences, targeting of the gene of interest is performed. The 

transgene sequence is removed by transient or inducible expression of the site 

specific recombinase. The disadvantage of this system is a lack of homogenity of 

the population after expression of the recombinase and lack of control over its 

activity. This often results in a mixed population of the cells with or without the 

transgene at a particular time after transfection or induction of recombinase 

expression. Additional screening steps may be required to obtain pure clones 

which may be difficult after deletion of the essential gene. 

The auxin degron system allows the rapid depletion of a protein of 

interest after addition of a plant hormone auxin or its derivatives (Nishimura et 

al., 2009). The coding seguence of the gene of interest can be fused with an auxin 

inducible degron (AID) sequence either on an episome or endogenously (single 

or both alleles). Expression of the fusion protein can be easily confirmed with 
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AID specific antibodies. After targeting of the genomic sequence that encodes 

the protein of interest, the transgene product can be then degraded after addition 

of small heterocyclic acid (indole-3-acetic acid or derivatives). In the presence of 

auxin the AID tag is poly-ubiqitylated and recognised by SCF complexes which 

target the fusion protein for proteasomal mediated degradation. A huge 

advantage of this system is a very rapid response to auxin treatment, which 

induces protein depletion within minutes. Successful degradation has been 

confirmed for yeast, chicken and human proteins (Nishimura et al., 2009). The 

main disadvantage of this system is the relatively big size of the AID tag which 

may interfere with the essential functions of the protein under study. 
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1.13   Aims of this study 

The functions of the cohesin (Smc1-Smc3) and condensin (Smc2-Smc4) 

complexes are well described. The cellular roles of Smc5-Smc6 complex and its 

mechanism of action are not fully understood. Moreover, most of the data on the 

Smc5-Smc6 complex were derived from work in yeast cells. Therefore, the main 

aim and focus of this study was to establish the cellular roles and functions of 

vertebrate Nse2 protein in the cell cycle and in response to DNA damage.  

 

We identified the chicken Nse2 orthologue and cloned its cDNA. We then 

generated an Nse2-deficient chicken cell line and analysed the phenotype 

associated with Nse2 defficiency in DT40 cells. We found that the loss of Nse2 

results in DNA repair defects. We also investigated the biochemical properties of 

Nse2 by its expression in Nse2-deficient cells as different fusion proteins. This 

allowed us to confirm that chicken Nse2 is a component of a Smc5-Smc6 

complex through interaction with Smc5 and that Nse2 is a protein with both 

cytoplasmic and nuclear localisation. We also found that re-introduction of wild-

type but not SUMO ligase dead form of Nse2 in Nse2-/-/- cells rescued the 

observed phenotype, indicating that the enzymatic activity of Nse2 is essential 

for its DNA repair functions. 

 

In addition, we attempted to define the functional relationships between 

Nse2 and its partner Smc5 protein. We carried out epistasis analysis by 

disruption of Smc5 in Nse2-deficient cells. Investigation of the phenotype of 

doubly targeted clones allowed us to dissect the roles of Smc5-Smc6 complex 

components and suggested that distinct Smc5-Smc6 sub-complexes may exist in 

vertebrate cells. 
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Chapter 2 Materials and methods 

 

2.1 Materials 

2.1.1 Chemical Reagents 

Chemicals used throughout this study were of analytical grade and were 

purchased from Sigma (Arklow, Ireland), BDH (Hertfordshire, UK), Fisher 

(Leiceistershire, UK) or GE Healthcare (Bucks, UK). EdU (5-ethynyl-2’- 

deoxyuridine) and 6-carboxyfluorescein-TEG azide were purchased from Berry 

& Associates (Dexter, USA). All solutions were prepared using ddH2O or Milli-

Q purified water Millipore (Billerica, USA) and, where appropriate, were 

autoclaved prior to use. Organic solvents, alcohols and acids were supplied by 

Sigma (Arklow, Ireland), VWR (Bridgeport, USA) or Fisher (Leiceistershire, 

UK). Radioisotope (α-32P-dCTP) was supplied by ICN (Asse-Relengen, 

Belgium); oligodeoxynucleotide primers were purchased from Sigma (Arklow, 

Ireland). Solutions used for RNA work were treated with 0.1% diethyl 

pyrocarbonate (DEPC), supplied by Sigma (Arklow, Ireland). RNA was prepared 

from tissue culture cells using TRIzol (Total RNA Isolation Reagent) obtained 

from Invitrogen (Carlsbad, USA). 

 
 All common reagents and buffers used throughout this study are 

presented in the Table 2.1 (listed in alphabetical order). 

 

Table 2.1 Common reagents and buffers 

Name Composition Notes and references 

3 X SDS-PAGE Sample 
Buffer (3xsb) 

150mM Tris pH 6.8, 45% 
sucrose,  6mM K-EDTA 
pH 7.4, 9% SDS,  0.03% 

bromophenol blue 
10 % β-mercaptoethanol 

For denaturation and 
loading of proteins prior to 

SDS-PAGE 

6 X DNA Loading Dye 

20% sucrose, 0.1M EDTA 
pH 8.0, 1% SDS, 0.25% 

bromophenol blue, 0.25% 
xylene cyanol. 

For DNA sample loading  
prior to running agarose gel 

Aprotinin  1000 x stock solution Protease inhibitor 
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Aqueous Coomassie Blue 
0.1% Coomassie, 25 mM 

Tris, 250 mM glycine 
For staining preparative 

protein gels 

Calenoa Solution 
Methanol  :  Acetic acid 

 (3 : 1) 

For cell fixation in 
chromosome spreads 

preparation 

Church Hybe Buffer 0.5M NaPi, 7% SDS 
For Southern blot 

hybridisation 

Church Wash Buffer 40mM NaPi, 1% SDS For Southern blot washes 

CLAP  
1000 x stock solution of 
Chymostatin, Leupeptin, 

Antipain, Pepstatin A 

Protease inhibitors, each 
1 mg/ml in DMSO 

Click Reaction Mix 

10 mM ascorbic acid,  
0.1 mM 6-

carboxyfluoroscein-TEG 
azide, 2 mM CuSO4 - 

added in the order indicated  

For labeling of S-phase 
cells 

Coomassie Brilliant Blue 
R 

0.5% Coomassie in 35% 
Methanol, 14% acetic acid 

For SDS-PAGE analysis 

Cross-Linking Solution 

20mM dimethyl 
pimelimidate 

dihydrochloride (DMP) in 
200mM Hepes pH 8.5 

For cross-linking of 
antibodies or fusion tagged 
proteins to agarose beads 

Cytoskeleton Buffer 

137mM NaCl, 5mM KCl, 
1.1mM Na2HPO4, 0.4mM 

KH2PO4, 2mM MgCl2, 
2mM EGTA, 5mM PIPES, 
5.5mM glucose, pH 6.1 and 

filter sterilised 

For  immunofluorescence 
microscopy 

Destain Solution 
30% methanol, 10% acetic 

acid 
To destain Coomassie gels 

Detection Buffer 
100 mM Tris pH 9.5, 100 

mM NaCl 
For detection of DIG 

labeled probes 

Fixation Solution 4% methanol, 1% glycerol To dry Coomassie gels 

Giemsa Stain 
3% Giemsa in Phosphate 

Buffer pH 6.8 
For staining of 

chromosome spreads 

Glycine Elution Buffer  
200 mM Glycine-HCl pH 

2.0, 150mM NaCl 
For elution of affinity 

purified antibodies 

GST Binding Buffer 
50 mM HEPES pH 7.5, 150 

mM NaCl, 2 mM EDTA 
For binding of GST-tagged 

proteins 

High Stringency Buffer 0.5 x SSC, 0.1% SDS 
For membrane washes in 
non-radioactive Southern 

blot 

HIS-Tag Buffer 

8 M Urea, 10 mM Tris, 100 
mM sodium phosphate 

buffer pH 8.0,  0.1% Triton 
X-100, 10 mM imidazole 
5 mM β-mercaptoethanol 

For purification of His 
tagged fusion proteins 
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Immunoprecipitation 
Buffer  

50 mM HEPES pH 7.3, 150 
mM NaCl, 2 mM EDTA, 

0.5% NP-40,  10% 
Glycerol 

For immunoprecipitation of 
endogenous and tagged 

proteins 

LB (Luria-Bertani 
Medium) 

 

1% tryptone, 0.5% yeast 
extract, 1% NaCl, pH 

adjusted to 7.0 with 4M 
NaOH 

To grow bacterial cultures 

Low Stringency Buffer 2 x SSC, 0.1% SDS 
For membrane washes in 
non-radioactive Southern 

blot 

Lysis Buffer 1 
50 mM Tris pH 7.5, 150 
mM NaCl, 1% Triton X-

100 

For whole cell lysate 
preparation and analysis by 

SDS-PAGE 

Lysis Buffer 2 
10mM Tris pH 7.5, 0.1% 

Triton X-100 
To lyse cells for protein 
analysis by SDS-PAGE 

Macllvane Solution 
164 mM Na2HPO4, 16 mM 

citric acid pH 7.0 

For washes in sister 
chromatid exchange 

preparations 

Maleic Acid Washing 
Buffer  

100 mM Maleic acid pH 
7.5,  

150 mM NaCl, 0.3% 
Tween 20 

For membrane washes  in 
non-radioactive Southern 

blot 

Hot Southern Blot 
Washing Buffer (NaPi) 1M Na2HPO4•H2O pH 7.2 

1M stock  for Southern blot 
Buffers 

Non-Radioactive 
Southern Blot Blocking 

Solution 

10 % Caseine in Maleic 
Acid Wash Buffer 

For blocking of Southern 
blot membranes 

PBS Phosphate buffered saline 
Made up to 100 x stock 

solution with tablets 
(Sigma) 

Phosphate Buffer pH 6.8 
11.5 mM Na2HPO4, 15.7 

mM KH2PO4 pH 6.8 
For chromosome spreads 

staining 

PMSF 
Protease inhibitor, 250mM 

in ethanol 

 
1000 x stock solution 

 

Ponceau S. Solution 
0.5% Ponceau S, 5% acetic 

acid 
To stain proteins on the 
nitrocellulose membrane 

Running Buffer 
25mM Tris, 250mM 
glycine, 0.1% SDS 

For running SDS-PAGE 
gels 

Semi Dry Transfer Buffer 
25 mM Tris pH 8.5, 0.2 M 

glycine, 20%  methanol 
For semi dry transfer 

SSC 
1.5M NaCl, 0.15M sodium 

citrate, pH adjust to 7.0 
with citric acid 

10 x stock, for transfer of 
gels to nylon membrane 

Super Broth 

 0.5% tryptone, 2% yeast 
extract, 0.5% NaCl, pH 
adjust to 7.5 with 4M 

NaOH 

To grow bacterial cultures 
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TAE  
40mM Tris-acetate pH8.0, 

1mM EDTA 
To run agarose gels 

Tail Buffer  
50mM Tris pH 8.8, 100mM 
EDTA, 100mM NaCl, 1% 

SDS 

For the preparation of 
genomic DNA 

TBS 
20mM Tris pH 7.5, 150mM 

NaCl 
For affinity purification of 

antibodies 

Tfb I  

30mM Potassium Acetate, 
100mM RbCl2, 10mM 

CaCl2, 50mM MnCl2, 15% 
glycerol; pH adjust to 5.8 

with 50% HCl, filter 
sterilise and store at 4oC. 

For the preparation of 
chemically competent E. 

coli 

Tfb II  

10mM MOPS, 75mM 
CaCl2, 10mM RbCl2, 15% 
glycerol, pH adjust to 6.5 
with KOH, filter sterilise 

and store at 4oC. 

For the preparation of 
chemically competent E. 

coli 

Transfer Buffer  
72mM Tris, 58.5mM 

glycine, 15% methanol, 
0.1% SDS 

For wet transfer of SDS-
PAGE onto nitrocellulose 

membranes 

 

2.1.2 Molecular biology reagents 

All biological reagents employed in DNA digestion and cloning reactions, 

such as restriction enzymes, DNA polymerase (Klenow Fragment I), DNA 

ligase, were obtained from New England Biolabs (Ipswich, USA). The DNA 

polymerases TaKaRa LA Taq, KOD and SigmaTaq used in PCR were purchased 

from Takara Shizo Co, Ltd. (Osaka, Japan), Novagen (Darmstadt, Germany) and 

Sigma (Arklow, Ireland), respectively. Shrimp Alkaline Phosphatase (SAP) was 

from USB (Cleveland, USA). DNA and protein size markers were supplied by 

New England Biolabs (Ipswich, USA), Fermentas (Glen Burnie, USA) or 

BioRad (Hercules, USA). 

 

Molecular biology kits used throughout this study are listed in Table 2.2 
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Table 2.2 Molecular biology kits used 

Name Use Source 

GenEluteTM  Plasmid 
Miniprep Kit  

Small scale plasmid DNA 
extraction 

Sigma (Arklow, 
Ireland) 

Midi/Maxi Prep Kit  
(Endotoxin-free) 

Large scale plasmid DNA 
extraction 

Qiagen (Crawley, 
UK) 

QIAquick Gel Extraction 
Kit  

Extraction and purification of 
DNA Fragments from the agarose 

gel 

Qiagen (Crawley, 
UK) 

Superscript First-Strand 
Synthesis for RT-PCR kit 

cDNA synthesis 
Invitrogen 

(Carlsbad, USA) 

Megaprime DNA Labelling 
kit  

Radiolabeling of probes used in 
Southern blot hybridisation 

GE Healthcare 
(Bucks, UK) 

SUMOylation Kit  For sumoylation of proteins 
ENZO Life 

Scienes (Exeter, 
UK) 

 

 Four E. coli strains were used during the course of the work described in 

this thesis.  The genotypes of these strains are listed in Table 2.3. 

 

Table 2.3 Genotype of E. coli strains used  

Strain Genotype Use   

Top 10 

F- mcrA∆(mrr-hsdRNS-mcrBC) 
φ80lacZ∆M15 ∆lacX74deoR recA1 
araD139 ∆(ara-leu)7697 galU galK 

rpsL(StrR) endA1 nupG 

General 

cloning 

  

SURE 

endA1 glnV44 thi-1 gyrA96 relA1 lac recB 
recJ sbcC umuC::Tn5 uvrC e14- ∆(mcrCB-

hsdSMR-mrr)171 F'[ proAB+ lacIq 
lacZ∆M15 Tn10] 

Expression of 
recombinant 

fusion proteins 

  

BL21(DE3)pLysS F- ompT hsdSB(rB
- mB

-) gal dcm (DE3) 
pLysS (CamR) 

Expression of 
recombinant 

fusion proteins 

  

BL21 pRIL  
E. coli B F– ompT hsdS(rB– mB–) dcm+ 

Tetr gal λ(DE3) endA Hte [argU ileY leuW 
Camr] 

Expression of 
recombinant 

fusion proteins 

  

 

 A number of commercially available cloning and expression plasmids 

were used during the course of this project, as shown in Table 2.4. 
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Table 2.4 Commercial plasmids used in this study 

Plasmid name Use Source 

pGEMT-Easy 
 

General cloning 
 

Promega (Southampton, UK) 

pBlueScript(SK)  Stratagene (La Jolla, USA) 

pEGFP-C1/N1 
 

Expression in mammalian 
cells 

Clontech1 (Palo Alto, USA) 

pcDNA3.1(+)  Invitrogen (Carlsbad, USA) 

pCMV-3TAG-
2A/B/C 

 
Expression in bacterial 

cells 
 

Stratagene (La Jolla, CA) 

pRSET-A/B/C 
Expression in bacterial 

cells 
Invitrogen (Carlsbad, USA) 

 

pGEX4T-1/2/3 
Expression in bacterial 

cells 
Amersham (GE Healthcare, 

Bucks, UK) 
  

Antibodies (Table 2.5) used throughout this study were mainly applied in 

western blot immunodetection (IB) and immunofluorescence microscopy (IF). 

Tables 2.5 and 2.6 show working dilutions along with the source of the particular 

antibodies. 

 

Table 2.5 Primary antibodies used in this study 

Antigen 
 

Host 
 Working 

dilution 
for IF 

Working 
dilution 
for IB 

References   

EGFP 
(11 814460 001 ) 

Mouse 
monoclonal 

 
N/D 1:500 

Roche 
(Mannheim, 
Germany) 

  

Hutingtin 
interacting 

protein 2,  anti-
human (HIP2, ab 

37917) 

Goat 
polyclonal 

 

N/D 1:1000 
Abcam 

(Cambridge, UK) 
  

MCM2 
pSer40/41 

Rabbit 
polyclonal 

 
N/D 1:1000 

Gift from Prof. 
Corrado 

Santocanale 

  

Myc, anti-human 
(9E10) 

Mouse 
monoclonal 

 

1:2000 1:10,000 

Charles River 
Laboratories, 
(Wilmington, 

USA) 

  

Nse2, anti-
chicken 

Rabbit 
polyclonal 

 
 1:250 This study   

                                                 
1 recently purchased by Takara Bio Company 
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(SIE009AP) 

Rad51, anti-
human (PC130) 

Rabbit 
polyclonal 

 
1:500 1:200 

Novagen 
(Darmstadt, 
Germany) 

  

RanGap1, anti-
human (N-19) 

Goat 
polyclonal 

 

N/D 1:500 

Santa Cruz 
Biotechnology 
(Santa Cruz, 

USA) 

  

Scc1, anti-
chicken (2110 
final bleed) 

Rabbit 
polyclonal 

 
N/D 1:500 

Dr. Ciaran 
Morrison 

(unpublished) 

  

Septin 6,  anti-
human (SEPT 6, 

1D6) 

Mouse 
monoclonal 

 
N/D 1:1000 Sigma   

Set oncogene, 
anti-human 

(SET, ab 92872) 

Rabbit 
polyclonal 

 
N/D 1:1000 

Abcam 
(Cambridge, UK) 

  

Smc1, anti-
chicken (8232 

3rd bleed) 

Rabbit 
polyclonal 

 
N/D 1:250 

(Stephan et al., 
2011a) 

  

Smc5,  anti-
chicken 

(C9057AP) 

Rabbit 
polyclonal 

 
N/D 1:100 

(Stephan et al., 
2011a) 

  

Smc5, anti-
human (Serum 

EQ) 

Rabbit 
polyclonal 

 

N/D 1:1000 

Prof. Alan 
Lehman 

(Taylor et al., 
2001) 

  

Smc6, anti-
human (DR1031) 

Rabbit 
polyclonal 

 
N/D 1:1000 Calbiochem   

Smc6, anti-
human (Serum 

Ma) 

Rabbit 
polyclonal 

 

N/D 1:1000 

Prof. Alan 
Lehman 

(Taylor et al., 
2001) 

  

Sortin nexin 3, 
anti-human 
(SNX3 C-16) 

Goat 
polyclonal 

 
N/D 1:500 

Santa Cruz 
Biotechnology 

  

SUMO-1, anti-
human (FL-101) 

Rabbit 
polyclonal 

 

N/D 1:500 

Santa Cruz 
Biotechnology 
(Santa Cruz, 

USA) 

  

β−β−β−β−actin, anti- 
human (A2066) 

Rabbit 
polyclonal 

 1:2000 1:10000 Sigma   

γ-H2AX, anti-
human 

(JBW301) 

Mouse 
monoclonal 

 
1:1000 1:1000 Upstate2   

γ-tubulin, anti-
human (GTU88) 

Mouse 
monoclonal 

 
1:100 N/D Sigma   

 

 

 

                                                 
2 recently purchased by Millipore 



Materials and  methods 

80 

 

Table 2.6 Secondary antibodies used in this study 

Antigen 
 

Host 
 Working 

dilution 
for IF 

Working 
dilution 
for IB 

References   

Alexa, Texas Red and 
FITC (fluorescein 

isothiocyanate) 
conjugated Affini 

Pure F(ab’)2 
fragment,  anti-mouse 
and anti-rabbit IgG 

(H+L)  

Goat 
poyclonal 

 1:200 - Jackson Labs 
(Bar Harbor, 

USA) 

  

HRP (horseradish 
peroxides)-conjugated 

Affini Pure, anti-
mouse and anti-rabbit  
IgG (H+L) secondary 
antibodies for ECL 

Goat 
polyclonal 

 N/D 1:10000 Jackson Labs 
(Bar Harbor, 

USA) 

  

Digoxigenin (1.71.256) Mouse 
monoclonal 

 N/D 1:10000 Roche 
(Mainnheim, 

Germany) 

  

 

2.1.3 Tissue culture reagents and cell lines 

 All sterile plasticware used for tissue culturing was obtained from 

Sarstedt (Numbrecht, Germany), Corning (Riverfront Plaza, NY) and Sigma. For 

transient transfection of chicken DT40 cells the Amaxa (Gaithersburg, MD) 

nucleofector (programme B-23) was used. Transfections for the generation of 

stable chicken cell lines were carried out with the Gene pulser apparatus from 

Bio-Rad (Hercules, CA). Cells were frozen down for both -80oC and liquid 

nitrogen storage in FBS with 10% DMSO. Roswell Park Memorial Institute 

media (RPMI) 1640 was from Lonza (Cambridge, UK). Different drugs at 

varying concentrations were used as selection markers in the generation of stable 

chicken cell lines, as listed in Table 2.7.  
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Table 2.7 Drugs used for stable cell line selection  

Name of the drug Final concentration 

Blasticidin 25 µg/ml 

Geneticin (Invitrogen) 2 mg/ml 

G418 (Invivogen) 2 mg/ml 

Histidinol  1 mg/ml 

Hygromycin 1.5 mg/ml 

Puromycin 0.5 µg/ml 

  

This study was performed on the chicken DT40 cell line. Specific 

culturing conditions used are given in the Table 2.8. 

 

Table 2.8 Cell types and growth conditions 

Cell Type Description Source Culture 
Medium 

Culture 
Conditions 

Wild-type 
DT40 

Chicken, B-cell 
lymphoma 

Dr. Ciaran Morrison 

RMPI-1640, 
10% FBS, 

1% chicken 
serum 

39.5oC, 
5% CO2 

  

 In clonogenic survival assays, semi-solid methylcellulose medium was 

used, composed of 1.5% methylcellulose (Sigma, Arklow, Ireland), 1 x 

Dulbecco’s Modified Eagle Medium (DMEM)/F-12, L-glutamine(+) 

(Invitrogen), 15% FCS, 1.5% chicken serum, 1% penicillin/streptomycin and 50 

µM ß-mercaptoethanol. 

 Different drugs that were used for pharmacological treatment of DT40 

cells can be found in Table 2.9. 

 

Table 2.9 Drugs used in this study  

Drug Concentration Application Source  

Colcemid 0.1 µg/ml 

Reversible 
activation of 

spindle assembly 
checkpoint  

(metaphase arrest) 

Sigma 

 

Nocodazole 100 µg/ml 

Reversible 
activation of 

spindle assembly 
checkpoint  

Sigma 
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(metaphase arrest) 

Methyl methanesulfonate 0.2 – 1.2 mM 

Clonogenic 
survival assay and 

DNA damage 
response 

Sigma 

 

Camptothecin 10 – 40 nM 

Clonogenic 
survival assay and 

DNA damage 
reponse 

Sigma  

 

Cis-platin 0.5 – 2 µg/ml 

Clonogenic 
survival assay and 

DNA damage 
response 

Hospira 
(Warwickshire, 

UK) 

 

Mitomycin C  50 – 500 ng/ml 

Clonogenic 
survival assay, 
DNA damage 

response and sister 
chromatid 

exchange assay 

Sigma 

 

4-nitroquinoline-1-oxide 1 – 12 ng/ml 

Clonogenic 
survival assay and 

DNA damage 
response 

 
Sigma 

 

Hydroxyurea 
0.1 – 10 mM 

Clonogenic 
survival assay and 

reversible 
activation of  

S-phase 
checkpoint 

 
 

Sigma 

 

3,4-Dihydro-5[4-(1-
piperindinyl)butoxy]-

1(2H)-isoquinoline (DPQ) 
10 µM 

Clonogenic 
survival assay – 

inhibition of 
PARP-1 

 
Sigma 

 

7-Nitro-1H-indole-2-
carboxylic acid 
(CRT0044876)  

100 µM 

Clonogenic 
survival assay – 

inhibition of  
APE-1 

 
Sigma 

 

 

 For the treatment of cells with ionising radiation (IR), a 137Cs source at 

23.5 Gy/min was used (Mainance Engineering, Hampshire, UK). 

 

2.1.4 Computer programmes 

 DNA plasmid maps were created using pDRAW32 software (Acaclone, 

www.acaclone.com). Sequenced DNA samples were viewed using Chromas 

software (version 2.31, Digital River GmbH, Shannon, Ireland). For 

bioinformatic analyses ScanProSite (www.expasy.org/tools/scanprosite), BlastN 

or BlastP (http://www.ncbi.nlm.nih.gov/BLAST), ClustalW 
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(www.ebi.ac.uk/clustalw), ASTD (http://www.ebi.ac.uk/astd) dbEST 

(http://www.ncbi.nlm.nih.gov/dbEST/) were used. Microscopy imaging was 

performed using an Olympus BX-51 microscope driven by OpenLab software 

(version 5, Improvision, Emeryville, USA). Deconvolved images were saved as 

Adobe Photoshop images (version 7, San Jose, USA). Analysis of flow 

cytometry samples was carried out using CELLQuest (version 3.3, Becton 

Dickinson, Oxford, UK) or BD FACS Diva Software (version 6.1.2, Beckton 

Dickinson, Oxford, UK). For the quantification of immunoblot signals a FUJI 

FILM Multi Gauge (v2.2) was used (Dusseldorf, Germany). 

 

2.2 Nucleic acid methods 

 

2.2.1 RNA preparation 

 The nucleic acid methods and techniques applied in this study were as 

described (Sambrook and Russell, 2001). RNA was isolated from tissue culture 

cells using TRIzol (Total RNA Isolation Reagent, Invitrogen, Carlsbad, USA) 

according to the manufacturer’s instructions. Approximately 2 x 106 suspension 

cells were harvested and the RNA pellet was re-suspended in 20 µl of 0.1% 

DEPC-treated water and incubated at 50oC for 10 minutes for good re-

suspension. 

 

2.2.2 Reverse Transcriptase-PCR (RT-PCR)  

 cDNA synthesis was carried out using the Superscript First-Strand 

Synthesis for RT-PCR kit from Invitrogen. RNA was prepared as described in 

section 2.2.1. The first-strand cDNA was generated using oligo dT primers and 

synthesised according to the manufacturer’s instructions. PCRs were carried out 

as described in section 2.2.3. 

 

2.2.3 Polymerase Chain Reaction (PCR)  

 Polymerase chain reaction (PCR) was carried out using either KOD, 

Takara LA Taq or Sigma Taq polymerases depending on the experiment 

performed. PCR experiments were carried out on a TGradient (Biometra, 
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Göttingen, Germany). Table 2.10 gives an example of the PCR conditions and 

programmes used. 

 

Table 2.10 Example of typical PCR reaction conditions  

  TaKaRa LA 
Taq 

Polymerase 

SigmaTaq 
Polymerase 

KOD 
Polymerase 

Reagent 
concentrations 

buffer (10x) 1x 1x 1x 

 
PCR steps 

Primers 0.2 µM 0.2 µM 0.2 µM 

dNTP’s 200 µM 200 µM 200 µM 

Mg2+ 2.5 mM 2 mM 2 mM 

Enzyme 0.5 µl (5 U/µl) 0.2 µl (5 U/µl) 
0.5 µl (5 

U/µl) 

‘Hot start’ 94oC – 1 min 94oC – 1 min 
94oC –  
2 min 

Denaturation 98oC – 10 sec 94oC – 1 min 
94oC –  
1 min 

Annealing 58-64oC – 30 sec 
58-64oC –  

30 sec 
58-64oC- 

30sec 

Extension 68oC – 3 min 72oC – 2 min 
72oC –  
2 min 

 
Final extension 72oC – 10 min 72oC – 10 min 

72oC –  
10 min 

No. of cycles 30 30 30 30 

 

2.2.4 Site-directed mutagenesis 

Site-directed mutagenesis was performed using the KOD method. To 

introduce mutations, forward and reverse primers bearing specific sequence 

alterations were designed. After the PCR reaction, the parental plasmid was 

degraded by overnight digestion with DpnI and analysed by agarose gel 

electrophoresis. 1/10 of the digested PCR reaction was used to transform 

competent E.coli (as described in Section 2.2.9). Positive bacterial clones were 

confirmed with digestion and sequencing as described in section 2.2.11. Table 

2.11 gives an example of PCR conditions for site-directed mutagenesis. 
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Table 2.11 PCR conditions of site directed mutagenesis PCR 

  KOD  

Reagent concentrations 

Template 100 ng 

Primers 0.4 µM 

dNTP’s 200 µM 

DIG-11-dUTP 70 µM 

Mg2+ 2 mM 

Enzyme 0.5 µl (5 U/µl) 

PCR steps 

‘Hot start’ 95oC – 2 min 

Denaturation 95oC – 30 sec 

Annealing 55oC – 20 sec 

Extension 68oC – 3 min 

Final extension 72oC – 5 min 

No. of cycles  16 

 

2.2.5 Digoxigenin labeling of probes by PCR 

 

Table 2.12 PCR conditions for DIG labeling of probes 

  Expand High Fidelity Polymerase 

Reagent concentrations 

Template 100 ng 

Primers 0.2 µM 

dNTPs 200 µM 

DIG-11-dUTP 70 µM 

Enzyme 0.5 µl (3.5 U/µl) 

PCR steps 

‘Hot start’ 95oC – 2 min 

Denaturation 95oC – 30 sec 

Annealing 55oC – 20 sec 

Extension 68oC – 3 min 

Final extension 72oC – 5 min 

No. of cycles 16 

 



Materials and  methods 

86 

 

For labeling of probes with digoxigenin for non-radioactive Southern 

hybridizations, the PCR DIG Probe Synthesis Kit (Roche, Mannheim, Germany) 

was used. Table 2.12 shows an example of conditions and programmes used for 

DIG labeling of probes. 

 

2.2.6 Plasmid DNA preparation 

 Mini and midi plasmid DNA isolation was carried out by ion-exchange 

chromatography using HiYield Plasmid Mini kit from RBC Bioscience or 

GeneEluteTM Plasmid MiniPrep Kit (Sigma) and Qiagen Midi Prep kit or Qiagen 

Endotoxin free MidiPrep kit, respectively. In both procedures, plasmid DNA was 

prepared according to the manufacturer’s instructions. For mini plasmid isolation 

2 ml of an overnight E. coli culture were used. Bacteria were grown in the 

presence of selective antibiotics at 37oC with shaking. The DNA was eluted off 

the column with 30-100 µl of deionised water (ddH2O). For larger midi plasmid 

preparations 50 ml of the overnight E. coli culture were used. The DNA pellet 

was re-suspended with 120-200 µl of ddH2O. 

 

2.2.7 Restriction digestion of DNA 

 Unless otherwise stated, restriction enzymes used for digestion of DNA 

(plasmid or genomic) were purchased from New England Biolabs (NEB). The 

endonucleases were used with the 10 x buffer provided and bovine serum 

albumin (BSA, 0.1 mg/ml) where required. Digestions were performed at the 

optimum temperature for 2-16 hours depending on the amount and type of DNA 

being digested. Where appropriate, the enzyme was inactivated by incubation 

under the recommended conditions i.e. 65oC for 15 minutes. 

 

2.2.8 Preparation of DNA for cloning 

 Briefly, each digested plasmid used for cloning was purified with 

SigmaSpinTM Sequencing Reaction Clean-Up columns (Sigma) to remove 

restriction endonuclease(s) and traces of buffer. Subsequently prior to ligation, 

digested plasmid was dephosphorylated on the 5’ends with shrimp alkaline 

phosphatese (SAP, 1U / pmol of DNA ends). The reaction was carried out in 
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shrimp alkaline phosphatase buffer at 37oC for 1 hour followed by 15 minutes 

incubation at 65oC in order to inactivate SAP. 

Klenow DNA polymerasae (fragment I) and T4 DNA polymerase were 

used to blunt both 5’ and 3’overhangs generated after restriction digestion. 

Reactions were carried out in the presence of 10 x buffer and supplemented with 

BSA (0.1 mg/ml) and dNTPs (100 µM). Usually, 1 µg of DNA was incubated 

with 5 U of enzyme at 37oC for 5-30 minutes and then heat inactivated at 75oC 

for 15 minutes. 

Ligations were performed using T4 DNA ligase in the buffer provided. 

Prior to ligation, dephosphorylated plasmid and gel-extracted insert DNA (see 

section 2.2.10) were analysed by agarose gel electrophoresis. An excess of insert 

over plasmid was generally used (1:2 to 1:10, depending on the DNA 

concentration estimated by agarose gel electrophoresis) and the reaction 

incubated at 4-25oC for 2-24 hours prior to transformation into competent E. coli 

cells. 

 

2.2.9 Preparation of chemically competent E. coli and 

transformation 

 E. coli cells (see Table 2.3) were grown in 500 ml of LB broth at 37oC 

with shaking. When culture reached A600nm of 0.5, cells were transferred to ice 

for 5 minutes and pelleted by centrifugation at 5000 g for 15 minutes. The cell 

pellet was re-suspended in ice cold Tfb I (40 ml per 100 ml culture, see Table 

2.1). Thereafter, cells were spun and re-suspended in ice cold Tfb II (4 ml per 

initial 100 ml culture, see Table 2.1). Subsequently cells were incubated on ice 

for 15 minutes, snap frozen in liquid nitrogen and stored at -80oC.  

 For transformations, 25-50 µl of competent E. coli cells were mixed with 

DNA and incubated on ice for 20 minutes. Cells were then transferred to 42oC 

for 90 seconds and chilled on ice for another 90 seconds. Cells were then mixed 

with 1 ml of LB broth and gently shaken for 30 minutes at 37oC. For ligations, 

cells were pelleted by centrifugation at 16 100 g for 1 minute and the entire 

culture plated onto agar plates containing appropriate antibiotics. In the case of 

pure plasmid DNA transformations only 50 – 100 µl of such culture was plated 

onto agar plates. Plates were inserted and incubated at 37oC overnight. 
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2.2.10  Agarose gel electrophoresis and purification of DNA 

 Generally, 0.7-1.0% agarose gels were prepared using Sigma 

electrophoresis grade agarose in 1 x TAE buffer containing 0.5 µg/ml ethidium 

bromide. These gels were run in 1 x TAE buffer in Hoefer HE33 tanks (Mini 

Horizontal Submarine Unit, Amersham) according to the manufacturer’s 

instructions. DNA on the gel was analysed using a Multi Image Light Cabinet 

(ChemiImager 5500, Alpha Innotech, Medical Supply Company, Dublin, 

Ireland) and images were taken with a digital camera. For DNA extraction, bands 

of interest were excised from the agarose gel with a scalpel blade. DNA was 

purified using the Qiagen QIAquick Gel Extraction Kit according to the 

manufacturer’s instructions. 20-50 µl of 1 x TE (supplied with kit) or MilliQ 

water was used to elute bound DNA off the column. 

 

2.2.11  DNA sequencing 

 DNA samples were sent to either Cogenics (Takeley, UK) or Agowa 

GmbH (Berlin, Germany) for commercial sequencing. In general, 250 ng of 

DNA (mini or midi prepped) and 5 – 10 pM primers were used per reaction. 

Analysed sequences were used to construct correct vector maps with the 

pDRAW32 (Acaclone, www.acaclone.com) software. 

 

2.2.12  Preparation of genomic DNA from tissue culture cells 

 Genomic DNA was prepared from chicken DT40 cells to amplify 

genomic regions of interest or to screen clones for potential targeting events by 

either 32P (Sonoda et al., 1998) or digoxigenin-based Southern hybridisation 

(Roche, Mannheim, Germany). Colonies were picked from 96 well plates into 24 

well plates and grown for 3-4 days. 1.5 ml of confluent cells was taken for 

freezing and 1.5 ml for DNA preparation. The cells were pelleted at 160 g for 5 

minutes and re-suspended in 500 µl of ‘Tail’ Buffer (see Table 2.1) containing 

0.5 mg/ml proteinase K and incubated overnight at 37oC. Next, cell lysates were 

vigorously shaken for 5 minutes at 37oC, 250 µl of 6 M NaCl was added and the 

shaking was repeated. Precipitated proteins were removed by centrifugation at 16 

100 g for 10 minutes. The supernatant was removed and mixed with 1 volume of 

isopropanol to precipitate the DNA. DNA was spun at 16 100 g for 10 minutes, 
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pellet washed in 70% ethanol and the centrifugation repeated. DNA was air dried 

for 5-15 minutes and re-suspended in 70 µl of ddH2O. 

 

2.2.13  Southern Blot and hybridisation of radiolabeled probe 

 Genomic DNA digestion was performed as described in section 2.2.7. 

Briefly, each digest consisted of a final volume of 45 µl with the addition of 

RNase (10 µg/ml), BSA and the appropriate endonuclease was incubated 

overnight at 37oC. Digested DNA was separated on a 0.7-0.8% agarose gel as 

previously described in section 2.2.10. DNA was nicked and residual proteins 

removed by treatment with 0.25 M HCl for 20 minutes and DNA denatured with 

0.5 M NaOH/ 1.5 M NaCl for 20 minutes. DNA fragments were transferred by 

capillary transfer onto a positively charged nylon membrane (GE Healthcare, 

Bucks, UK) overnight in 2 x SSC (see Table 2.1). The DNA was cross-linked to 

membrane with UV 300 J/cm2 using a UV Cross-linker (Hoefer UVC500, GE 

Healthcare, Bucks, UK). Radiolabeling of probes with α-32P-dCTP was carried 

out using the Megaprime DNA labeling kit and digoxigenin labeling was 

performed with Roche PCR DIG Probe Synthesis Kit (Mannheim, Germany).  

 For radiolabeling, a mixture of primers and DNA probe (10-200 ng) was 

denatured at 95oC for 5 minutes prior to the addition of dNTPs, radiolabeled  

α-32P-dCTP and 5 U of DNA polymerase. This mixture was then incubated at 

37oC for 30 minutes and purified over a SigmaSpin Post-Reaction Clean-up 

Column (Sigma) to remove unincorporated radionucleotides. The purified probe 

was then denatured at 95oC for 5 minutes and added to the Church Hybe pre-

hybridised membrane (30 minutes at 65oC). The membrane was then hybridised 

overnight at 65oC in a hybridisation oven. The next day membrane was washed 

three times (1 x 5 minutes and 2 x 20 minutes) in Church Wash Buffer (see Table 

2.1) at 65oC and then exposed overnight to autoradiography film at -80oC.  

 For the digoxigenin labeling, probes were amplified by PCR using the 

DIG PCR Synthesis Kit (Roche, Mannheim, Germany) as described in section 

2.2.5. 3-10 µl of the PCR reaction was then denatured in 50 µl of MiliQ water at 

95oC for 5 minutes. The membrane (prepared as previously described) was pre-

treated with Pre-Hybe Buffer according to the manufacturer’s instructions 

(Roche, Mannheim, Germany). The denatured probe was then added to the pre-
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hybridised membrane and incubated overnight at the appropriate hybridization 

temperature (Tm was calculated according to manufacturer’s instructions). The 

next day, the membrane was washed twice with Low Stringency Buffer (see 

Table 2.1) for 5 minutes at room temperature, followed by two washes in High 

Stringency Buffer (see Table 2.1) at 65oC for 15 minutes. The membrane was 

then blocked with Non-radioactive Southern Blot Blocking Solution (see Table 

2.1) for 30 minutes at 25oC and incubated with anti-digoxigenin antibody in the 

same buffer for 30 minutes at 25oC. Non-specifically bound antibody was 

removed with two 15 minute washes in Maleic Acid Washing Buffer at 25oC and 

the membrane incubated with Detection Buffer for 2 minutes at 25oC to bring the 

membrane to pH required for probe detection (see Table 2.1). The membrane 

was then transferred into a plastic bag incubated with CSPD substrate for 5 

minutes at room temperature. Excess CSPD substrate was removed; the 

membrane was sealed in a plastic bag and incubated at 37oC for 10 minutes to 

enhance the signal. The membrane was exposed to film for 2-18 hours depending 

on the signal strength. 

 

2.3 Protein methods 

2.3.1 SDS – Polyacrylamide Gel Electrophoresis (SDS - PAGE) 

 Equipment used for SDS-PAGE: 

• small gels (10x10 cm) – Hoefer mini VE, Amersham 

• large gels  (14x14 cm) – Hoefer SE 400, Amersham 

• wide gels (10x20 cm) – Vertical Maxi 2 Gel Device, Medical Supplies 

Co. Ltd. (Dublin, Ireland) 

 

 Mini and wide gels were generally run in running buffer (see Table 2.1) 

for 60 to 90 minutes at 25mA or 50mA, respectively. Large gels were normally 

run for a total of 12-15 hours at 135mA, but this varied depending on gel 

percentage and protein size being analysed. The final concentration of 

components used to prepare 8% and 10% polyacrylamide gels are shown in 

Table 2.13. 30% acrylamide: bisacrylamide (19:1 and 37.5:1) stock was 

purchased from Severn Biotech Ltd (Worcestershire, UK). 
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 Protein samples were prepared as follow: cells were centrifuged at 160 g 

for 5 minutes, washed in 1 x PBS and pelleted again. The cells were then lysed 

for 5 - 10 minutes on ice in lysis buffer of choice (supplemented with protease 

and phosphatase inhibitors) depending on the experiment performed (see Table 

2.1). Next, cells were centrifuged at 16 100 g for 10 minutes at 4oC to pellet 

DNA and cell membranes. The protein concentration in the supernatant 

containing the solubilised proteins was determined by Bradford Protein Assay 

(see section 2.3.2). In general, 30 – 60 µg of total proteins were loaded onto gels. 

Prior to electrophoresis or storage at -20oC, samples were boiled at 95oC for 5 

minutes in 3 x sample buffer containing ß-mercaptoethanol (see Table 2.1).   

 

Table 2.13 Example of 8% and 10% lower and upper gel mix 

 8% gel 10% gel 

Resolving Gel Mix 

375mM   Tris pH 8.8 
375 mM    

Tris pH 8.8 
8%          

 acrylamide/ bis (37.5:1) 
10%  

 acrylamide/ bis (19:1) 

0.1% SDS 0.1% SDS 

- 1 mM EDTA 

0.07% APS 0.1% APS* 

0.1% TEMED 0.1% TEMED* 

Stacking Gel 
Mix  

78mM Tris pH 6.8 125 mM   Tris pH 6.8 

5% 
acrylamide/ bis (37.5:1) 

4%  
acrylamide/ bis (19:1) 

0.1% SDS 0.1% SDS 

- 1 mM EDTA 

0.05% APS 0.1% APS 

(*) - See ‘Abbreviations’ for the full-name  
 

2.3.2 Bradford Protein Assay  

 For the determination of protein concentration, the Bradford dye-binding 

protein assay was employed as described (Bradford et al., 1976). Briefly, 1 µl of 

a protein sample was diluted in 1 ml 1:1 Bradford : MilliQ water solution 

(Pierce, Rockford, IL). The absorbance at 595 nm was measured with a 

spectrophotometer (Eppendorf, Hamburg, Germany). The protein concentration 
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was calculated based on a BSA (bovine serum albumin) standard curve, in which 

absorbance was plotted vs. varying concentrations of the BSA protein. 

 

2.3.3 SDS – PAGE staining 

 In order to visualise proteins in a gel, they were stained with Coomassie 

Blue R (see Table 2.1) for 20 minutes at room temperature, with gentle agitation. 

The gel was destained for the desired length of time with a few changes of the 

destain solution (see Table 2.1). Destained gels were dried after treatment with a 

fixation solution (see Table 2.1) using the Hoefer Slab Gel Dryer SE1160 

(Amersham) for 90 minutes at 70oC. 

 

2.3.4 Western blotting 

 Proteins were separated by SDS-PAGE and then transferred to 

nitrocellulose membrane (GE Healthcare, Bucks, UK). This was carried out 

using wet or semi-dry transfer systems for 1-2 hours at up to 350 mA (either at 

4oC or room temperature, see Table 2.1). Transfer of mini gels was performed 

using a Hoefer TE 22 Mighty Small Transfer apparatus (GE Healthcare, Bucks, 

UK), while large gels were transferred using a Hoefer TE 77 Semi Dry Transfer 

Unit (GE Healthcare, Bucks, UK) according to the manufacturer’s instructions. 

Membrane was then rinsed three times in dH2O and Ponceau S. solution was 

used to visualise the quality of protein transfer. To decrease non-specific 

antibody binding, the membrane was blocked with a 5% milk solution in 1 x 

PBS-0.05% Tween-20 for 30 minutes on a rocking platform at room temperature. 

The blocked membrane was then incubated overnight in the primary antibody 

solution at 4oC at the concentrations shown in Table 2.5. The next day, the 

membrane was washed three times for 10 minutes in 1 x PBS-0.05% Tween-20 

and transferred to the secondary antibody solution (see Table 2.6) in 3% milk for 

60 minutes at room temperature. Again, 3 x 10 minute washes in 1 x PBS-0.05% 

Tween-20 were performed, and the specific proteins detected with ECL detection 

kit (GE Healthcare or Milipore) and autoradiograph film exposure (Hartenstein, 

Germany). The exposed film was then fixed and developed by passing it through 

a developing machine (CP 1000, AGFA, Brentford, UK). 
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2.3.5 Expression of recombinant proteins in E. coli 

 A single colony of E. coli previously transformed with a plasmid of 

interest (see section 2.2.9) was expanded overnight shaking in 5 ml LB broth (see 

Table 2.1) containing selective antibiotics at 37oC. The following day the culture 

was diluted 1:100 and grown at 37oC to an OD600 of 0.6. At this stage, a 1 ml 

control (‘uninduced’) sample was collected for SDS-PAGE analysis. For 

optimisation of recombinant protein expression, concentrations of isopropyl-ß-D-

thiogalactoside (IPTG (Sigma, 0.1-1 mM)); temperatures (25-37oC) and times (2 

– 4 hours) were varied. After induction, 1 ml of cells (the “induced” sample) was 

collected at different time points to assess protein expression. All collected 

samples were spun for 1 minute at 16 100 g and re-suspended in 3 x sample 

buffer prior to 5 minutes boiling at 95oC, SDS-PAGE analysis and storage at -

20oC. 

 

2.3.6 Purification of GST fusion proteins 

 Immobilised glutathione (GST-Bind Resin, Novagen) was used for the 

purification of recombinant GST fusion proteins from bacterial cells. Beads were 

washed three times in GST Binding Buffer (see Table 2.1), followed by pelleting 

at 500 g. 50 – 500 ml bacterial culture was spun for 5 minutes at 6000 g and the 

pellet re-suspended in 1 – 20 ml of GST Binding Buffer supplemented with the 

protease inhibitors CLAP and PMSF. N-Lauroylsarcosine was then added to a 

final concentration of 0.8% and the cell suspension lysed for 10 minutes on ice. 

The cell lysate was then sonicated three times for 1 - 10 seconds for total of 3 – 

30 seconds with 10 seconds pause at 20% amplitude using a Digital Sonifier 

(Branson, London, UK) to solubilise proteins and fragment chromosomal DNA. 

Triton X-100 was then added to a final concentration of 0.9% and the sample 

incubated for 5 minutes at 4oC with gentle rocking to reduce non-specific protein 

interactions. The extract was centrifuged at 16 100 g for 15 minutes at 4oC to 

remove cell debris. The supernatant was diluted 1:1 with GST Binding Buffer to 

decrease detergent concentrations and mixed with the previously equilibrated 

beads. In general, 50 µl bed volume of GST resin per 500 µl of lysate was used. 

Lysate and beads were then incubated on a rotating mixer for 1-2 hours at 4oC to 
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capture GST fusion proteins. After binding, the beads were washed three times 

with GST Binding Buffer supplemented with 0.5% Triton X-100. The fusion 

protein was eluted either by boiling in 3 x sample buffer for 5 minutes or with 20 

mM reduced glutathione in Tris-Cl (pH 8.5). For glutathione elutions a total of 

three elutions were collected for analysis. Eluted proteins were then analysed by 

SDS-PAGE, together with previously-collected uninduced and induced samples 

(see Section 2.3.5). Gels were stained by Coomassie Blue R (see Section 2.3.3). 

 

2.3.7 Purification of His-tagged fusion proteins from DT40 cells 

 For the purification of His-tagged fusion proteins from DT40 cells, Ni 

SepharoseTM 6 Fast Flow (GE Healthcare) was used. Prior to use, beads were 

washed twice in His-tag Buffer (see Table 2.1), followed by centrifugation at 500 

g, according to the manufacturer’s instructions. The cell pellet from 50 ml culture 

of confluent DT40 cells was re-suspended in 1-2 ml of His-tag Buffer 

supplemented with protease inhibitors (CLAP, PMSF and Aprotonin, for details 

see Table 2.1) and lysed for 10 minutes on ice. Afterwards, the cell extract was 

sonicated for 15 seconds with 3 seconds pulse and 10 seconds pause at 20% 

amplitude to shear genomic DNA. Sonicated extracts were then spun for 10 

minutes at 30 000 g at 4oC to remove cell debris. The protein concentration was 

then assessed by Bradford assay as described in section 2.3.2. Equal amounts of 

total protein were taken from each extract analysed (usually from 2 – 10 mg of 

total protein). The appropriate volume of supernatant was then transferred to a 

fresh tube containing 50 – 200 µl bed volume of pre-equilibrated Nickel beads. 

The binding of His-tagged proteins was performed for 2 hours at 4oC on a 

rotating mixer. After binding, the beads were washed three times with His-tag 

Buffer to remove unwanted background proteins and the proteins of interest 

eluted with 50 – 200 µl of 250 mM imidazole or by boiling in 3 x sample buffer 

for 5 minutes at 95oC. The purified samples together with input and unbound 

samples were then analysed by either SDS-PAGE and Coomassie gel staining or 

immunoblotting.  
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2.3.8 Preparation of GST-tagged protein as antigen for 

immunisation  

 Recombinant protein was purified as described in section 2.3.6. The 

purified protein was separated by SDS-PAGE and the gel washed with ddH2O, 

three times for 10 minutes. The visualised protein band (Coomassie blue R) was 

excised using a scalpel and resuspended in sterile 1 x PBS. A gel slice in this 

form was sent for rabbit immunisation (Eurogentec, Seraign, Belgium).  

 

2.3.9 Purification of antibody against immobilized antigen 

 GST and the GST-fusion protein of interest were purified with 

glutathione sepharose 4B as described in section 2.3.6, without the elution steps 

being carried out. The proteins were then cross-linked to sepharose beads. Prior 

to cross-linking the beads were equilibrated to the required pH by washing three 

times with 200 mM HEPES pH 8.5, and incubated in cross-linking solution (see 

Table 2.1) for 30 minutes at room temperature. After the cross-linking reaction, 

the beads were spun for 2 minutes at 500 g and washed once with 200 mM 

HEPES pH 8.5 to remove the cross-linking reagent. The coupling reaction was 

terminated by incubation of the resin with 200 mM ethanolamine pH 8.2 for 60 

minutes at room temperature. Beads with covalently bound GST and GST-fusion 

proteins were washed twice with Glycine Elution Buffer (see Table 2.1) to 

remove non-covalently bound molecules, followed by two washes with 1 x TBS 

to restore the pH to 7.5. The purification and cross-linking of GST fusion protein 

was confirmed by SDS-PAGE and Coomassie Blue R staining of the gel. For 

affinity purification, 1 ml of crude serum raised against the GST-fusion protein 

was brought to 1 x TBS with 8 ml of ddH2O and 1 ml of 10 x TBS. The diluted 

serum was filtered through a 0.2 µm filter and spun at 4oC for 10 minutes at 

30 000 g to remove debris. This serum was first incubated with GST protein 

coupled to beads for 4 h at 4oC on a rotating mixer to remove GST-specific 

antibodies. The beads were then spun for 2 minutes at 500 g and the supernatant 

containing antibodies against the GST fusion protein were captured by 

incubation with GST-fusion protein containing beads for 12 hours at 4oC on a 

rotating mixer. After incubation, the beads were pelleted, the supernatant 
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removed and the resin washed five times with 1 x TBS containing 0.1% Triton 

X-100, followed by two washes with 0.1 x TBS. To elute specific antibodies, the 

beads were incubated twice with Glycine Elution Buffer on a rotating mixer, for 

5 minutes at room temperature. The collected fractions were analysed by SDS-

PAGE and Coomassie Blue R staining of the gel. Both fractions were combined 

and spun over Amicon Ultra (Millipore, Cork, Ireland) columns with a 3 kDa 

cut-off membrane to concentrate the antibody solution. Antibodies were 

aliquotted and stored at -20oC with 0.02% NaN3. After elution, the beads were 

regenerated with 100 mM phosphate solution pH 12.0 and extensive washing 

with 1 x TBS, then stored in the same buffer with 0.02% NaN3. 

 

2.3.10   Immunoprecipitation 

 For the immunoprecipitation of proteins from chicken DT40 cells, 5 x 107 

cells were washed once in 1 x PBS and the pellet re-suspended in 1 ml 

immunoprecipitation buffer (see Table 2.1) supplemented with protease 

inhibitors (CLAP, PMSF and Aprotonin). The cells were then sonicated briefly 

for 15 seconds with a 3 seconds pulse and 10 seconds pause at 20% amplitude to 

solubilise proteins and shear genomic DNA. The cell lysate was then centrifuged 

at 16 100 g for 10 minutes at 4oC to remove insoluble material. Protein 

concentration was determined using the Bradford assay and 2 mg of total protein 

was usually used per immunoprecipitation. The appropriate amount of the cell 

lysate was mixed with 10 µl of Protein A or G beads and incubated 30 minutes at 

4oC on a rotating mixer to remove proteins that unspecifically bound to the beads 

(pre-clean step). The resin was then spun for 5 minutes at 500 g and the pre-

cleared cell lysate was mixed with the previously-prepared antibody. Briefly, 25 

µl of bed volume of Protein A or G resin was washed three times with 

immunoprecipitation buffer to remove the storage solution, re-suspended in 1 ml 

of the same buffer containing 2 µg of antibody and incubated 2 hours or 

optionally overnight at 4oC. Antibodies coupled to the Protein A or G beads were 

spun for 5 minutes at 500 g and the beads washed three times with 

immunoprecipitation buffer to remove unbound antibodies. The pre-cleared cell 

lysate was mixed with prepared antibodies and incubated at 4oC for 2 hours 
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rotating. After immunoprecipitation beads were washed three times with 1 ml of 

immunoprecipitation buffer and finally re-suspended in 40 µl of the same buffer 

with 20 µl of 3 x SB containing ß-mercaptoethanol. Precipitated material was 

eluted by boiling for 5 minutes at 95oC. Input, unbound and precipitated proteins 

were separated by SDS-PAGE and analysed by immunoblotting. 

 

2.3.11   In vitro SUMOylation assay 

For in vitro SUMOylation assay, a commercial kit was used (Enzo 

Lifesciences, Exeter, UK). According to the manufacturer’s instructions, 0.5 µg 

of GST-Nse2 or GST-Nse2.AA (C178A, H180A mutant) was incubated with 

appropriate volume of MilliQ water, 2 µl of 10 x Reaction Buffer, 1 µl of Mg-

ATP, 1 µl of 20 x E1 enzyme (Aos1/Uba2), 1 µl of E2 enzyme (Ubc9) and 1 µl 

of SUMO-1, -2 or -3 peptide. The positive control reaction was performed with 

control GST-RG1 protein (GST-RanGap1 derived peptide) and in the absence of 

GST fusion ligases. In parallel, negative control reactions without the energy mix 

(Mg-ATP) were prepared. All reactions were incubated for 1 hour at 30oC and 

stopped by the addition of sample buffer, followed by boiling for 3 minutes at 

95oC. Then 5-10 µl of the reaction was analysed by SDS-PAGE and 

immunoblotting with target or SUMO1/2/3 specific antibodies. 

 

2.3.12   Phosphatase assay 

30 µg of clear lysate from DT40 cells was incubated for 30 minutes at 

30oC with 400 units (1 µl) of λPPase (New England Biolabs) in 1 x λPPase 

reaction buffer (New England BioLabs), supplemented with 2 mM MnCl2 in total 

volume 40 µl. Control samples containing the phosphatase in the presence of the 

phosphatase inhibitors: 5 mM sodium fluoride and 2 mM sodium orthovanadate 

or samples without phosphatase addition, were incubated in the same conditions. 

The phosphatase reaction was terminated by addition of 3 x sample buffer 

directly into the reaction. Samples were boiled for 3 minutes at 95oC and proteins 

were separated by SDS-PAGE and transfer to nitrocellulose membrane for 

immunoblot analysis. 
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2.4 Cell biology methods 

2.4.1 Transient transfections 

 DT40 cells were transiently transfected by nucleofection using Amaxa 

nucleofector (Gaithersburg, USA). Briefly, 5 µg of endotoxin-free DNA (see 

2.2.6 for plasmid DNA preparation) was mixed with 5 x 106 DT40 cells, 

previously re-suspended in 100 µl of Solution-T. The cells were then 

nucleofected with Amaxa using programme B-23. 18 to 24 hours post-

transfection, cells were harvested and analysed either by immunofluorescence or 

SDS-PAGE and immunoblotting. 

   

2.4.2 Stable transfections and gene targeting 

 Electroporation was used to either generate stably expressing DT40 cell 

lines or for a gene targeting, as previously described (Morrison et al., 2000; 

Sonoda et al., 1998; Takata et al., 1998). 1 x 107 of cells were pelleted for 5 

minutes at 160 g, washed once and re-suspended in 0.5 ml of 1 x sterile PBS. 20-

25 µg of linearised DNA was then added to the cells, transferred to an 

electroporation cuvette (BioRad, 0.4 cm gap) and incubated on ice for 10 

minutes. Electroporation was carried out in BioRad Gene Pulser (Hercules, USA) 

at conditions of 300 V/600 µF. The electroporated cells were again incubated on 

ice for 10 minutes and transferred to 20 ml of fresh, pre-warmed medium. After 

18 to 24 hours, 20 ml of fresh media was added to the transfected cells. The 

appropriate selective antibiotics at the concentrations, was added to the culture as 

shown in Table 2.6 and cells were plated out in 4 x 96 well plates. Plates were 

incubated at 39.5oC until colonies were visible through the bottom of the plate. 

Each single colony was then transferred to a well in a 24 well plate containing 3 

ml of medium and incubated under non-selective conditions at 39.5oC until 

confluent. 

 

2.4.3 Immunofluorescence microscopy 

 Chicken cells were fixed and stained for immunofluorescence microscopy 

using a range of various antibodies (see Table 2.5). Sections 2.4.3 – 2.4.5 
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summarise the protocols involved. An Olympus BX51 microscope with 60 x 

(NA 1.4) or 100 x objective (NA 1.35) and Openlab Software (v. 1.35 

Improvision, Emeryville, USA) was used for analysis. Serial Z-sections (0.15 

µm) were collected and the images then deconvolved and saved as Abode 

Photoshop TIFF files. 

 

2.4.4 Paraformaldehyde fixation 

 Before fixation, DT40 cells were spun at 160 g for 5 minutes, re-

suspended in 1 x PBS and adhered to poly-L-lysine slides (Menzer Glasser, 

Fisher Dublin Ireland) by gravity for 15 minutes at room temperature. 4% 

paraformaldehyde in cytoskeleton buffer (CB) or 1 x PBS for 10 minutes at room 

temperature was used for cell fixation (see Table 2.1) (Wheatley and Wang, 

1998). The cells were then washed three times in 1 x PBS and permeabilised in 

0.2% Triton X-100 in cytoskeleton buffer or 1 x PBS. The cells were then 

washed three times again in 1 x PBS and blocked in 1% BSA for 30 minutes at 

room temperature or overnight at 4oC. Both primary and secondary antibodies 

were used at the indicated concentrations in a Table 2.5 in 1% BSA and 

incubated in a humid chamber at 37oC for 1 hour. Unbound and non-specifically 

bound antibodies were removed with 3 x 3 minute washes with 1 x PBS. The 

DNA was stained with DAPI (1 µg/ml) in mounting medium (200 mM DABCO, 

Sigma, Wicklow, Ireland). 

 

2.4.5 Methanol fixation 

 Certain antibodies and fluorescent fusion proteins were more readily 

visualised after methanol fixation. Cells were prepared prior to fixation as 

described in section 2.4.3. The cells were washed in 1 x PBS and fixed/ 

permeabilised for 3-10 minutes in pre-chilled 95% methanol at -20oC containing 

5 mM EGTA. The cells were then washed three times for 3 minutes in 1 x PBS, 

blocked in 1 x PBS containing 1% BSA and incubated with antibodies as 

described in section 2.4.3. DNA was stained with DAPI (1 µg/ml) and mounted 

with 200 mM DABCO. 



Materials and  methods 

100 

 

2.4.6 Dual paraformaldehyde/ methanol fixation 

 For visualisation of certain fluorescent fusion proteins, a combined 

fixation of paraformaldehyde/ methanol fixation was used as previously 

described (Brock et al. 1999). Before fixation, cells were prepared as described 

in section 2.4.3. Briefly, cells were fixed in 4% paraformaldehyde in HBS (see 

Table 2.1) for 5 minutes at 4oC followed by 10 minutes at room temperature. 

Cells were then washed three times for 5 minutes in HBS and post-fixed with 

pre-chilled 95% methanol 5 mM EGTA at -20oC for 6 minutes. After methanol 

fixation, cells were washed three times for 5 minutes in HBS. If additional 

staining with antibodies was required it was performed as described in section 

2.4.3. DNA was stained with DAPI (1 µg/ml) and slides mounted with 200 mM 

DABCO. 

 

2.4.7 Chromosome spreads 

 To obtain chromosome spreads, cells were blocked in metaphase with 0.1 

µg/ml colcemid (see section 2.1.3) for 1 - 3 hours. Harvested cells were 

hypotonically swollen in 1 ml of 0.9% sodium citrate (pre-warmed to 37oC) for 

15 minutes at 37oC and fixed in freshly prepared 5 ml of Calenoa solution. Cells 

were centrifuged at 160 g for 5 minutes and re-suspended in 5 ml of Calenoa 

solution followed by 30 minutes incubation at room temperature. Cells were spun 

down again at 160 g for 5 minutes and re-suspended in the appropriate volume 

(usually 100-200 µl) of Calenoa solution. Cells were then applied onto pre-wet 

(50% ethanol) Superfrost slides (Menzer-Glasser-Fisher, Dublin, Ireland) by 

dropping them from a height of 20-30 cm. Slides were immediately flame-dried 

and stained with Giemsa Stain (Merck-Seven Seas, Dublin Ireland) for 20 

minutes at room temperature (Table 2.1). The chromosomes were analysed by 

light microscopy under 100 x lens (Axioskop 2 Plus, Zeiss, Berlin, Germany). 

 

2.4.8 Sister chromatid exchange assay 

 For the differential staining of sister chromatids cells were grown in the 

dark with 10 µM BrdU for exactly two cell cycles (20 - 22 hours). For the last 

eight hours cells were left unchallenged or treated with 100 ng/ml mitomycin C 
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to induce sister chromatid exchanges. To increase the number of metaphase cells, 

0.1 µg/ml colcemid was added 2 hours prior to cell harvesting by centrifugation. 

Cells were then incubated in pre-warmed 75 mM KCl for 15 minutes at 37oC. 

After the swelling step, cells were fixed with 5 ml of freshly prepared Calenoa 

solution and pelleted at 160 g for 5 minutes. The cell pellet was re-suspended in 

5 ml of Calenoa solution and incubated at room temperature for 30 minutes. 

Fixed cells were spun again and re-suspended in the appropriate volume of 

Calenoa solution (usually 100 – 200 µl). Next, the cells were applied to 

Superfrost slides by dropping them from a height of 20-30 cm. Slides were then 

dried for 15-30 minutes at room temperature and incubated with 10 µg/ml 

Hoechst 33258 in Phosphate Buffer pH 6.8 to stain the DNA. After staining cells 

were washed three times for 3 minutes in Macllvane Solution and mounted with 

the same buffer. Slides were then irradiated with a UV lamp (366 nm) for 1 hour 

to degrade BrdU-substituded DNA, and washed once with Macllvane Solution. 

Prior to staining with Giemsa Stain, slides were incubated in 2 x SSC for 1 hour 

at 62oC. After 20 minutes staining, the slides were washed with tap water from 

the back side of the slide and dried at room temperatuure. Sister chromatid 

exchanges were scored using light microscopy as described in Section 2.4.6. 

 

2.4.9   EdU staining and “click chemistry” 

 Labeling of S-phase cells was performed with EdU (5-ethynyl-2’- 

deoxyuridine). Briefly, cells were incubated with 10 µM EdU for 10 – 15 

minutes and immediately cytopspun onto poly-L-lysine slides for 5 minutes at 

150 g. Cells were then fixed with 4% paraformaldehyde in 1 x PBS for 10 

minutes and permeabilised with 0.2% Triton X-100 in 1 x PBS for 3 minutes. 

Three washes for 3 minutes in 1 x PBS were applied after the fixation and 

permeabilisation steps. Slides were then blocked with 1% BSA to reduce 

unwanted background. After blocking slides were washed once with 1 x PBS and 

incubated with Click Reaction Mix (see Table 2.1) to couple incorporated EdU to 

a green fluorophore. The coupling reaction is based on azide-alkyne specific 1,3-

dipolar cycloadditon (Huisgen reaction) catalysed by copper, also known as 

“click chemistry” (Kolb et al., 2001). After the coupling reaction slides were 
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washed twice for 15 minutes in 1% BSA 0.5 % Tween 20 in 1 x PBS. DNA was 

stained with DAPI and slides mounted with 200 mM DABCO. 

 

2.4.10   Clonogenic survival assays 

 Clonogenic survival assays were performed to determine the sensitivity of 

cells to different DNA damaging agents as previously described (Takata et al., 

1998). Prior to IR treatment, serially-diluted cells were plated in 8 ml of semi-

solid methylcellulose medium (see section 2.1.3) and incubated for 1 hour at 

39.5oC. The plated cells were then irradiated at various doses (2-8 Gy) using a 
137Cs source (see section 2.1.3). For UV treatment, cells were exposed to UVC 

light (5 – 15 J/m2) at density of 2.5 x 106 in 0.5 ml of 1 x PBS. Immediately after 

radiation, 2.0 ml of pre-warmed, fresh media was added to the cells. Serial 

dilutions were then prepared and cells plated onto methyl cellulose-containing 

media. To determine cells’ sensitivity to 4-nitroquinoline 1-oxide, camptothecin, 

cis-platin, hydroxyurea, methyl methanesulfonate and mitomycin C (see table 

2.8), cells at a density of 1 x 105 were treated for 2 hours at 39.5oC with different 

doses of the drugs and plated onto methyl cellulose-containing media from serial 

dilutions. In general colonies were counted 10 - 14 days after seeding. Cell 

survival was expressed as a percentage of the survival of untreated cells. 

 

2.4.11   Flow cytometry 

 For cell cycle analysis, cells were centrifuged at 160 g for 5 minutes 

resuspended in 5 ml of 1 x PBS and fixed by drop wise addition of 10 ml ethanol 

(pre-chilled to -20oC) and stored at 4oC prior to flow cytometry. Before analysis 

cells were washed in media (pre-warmed to 37oC) to remove precipitated salt and 

re-suspended in 1 x PBS supplemented with 100 µg/ml RNase A and 40 µg/ml 

propidium iodide (PI, Sigma). After 20 minutes’ incubation at room temperature, 

optionally overnight (in the dark), cells were analysed using a FACS Calibur or 

FACS Canto (Becton Dickinson, San Jose, CA) and Cell Quest (version 3.3, 

Becton Dickinson) or BD FACS Diva Software (version 6.1.2, Becton 

Dickinson), respectively. 
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2.4.12   pDR-GFP – direct repeat recombination assay  

pDR-GFP was integrated into DT40 cells (Pierce et al., 1999). The day 

before the analysis, cells were transiently transfected by Amaxa nucleofection (as 

described in the section 2.4.1.1) using 5 µg endotoxin-free DNA, Solution T and 

programme B-23. The DNA used in the transfection was as follows, pRFP-C1 

(0.5 µg) + pCBA-SceI (4.5 µg) or pBluescriptII SK (4.5 µg) as a negative 

control. After overnight incubation (16 hours) cells were harvested by 

centrifugation, washed once, re-suspended in 1 x PBS and analysed by flow 

cytometry (see section 2.4.6). The GFP positive cells (recombination positive) 

were expressed as a fraction of RFP positive cells (transfection positive). 
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Chapter 3 Cloning and characterisation of chicken 

Nse2 

 

3.1 Introduction 

Studies in yeast have established a role for the Nse2 protein in DNA 

damage response and repair (Andrews et al., 2005; Pebernard et al., 2004; Potts 

and Yu, 2005; Zhao and Blobel, 2005). In order to study the functions of the 

vertebrate homologue of Nse2, we decided to clone chicken Nse2 and assess the 

biochemical properties of the gene product, as well as to study its cellular 

localisation. Here we report that, similar to yeast and human Nse2, it forms a 

complex with the Smc5 protein in vivo and shows cell cycle dependent 

localisation. 

 

3.2 Cloning and analysis of chicken Nse2  

To identify the chicken Nse2 orthologue we used human (NSMCE2), 

mouse (NSMCE2) and yeast (MMS21) Nse2 sequences to search by BLAST the 

Gallus gallus non-redundant protein sequences available in the NCBI database. 

In several searches, we found an open reading frame (ORF) coding for a 

hypothetical protein, similar to Saccharomyces cerevisiae non-Smc element 2 

(MMS21, NCBI accession number XP_418440.1). The candidate Nse2 ORF was 

then translated and analysed using the ScanProSite software available from the 

Expasy database. The ScanProSite allows for identification of domains 

embedded in linear protein sequence by its comparison with previously 

characterised protein motifs. This analysis revealed the presence of a specific E3 

SUMO ligase domain (SP-RING) at the C-terminus of protein encoded by the 

candidate ORF (Figure 3.1).  
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Figure 3.1 Linear structure of the hypothetical protein similar to S. cerevisiae homologue of 

Nse2.  

The candidate ORF sequence was analysed with ScanProSite software to identify a conserved 

protein domains and motifs. The analysis identified a specific E3 SUMO ligase domain at the C-

terminus of the ORF (here shown as SP-RING). The numbers indicate amino acid positions in the 

predicted protein.  

 

A similar domain has been identified in human and fission yeast Nse2, and it has 

been shown to be essential for its enzymatic activity (Andrews et al., 2005; Potts 

and Yu, 2005; Zhao and Blobel, 2005). The analysis did not identify any known 

domains in the N-terminus but recent crystallographic data showed that the N-

terminus of S. cerevisiae Nse2 is required for its interaction with Smc5 (Duan et 

al., 2009a). We then compared the sequence of the candidate Nse2 ORF against 

human, mouse and yeast Nse2. As shown in Figure 3.2A, chicken Nse2 shows 

significant similarity to mouse and human Nse2, but only a slight homology to 

the yeast homologues, within the catalytic domain (SP-RING). Sequence values 

were obtained by BLASTP alignment between Nse2 homologues. These values 

correspond to the evolutionary conservation of Nse2 between the species 

analysed. As shown on the phylogenetic tree (Figure 3.2B), the estimated 

evolutionary time difference separating chicken from human and mouse Nse2 is 

smaller than the one between the chicken and yeast Nse2 homologues. This 

indicates that chicken Nse2 is different from human, mouse and yeast but shows 

a higher similarity to mammalian Nse2 than to its homologues from unicellular 

organisms. The most conserved amino acid residues were found within the SP-

RING domain (residues 147 to 229 in the chicken peptide, Figure 3.2A). Six 

amino acids within the SP-RING domain (four cysteines and two histidines 

(C2H4)), have an essential function in zinc coordination and the transfer of the 

SUMO peptide (Figure 3.2A, residues coloured with red) (Andrews et al., 2005; 

Duan et al., 2009a; Potts and Yu, 2005). 
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Figure 3.2 Analysis of Nse2 protein sequences.  

(A) Alignment of Nse2 protein sequences from human, mouse, chicken, budding and fission yeast. 

Values for the protein identities between the species were obtained by BLASTP alignment of the 

chicken and human, mouse or yeast Nse2 and are shown in the first five rows of the alignment. 

The black diamonds show the beginning and end of the predicted catalytic domain (SP-RING) of 

chicken Nse2. Amino acid coloured with red and blue are evolutionarily conserved between the 

analysed species, with the red showing residues essential for catalytic activity of Nse2 (B) The 

phylogenetic tree shows the evolutionary conservation of Nse2 sequences between the species 

analysed. The branches joined together indicate that sequences descended from a common 

ancestor. The edge length corresponds to the estimated evolutionary time between different forms 

of Nse2. 

 

To confirm that the candidate Nse2 ORF is expressed in chicken cells we 

identified the mRNA entry associated with it (NCBI accession number 

XM_418440) and used it to search the expressed sequence tag (EST) database 

(dbEST, NCBI). As shown in Table 3.1, we found multiple EST clones that 

cover the entire Nse2 cDNA sequence. None of the EST sequences that 
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contained gaps coded for an alternatively spliced form of Nse2, suggesting that 

these were low quality sequences. The BLAST search against the entire 

nucleotide collection revealed that there is no similar gene in G. gallus genome. 

These data indicate that there is only a single Nse2 gene that is expressed as a 

single spliced form in different chicken tissues.  

 

Table 3.1 Results of chicken EST database screen. 

EST accession number Coverage of candidate 
Nse2 cDNA Tissue 

BU317419 100% Head 

BU232236 100% Heads 

BU465927 100% Ovary 

BU358762 100% Heart 

BU110116 100% Limbs 

BU210432 99% Whole embryo 

BU123930 99% Small intestine 

CV853048 98% Gonad 

 

Additionally, screening of the predicted cDNA sequence with Alternative 

Splicing and Transcript Diversity software (ASTD, EMBL-EBI) confirmed 

expression of a single spliced form of the Nse2 candidate ORF. We then used the 

Nse2 cDNA sequence to design specific primers for cDNA amplification. 

Chicken cDNA was obtained using reverse transcription with random hexamer 

primers of total mRNA isolated from DT40 cells. This cDNA was then used as a 

template to amplify by PCR (with gene-specific primers) the full-length Nse2 

cDNA, as shown in Figure 3.3. Analysis of the amplified candidate Nse2 cDNA 

product by agarose gel electrophoresis revealed a size (720 bp) consistent with 

the sequence predicted in the NCBI database (Figure 3.6). Subsequent 

sequencing of the cloned candidate ORF cDNA confirmed this observation. 



 

Figure 3.3 Cloning of the 

Reverse transcriptase PCR (RT

to amplify chicken Nse2 cDNA.

Nse2 cDNA amplification.

  

To further validate our observation that the cloned 

chicken homologue of 

This comparison revealed that

six exons, as shown in 

 

Table 3.2 Analysis of 

Nse2 and potential chicken Nse2 genes.

Human exon Exon length (bp)

1 

2 

3 

4 

5 

6 

Total 

 

The chicken Nse2 gene is transcribed as a 720 bp mRNA which encodes a 

protein of 240 amino acids with a predicted size of 

and protein are a similar size of 744 bp, 248 amino acids and 28 kDa in size. 

addition the Kozak sequence was investigated. This is the sequence upstream of 

the start codon which acts as a signal for the initiation of translation. This 
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Cloning of the chicken Nse2 candidate cDNA.  

Reverse transcriptase PCR (RT-PCR) was performed on mRNA isolated from DT40

to amplify chicken Nse2 cDNA. A temperature gradient was used to find optimal condition

Nse2 cDNA amplification. 

To further validate our observation that the cloned candidate Nse2

homologue of Nse2, we compared its gene structure with human 

comparison revealed that both the chicken and human Nse2 genes consist of 

as shown in Table 3.2.  

Analysis of protein coding exon number and length between human 

chicken Nse2 genes. 

Exon length (bp) Chicken exon Exon length (bp)

157 I 

107 II 

154 III 

101 IV 

107 V 

118 VI 

744 Total 

gene is transcribed as a 720 bp mRNA which encodes a 

protein of 240 amino acids with a predicted size of 27 kDa. The human mRNA 

and protein are a similar size of 744 bp, 248 amino acids and 28 kDa in size. 

addition the Kozak sequence was investigated. This is the sequence upstream of 

the start codon which acts as a signal for the initiation of translation. This 
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on mRNA isolated from DT40 cells in order 

optimal conditions for 

Nse2 ORF is the 

with human Nse2. 

genes consist of 

exon number and length between human 

Exon length (bp) 

133 

107 

154 

104 

107 

115 

720 

gene is transcribed as a 720 bp mRNA which encodes a 

The human mRNA 

and protein are a similar size of 744 bp, 248 amino acids and 28 kDa in size. In 

addition the Kozak sequence was investigated. This is the sequence upstream of 

the start codon which acts as a signal for the initiation of translation. This 
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consensus sequence was found to be GCCA/GCCATGG, with the most 

conserved nucleotide at the position -3 (Kozak, 1986). From the data in 

Appendix 1 it can be seen that although the sequence does not confirm closely 

the consensus one, it has conserved an A at the position -3. 

We also looked at the genomic region of the human and the candidate of 

chicken Nse2 because chromosomal localisation of genes can also be conserved 

throughout evolution (Lalley et al., 1978). We found two identical genes 

upstream of the genes of interest; KIAA0196 codes for the membrane protein 

Strumpellin and SQLE codes for squalene epoxidase. The gene downstream of 

chicken Nse2 is a predicted ORF of a protein similar to a G-protein-coupled 

receptor induced protein GIG2 (LOC428386), whereas the gene downstream of 

human NSE2 is a Tribbles homologue 1 (TRIB1), also a G-protein-coupled 

receptor induced protein. The observed similarities between chicken, human, 

mouse and yeast Nse2 on the protein and gene levels, indicate that we have 

identified and cloned the chicken orthologue of hNSE2. 

 

3.3 Generation of antisera against chicken Nse2 protein 

To characterise and explore the cellular functions of chicken Nse2, rabbit 

polyclonal antibodies were raised against the protein. An N-terminal glutathione 

S-transferase (GST) tagged Nse2 fusion protein was used as an antigen to 

generate antibodies. The chicken Nse2 cDNA was cloned into pGEX-4T-2. The 

GST-Nse2 fusion (27 + 27 kDa) was expressed in the BL21 pLysS strains of E. 

coli, giving a fusion protein with a predicted size of 54 kDa. The GST-Nse2 was 

then purified over glutathione agarose beads (as described in Section 2.3.6). 

Induction and purification of GST-Nse2 is shown in Figure 3.4.  

 



 

Figure 3.4 Expression and p

E.coli transformed with pGEX

expression of the GST-Nse2 protein. After 2 hours

protein purified over GST resin. Legend: (M) 

induced sample, (P) purified GST

 

3.4 Characterisation of 

All three bleeds obtained from two different ra

immunoblot experiments 

bleed dilution factor, membrane types 

analysis revealed that only the third bleed from rabbit SIE009 recognised 

number of Nse2 proteins, such as 

as well as the original 

endogenous protein (Figure 3.5
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Expression and purification of GST-Nse2 fusion protein.  

transformed with pGEX-4T-2-Nse2 plasmid were treated with 0.1mM IPTG

Nse2 protein. After 2 hours induction, cells were lysed and

purified over GST resin. Legend: (M) – protein marker, (UI) – uninduced sample, (IN) 

induced sample, (P) purified GST-Nse2. Estimated size of GST-Nse2 fusion: 54 kDa.

terisation of anti-chicken Nse2 sera

All three bleeds obtained from two different rabbits were tested in 

experiments using DT40 whole cell extracts. Conditions including 

, membrane types and blocking solutions were 

analysis revealed that only the third bleed from rabbit SIE009 recognised 

number of Nse2 proteins, such as 3myc-Nse2 (32 kDa) and Nse2

original antigen (GST-Nse2, 54 kDa), but failed to detect th

in (Figure 3.5).  

Cloning and characterisation of chicken Nse2 

treated with 0.1mM IPTG to induce 

cells were lysed and the fusion 

uninduced sample, (IN) – 

Nse2 fusion: 54 kDa. 

chicken Nse2 sera 

bbits were tested in 

onditions including 

and blocking solutions were varied. This 

analysis revealed that only the third bleed from rabbit SIE009 recognised a 

Nse2-GFP (55 kDa) 

but failed to detect the 
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Figure 3.5 Testing of the anti-Nse2 sera.  

Proteins from the indicated cell lines were extracted, separated by SDS-PAGE and analysed by 

immunoblotting with bleed SIE009 (K/O – Nse2-/-/-, 3myc and GFP correspond to 3myc-Nse2 and 

Nse2-GFP expressing Nse2-/-/- cells, respectively). Predicted sizes of the recombinant Nse2 

proteins are: endogenous (27 kDa), 3myc fusion (32 kDa), GFP fusion (55 kDa) and GST fusion 

(54 kDa).  

 

The laddering observed in the GST-Nse2 lane probably represents products of 

degradation that occurred during GST-Nse2 purification. In addition, the SIE009 

serum recognised a 55 kDa band in all samples analysed. This is consistent with 

the reactivity of the pre-immune sera from the same rabbit, which also 

recognised a similar band but was clean in the blot area where the chicken Nse2 

is predicted to migrate (between 20 – 50 kDa, data not shown). The bleeds 

obtained from the second rabbit (SIE010, mainly the third bleed) were only able 

to recognise the antigen and free GST protein, leading to the conclusion that 

SIE010 bleeds contain antibodies against the GST, but not Nse2 protein (data not 

shown).  

In order to increase the sensitivity of the SIE009 third bleed we 

performed affinity chromatography purification (thereafter SIE009AP, as 

described in section 2.3.9). The affinity purified anti-chicken Nse2 antibody was 

able to detect 3myc-Nse2 (32 kDa) and Nse2-GFP (55 kDa) fusions as well as 

the endogenous form of Nse2 (27 kDa, Figure 3.6). The SIE009AP detects only a 



Cloning and characterisation of chicken Nse2 

112 

 

single band in wild-type DT40 cell lysates of the predicted size of 27 kDa, which 

is consistent with the presence of a single isoform of Nse2 being expressed in 

DT40 cells. 

 

 

Figure 3.6 Testing of the affinity purified anti-Nse2 sera (SIE009AP).  

Proteins from the indicated cell lines were extracted, separated by SDS-PAGE and analysed by 

immunoblotting with SIE009AP and α-Tubulin antibodies (KO – Nse2-/-/-, 3myc and GFP 

correspond to 3myc-Nse2 and Nse2-GFP expressing Nse2-/-/- cells, respectively) Predicted sizes 

of the Nse2 are: endogenous (27 kDa), 3myc fusion (32 kDa), GFP fusion (55 kDa) and GST 

fusion (54 kDa). 

 

Additionally, the SIE009AP antibody did not detect any endogenous protein in 

the Nse2-/-/- cell line (described in Chapter 4), even after prolonged exposure of 

the membrane or when a high protein concentration was run on a gel (up to 80 

µg per lane with long-life ECL, data not shown). Therefore, we conclude that the 

band observed in the wild-type lane is indeed the endogenous form of the Nse2 

protein. We tried to confirm the nature of the wild-type band with different 

antibodies. We atested a human antibody raised to full length human Nse2 

protein (gift from Prof. A. Lehmann, University of Sussex, UK) but it also failed 

to recognise the endogenous chicken Nse2.  

We next tested the SIE009AP antibody in immunofluorescence 

microscopy experiments using wild-type and Nse2-deficient cells as a negative 
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control. Different concentrations of SIE009AP antibody and fixation protocols 

were tested but we could not detect any signal from the endogenous Nse2 in the 

wild-type cells. This could be due to a low concentration of SIE009AP antibody 

in the purified fraction (as assayed by SDS-PAGE with BSA standards and 

Coomasie staining of the gel; data not shown) or an inability of the SIE009AP to 

detect native Nse2 protein. 

 

3.5 Biochemical studies of myc-tagged Nse2 

The myc tag is a well recognised affinity tag and widely used to purify 

proteins from vertebrate cells or to identify protein interactors by co-

immunoprecipitation (Kramer et al., 1997). To study the biochemical properties 

of the Nse2 protein we generated a 3myc-Nse2 fusion protein. The chicken Nse2 

cDNA was cloned into pCMV-3Tag-2A plasmid. The size of the resultant fusion 

protein was predicted to be 32 kDa. The 3myc tagged form of Nse2 was then 

stably expressed in Nse2-/-/- cells (thereafter 3myc-Nse2) and used in 

immunoprecipitation and rescue experiments (see Figure 4.15 in section 4.3.1) 

As previously mentioned, Nse2 interacts with Smc5 through an extensive region 

on its N-terminus (Duan et al., 2009a). To test if the presence of the 3myc tag 

interferes with Smc5 binding we performed an immunoprecipitation experiment 

using anti-myc antibody as described in Section 2.3.10. In this experiment wild-

type cell extract and appropriate mouse IgG antibody were used as controls. As 

shown in Figure 3.7, we detected Smc5 within the anti-myc precipitated material 

(IP lane in the 3myc-Nse2 experiment). We observed a significant depletion of 

the fusion protein in the unbound fraction, as shown on the Figure 3.7, lanes I 

and U, in the 3myc-Nse2 experiment. The signal was specific to extracts from 

3myc-Nse2 cells and it was absent in wild-type and control immunoprecipitation 

samples. We conclude from this experiment that 3myc-Nse2 interacts with Smc5 

in vivo and that this interaction is not impeded by the presence of an N-terminal 

myc tag in Nse2.  
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Figure 3.7 Immunoprecipitation of 3myc-Nse2.  

The Nse2-/-/-::3myc-Nse2 cells were subjected to immunprecipitation using anti-myc antibody. 

The lanes are as follows: (I) – input, (U) – unbound fraction, (IP) – immunoprecipitated 

material. Estimated size of 3myc-Nse2: 32 kDa. 

 

In our immunoprecipitation experiments (Figure 3.7) we found that the 

anti-myc antibody recognises 3myc-Nse2 as a double band (both with size of just 

below 40 kDa). Similarly, the SIE009AP antibody detected two different bands 

in the 3myc-Nse2 cell extract (Figure 3.7 and 3.8, lane 3myc-Nse2). However, 

the SIE009AP antibody does not recognise a double band of the endogenous 

Nse2 protein in the wild-type cells even after prolonged exposure (Figure 3.6 and 

data not shown). We suspect that upper band might be caused by post 

translational modification (PTM) of the 3myc-Nse2 fusion. This PTM might not 

be detectable in wild-type cells due to lower levels of the endogenous protein 

compared to the higher levels of the 3myc-Nse2 (Figure 3.6). The best candidate 

for PTM of the Nse2 protein would be SUMOylation, as such automodification 

by the SUMO ligase has been previously reported for Nse2 (Andrews et al., 

2005; Potts and Yu, 2005). However, the size difference between the observed 

bands appears to be less than 10 kDa which would argue against this type of 

modification (as well as ubiquitination).  

To test whether the slower migrating band is a phospho-form, we 

subjected 3myc-Nse2 extracts to phosphatase assay. Figure 3.8 shows 

immunoblots after the experiment. 
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Figure 3.8 Phosphatase assay.  

Proteins extracted from Nse2-/-/-::3myc-Nse2 cell line were treated with different reaction 

cocktails (with or without activity of λPPase) to test the nature of the slower migrating band of 

3myc-Nse2 protein . MCM2 phospho-protein was used here as a positive control. 

 

We used MCM2 protein as a positive control in this experiment (Pospiech et al., 

2010). The MCM2 protein, which is a part of a replicative helicase complex, is 

constitutively phosphorylated at S40/41 in a Cdc7-dependent manner. After 

phosphatase treatment, the phosphorylated MCM2 was no longer present, 

whereas we could still detect the 3myc-Nse2 double band after treatment with the 

same cocktail. Therefore we conclude that the observed extra band is not a 

phospho-form of the 3myc-Nse2 protein. 

 

3.6 Localisation of chicken Nse2 

To study the localisation of the Nse2 protein (and by implication the 

Smc5-Smc6 complex), we tagged the Nse2 protein with the green fluorescent 

protein (GFP). The Nse2 cDNA was cloned into pEGFPN1 vector. The Nse2-

GFP fusion protein, with a size of approximately 55.5 kDa, was then stably 

expressed in Nse2-deficient cells (thereafter Nse2-GFP, see Figure 4.15 in 

section 4.3.1). The clones positive for Nse2-GFP were then used to investigate 

the cellular localisation of the Nse2-GFP fusion protein. Depending on the clone 

analysed, between 30 – 90 % of the cells were Nse2-GFP positive.  
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We found Nse2-GFP in both the cytoplasm and nucleus during interphase 

(Figure 3.19, G1 and G2 panels). Conversely, we did not observe any Nse2-GFP 

signal co-localising with DAPI-stained DNA in mitotic cells. Therefore, it would 

appear that localisation of the Nse2-GFP may be cell cycle dependent (Figure 

3.9, metaphase and telophase panels).   

 

 

Figure 3.9 Expression of the Nse2-GFP fusion proteins.  

The Nse2-GFP expressing cells were fixed with both methanol and paraformaldehyde prior to 

staining with γ-tubulin antibody (DNA: blue; γ-Tubulin: red; Nse2-GFP: green). Scale bar shows 

10µm. 

 

Additionally, in our preliminary analysis of Nse2-GFP expressing cells, 

we found a relatively large, discrete signal from the fusion protein. There were 
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either one or two such spots detected per cell (Figure 3.9, all panels). We also 

found that these foci appear to localise to opposite poles of the cell in mitotic 

cells (Figure 3.9 metaphase and telophase panels). We speculated that Nse2-GFP 

may be a component of the centrosome, as we previously detected Smc5-GFP 

protein localising to centrosomes (Stephan, 2007). To test our hypothesis, we 

counter stained the Nse2-GFP cells with a centrosome marker (γ-tubulin) and 

looked for co-localisation with the Nse2-GFP signal. We could confirm the 

centrosomal localisation of Nse2-GFP fusion protein using this approach, but 

only after paraformaldehyde or combined methanol/ paraformaldehyde fixation 

(Figure 3.9). We neither observed Nse2-GFP after only methanol fixation nor 

3myc-Nse2 at the centrosome. To eliminate the possibility that Nse2-GFP 

localisation to centrosomes is a fixation artefact, we decided to analyse Nse2-

GFP cells using the live-cell microscopy. We hypothesised that, if Nse2-GFP 

protein is a bona fide centrosomal component, we should be able to detect it in 

live cells. In this experiment Nse2-GFP cells were split into two batches. One 

batch was fixed with paraformaldehyde to confirm the observation of Nse2 at 

centrosomes, and the other batch was analysed by live-cell microscopy (Figure 

3.10).  

 

Figure 3.10 Live cell microscopy analysis of Nse2-GFP expressing cells.  

The Nse2-GFP cells were either paraformaldehyde fixed or analysed live under a microscope 

(Nse2-GFP: green). Top panel shows paraformaldehyde fixed cells and bottom panel show stills 

from live cell imaging. Scale bar shows 10µm. 
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We could still detect the centrosomal localisation of the Nse2-GFP fusion 

protein in the fixed cells but never in the live cells. In addition, the live-cell 

analysis confirmed the cytoplasmic and nuclear localisation of the fusion protein 

(Figure 3.10). Therefore, we conclude that the Nse2-GFP protein may not be a 

constitutive component of the centrosome and that the observed localisation may 

be an artefact of the paraformaldehyde fixation step. 

  

3.7 Discussion 

3.7.1 Cloning of chicken Nse2 

The chicken Nse2 cDNA was successfully cloned allowing the generation 

of anti-chicken Nse2 antibodies, and preliminary biochemical and localisation 

analysis of the Nse2 protein. In addition, we confirmed that the predicted protein 

from the G. gallus non-redundant protein sequences database similar to  

S. cerevisiae MMS21, is indeed a chicken homologue of Nse2. We found that the 

size and sequence of the chicken Nse2 cDNA are in agreement with information 

published in the NCBI database. Comparison of Nse2 protein sequences from 

different species revealed that chicken Nse2 is significantly similar to vertebrate 

but not to its unicellular homologues. The highest similarity has been observed in 

the region of Nse2 catalytic domain, which is required for Nse2 SUMO ligase 

activity. Despite the fact that the overall Nse2 sequence has changed from yeast 

to human, the sequence required for Nse2 SUMO ligase activity has been 

conserved throughout evolution. Additionally, the structure of the chicken Nse2 

gene is very similar to its human homologue, suggesting that the gene itself is 

also evolutionarily conserved, at least between chicken and human. This analysis 

confirmed that we have cloned the chicken homologue of Nse2 protein. 

 

3.7.2 Generation of antisera against chicken Nse2 

We have generated an anti-chicken Nse2 (SIE009AP) antibody and used 

it in immunoblotting experiments. The SIE009AP antibody detects the 

endogenous Nse2 protein as single band in wild-type DT40 cells, showing that 

there is only one form of Nse2 protein expressed in these cells. This is consistent 
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with the data from human experiments, in which a single form of Nse2 was 

detected in HeLa cells (Behlke-Steinert et al., 2009; Potts et al., 2006; Taylor et 

al., 2008). The observed size of chicken Nse2 (27 kDa) is similar to the mass 

predicted from its amino acid sequence. Additionally, the SIE009AP antibody 

does not detect any protein in the Nse2-deficient cells, confirming that indeed it 

is Nse2 that we are detecting in wild-type DT40 cells. Unfortunately, the 

SIE009AP is not able to detect Nse2 protein in immunofluorescence microscopy 

experiments; therefore we concluded that SIE009AP can be used only for 

immunoblotting. 

  

3.7.3 Biochemical properties of myc-tagged Nse2 

The cloned Nse2 cDNA was used to generate a 3myc fusion protein to 

analyse chicken Nse2. The fusion protein has been successfully expressed in 

Nse2-deficient cells. Human Nse2 co-immunoprecipitates with Smc5, Smc6 and 

Nse1 (Potts and Yu, 2005; Taylor et al., 2008). We found that 3myc-Nse2 co-

immunoprecipitated with Smc5, indicating that as in human cells, chicken Nse2 

interacts with Smc5 in vivo. Furthermore, this confirms that the cDNA we have 

cloned codes for a component of the Smc5-Smc6 complex. The N-terminal 3myc 

tag on the Nse2 protein does not interfere with its binding to Smc5, suggesting 

that the fusion is a functional protein in vivo.  

In our immunoblot experiments, the anti-myc antibody detects 3myc-

Nse2 as a double band. Because it is expressed ectopically from the cDNA 

sequence it is unlikely that these represent alternative forms of Nse2. Extensive 

studies in yeast and human models identified post translational modification 

(PTM) of several components of the Smc5-Smc6 complex; Smc6 

phosphorylation and Smc5, Smc6, Nse2, Nse3 and Nse4 SUMOylation 

(Andrews et al., 2005; Pebernard et al., 2004; Potts and Yu, 2005; Taylor et al., 

2008; Taylor et al., 2001; Zhao and Blobel, 2005). The SUMO peptide is highly 

charged and its addition to a target protein results in an increase of observed 

molecular mass by 10-20 kDa. We hypothesised that the extra band may be a 

phospho-form of Nse2. However, phosphatase treatment did not abolish presence 

of the slower migrating form of 3myc-Nse2. Therefore, we concluded that the 

extra band is not a phosphorylated form of Nse2. In addition, the SIE009 
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antibody detects a double band of 3myc-Nse2 but not of the endogenous protein. 

This raises two possibilities; (1) myc tag is part of the protein being modified and 

(2) we do not detect modification of endogenous Nse2, because of its low 

abundance compared to over-expressed 3myc-Nse2. We believe that it is rather 

unlikely that the myc tag is specifically modified, as no such PTM has been 

reported in the literature. Therefore, we concluded that the extra band that we 

detected is a yet unidentified PTM of over-expressed chicken Nse2. 

 

3.7.4 Localisation of chicken Nse2 

We expressed an Nse2-GFP fusion in Nse2-deficient cells and used it to 

study the localisation of Nse2. Experiments in human and yeast cells have shown 

a nuclear localisation of Nse2 (Potts and Yu, 2007; Zhao and Blobel, 2005). We 

observed both cytoplasmic and nuclear localisation of the Nse2-GFP. In 

interphase cells, Nse2-GFP co-localised with the DNA signal but not in mitotic 

cells, suggesting a cell cycle-dependent localisation of Nse2. We also detected a 

centrosomal localisation of the Nse2 protein, which has not been previously 

reported. To confirm our observation we performed a set of experiments which 

suggest that this localisation of Nse2-GFP may be an artefact of 

paraformaldehyde fixation. We believe that the relatively abundant Nse2-GFP 

protein can be detained at the centrosome through pareformaldehyde cross-

linking activity. In addition, we have not detected 3myc-Nse2 at the centrosome. 

However, we cannot rule out the possibility that Nse2 is present at the 

centrosomes, but that our microscopy experiments performed failed to reveal 

such localisation. We have observed 9myc-Smc5 and Smc6-GFP localisation at 

centrosomes, suggesting that Nse2 might be present at this organelle (Stephan, 

2007). Recently, the human cohesin complex has been found on the centrosomes 

(Guan et al., 2008). The Smc5-Smc6 complex co-localises with cohesin at 

chromosomes and has been reported to be required for cohesin recruitment to 

double strand breaks (Lindroos et al., 2006; Potts et al., 2006). In addition, both 

complexes share a similar chromatin loading mechanism which relies on 

interaction with the Scc2/Scc4 heterodimer (Lindroos et al., 2006; Michaelis et 

al., 1997). This suggests that, similar to the cohesin complex, Smc5-Smc6 

complex may be a component of the centrosome.  
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Chapter 4 Generation and characterisation of 

Nse2 knockout cells 

 

4.1 Chicken Nse2 is not essential for DT40 cell viability 

4.1.1 Introduction 

The structural maintenance of chromosomes (Smc) family of proteins is 

involved in different pathways of DNA metabolism (reviewed in (Hirano, 

2002)). They are required for sister chromatid cohesion, chromosome 

condensation and DNA repair (reviewed in (Losada and Hirano, 2005)). The 

cohesin (Smc1-Smc3), condensin (Smc2-Smc4), Smc5-Smc6 complex and 

Rad50 make up the eukaryotic Smc family (reviewed in (Hirano, 2006)). 

Processes involving the Smc1-Smc3 and Smc2-Smc4 heterodimers, as well as 

the Rad50 protein are well explored, whereas the functions of the Smc5-Smc6 

complex remain less well-defined. The Smc5-Smc6 complex is made up of eight 

proteins: the core Smc5 and Smc6 and six non-Smc elements (Nse1 - 6) (Duan et 

al., 2009b; Lehmann et al., 1995; Palecek et al., 2006; Pebernard et al., 2004; 

Pebernard et al., 2006; Taylor et al., 2008; Zhao and Blobel, 2005). One of these 

elements, Nse2, is a small 27 kDa protein that interacts directly with the core 

Smc5 in vivo (Andrews et al., 2005; McDonald et al., 2003; Pebernard et al., 

2004). Nse1 and Nse2 are the only non-Smc elements of the Smc5-Smc6 

complex that possess known enzymatic activities. Nse1 is an ubiquitin ligase 

with an in vitro enzymatic activity confirmed so far and Nse2 is an in vitro and in 

vivo functional E3 SUMO ligase (Andrews et al., 2005; Doyle et al., 2010; 

McDonald et al., 2003; Potts, 2009; Zhao and Blobel, 2005). Nse2 SUMOylates 

several proteins, including Ku70, Smc5, Smc6, Scc1, as well as the telomere 

sheltering proteins Trf1 and Trf2 (Andrews et al., 2005; Pebernard et al., 2004; 

Potts and Yu, 2005; Zhao and Blobel, 2005). Nse2, also known as MMS21, was 

first identified as an essential protein required for responses to MMS-induced 

DNA damage (Prakash and Prakash, 1977). A large body of data indicates that 

this E3 SUMO ligase is essential for proper homologous recombinational repair, 
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replication fork restart and maintenance of repetitive DNA sequences, such as 

rDNA and telomeres (reviewed in (Potts, 2009) and (De Piccoli et al., 2009)). 

The analysis of the recombination intermediates induced by DNA damage in 

budding and fission yeast revealed that SUMO ligase activity of Nse2 is required 

for efficient removal of X-shaped DNA molecules that arise at stalled replication 

forks, probably through recombination (Ampatzidou et al., 2006; Branzei et al., 

2006; Chavez et al., 2010b). Recently, Rai et al. showed that Nse2 activity is 

required to prevent gross chromosomal rearrangements (Rai et al., 2011). All this 

suggests that Nse2 SUMO ligase plays a crucial role in orchestrating DNA 

damage responses and the maintenance of genomic integrity. In addition, 

SUMOylation has recently emerged as an important modification in DNA 

damage response and repair (reviewed in (Bergink and Jentsch, 2009)). As most 

of the information gathered about Nse2 comes from the analysis of unicellular 

organisms, we wondered if the vertebrate homologue possesses similar cellular 

functions.  

To better understand the cellular functions of Nse2 we decided to use a 

reverse genetics approach. We chose a well-established knockout system, namely 

the chicken DT40 cell line. This hyper-recombinogenic chicken cell line allows 

high efficiency gene targeting (Buerstedde and Takeda, 1991). We mapped the 

genomic locus of chicken Nse2 on chromosome two, we cloned and sequenced 

the Nse2 cDNA and confirmed its correspondence with the NCBI database 

information. We used this knowledge to generate Nse2-/-/- knockout clones in 

chicken DT40 cells to analyse the roles of Nse2 in the cell cycle and in the DNA 

damage response. In this study, we show that chicken cells lacking Nse2 are 

viable but hypersensitive to DNA damage and exhibit defects in homologous 

recombinational repair. 

 

4.1.2 Cloning and mapping of the chicken Nse2 genomic locus 

As described in section 3.2, we have identified and cloned the chicken 

Nse2 cDNA and used it to localise its genomic locus. We found that Nse2 is 

located on chromosome two (NCBI accession number NC006089 Region 

144363623 - 144490094). DT40 cells have a trisomy of chromosome II, 

therefore there are three copies of Nse2 in these cells. As mentioned previously, 
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comparison between the chicken and human Nse2 genes revealed that they both 

consist of six exons and are spread over 122.6 kb and 264.6 kb, respectively. The 

sizes of chicken and human Nse2 loci were found by alignment of the respect 

cDNAs and genomic sequences. 

 

4.1.3 Targeting of the chicken Nse2 locus 

As previously mentioned the Nse2 gene spreads over 122.6 kb. The gene 

targeting efficiency drops proportional to the size of the targeting region 

(Capecchi, 1989). Due to this we could not use the traditional approach and 

disrupt the whole genomic sequence of the Nse2 gene. The LoxP-Cre 

recombinase approach to remove the entire Nse2 gene was not used because of 

the disadvantages of this system presented in Section 1.12.4 of the Introduction. 

However, exons IV, V and VI, which code for the catalytic domain of the Nse2 

SUMO ligase (SP-RING) could be easily targeted using a standard knockout 

strategy as they are spread over only 4.3 kb (Figure 4.1) 

 

 

Figure 4.1 Linear structures of the Nse2 gene and protein.  

The alignment of the Nse2 exons and protein showing the region to be disrupted. Exons and 

protein are to scale.  

 

After identification of the genomic sequence encoding the Nse2 SP-RING 

domain, the targeting strategy was designed (Figure 4.2). Homology arms (5’ – 

3.0 kb and 3’ – 4.5 kb) and probes were chosen to facilitate Nse2 gene disruption 

and detection of the desired mutation by Southern blot. 
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Figure 4.2 Gene targeting strategy.  

The Nse2 genomic locus before and after targeting with the targeting vectors. The bold italic 

numbers show distances between XmnI sites as well as the sizes of bands recognised with either 

the 5’ or 3’ probes by Southern blot. 

 

Targeting vectors containing blastocidin, histidinol and hygromycin resistance 

cassettes were generated in order to disrupt the desired region (Figure 4.2). 

Before DT40 wild-type cells were transfected with the targeting vectors, the 5’ 

and 3’ probes (Figure 4.2) were tested by radioactive Southern blot (as described 

in Section 2.2.13).  
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Figure 4.3 Testing of the radiolabelled 5’ and 3’ probes by Southern blot hybridization.  

Genomic DNA was digested with the indicated restriction nucleases and probed with 5’ or 3’ 

probes. 

 

We found that both probes recognised the predicted bands after digestion with 

XmnI (Figure 4.3). Moreover the 3’ probe had far less background signal than 5’ 

probe which also picks up unspecific bands (Figure 4.3). Therefore the 3’ probe 

was chosen for the screening of targeted clones.  

After probe optimisation, wild-type DT40 cells were transfected with 

each targeting vector using electroporation (as described in section 2.4.3). A total 

of 160 clones were screened after targeting of the first allele with blastocidin, 

histidinol and hygromycin vectors. The plasmids showed different targeting 

frequencies ranging from 18.0% to 27.0% (Table 4.1 and Figure 4.4).  
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Figure 4.4 Southern blot analysis of representative clones.  

Genomic DNA from wild-type and the indicated heterozygotes was isolated and digested with 

XmnI. The 3’probe was used to detect targeting events at each stage of Nse2 gene targeting A) 

first allele, B) second allele and C) third Nse2 allele. The 3’ probe recognised wild-type bands 

(6.3 kb) and two targeted bands (K/O indicates the targeted band with 14.7 kb after transfection 

with Hygromycin- and Histidinol-containing vectors; and 5.8 kb after transfection of 

Blastocidin). The wild-type band is absent in the Nse2-/-/- cells and is replaced by two targeted 

bands. 

 

Table 4.1 Targeting frequencies of the targeting vectors used at different stages 

of the Nse2 knockout generation. 

First targeting round  

Targeting 
construct 

Hygro-Nse2 Bsr-Nse2 His-Nse2 

No. of clones 
screened 

35 61 70 

No. of  targeted 
clones  

8 11 19 

Targeting 
efficiency (%) 

22.8 18.0 27.0 

Second targeting round 

Targeting 
construct 

Bsr-Nse2 

No. of clones 
screened 

72 

No. of  targeted 
clones  

5 

Targeting 
efficiency (%) 

6.9 

Third targeting round 
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Targeting 
construct 

His-Nse2 

No. of clones 
screened 

72 

No. of  targeted 
clones  

5 

Targeting 
efficiency (%) 

6.9 

 

Transfection with the hygromycin targeting vector gave the lowest number of 

viable clones, so it was used to target the first allele (Figure 4.4). One of the 

hygromycin resistant heterozygotes (22.8% efficiency) was then targeted with 

the blastocidin vector, yielding double heterozygotes with 6.9% efficiency 

(Figure 4.4). The histidinol vector, which had the highest targeting frequency, 

was used last in order to increase the possibility of obtaining a knockout cell line. 

In the final targeting step, 72 clones were screened and 5 clones were identified 

as positives (6.9% targeting efficiency) (Figure 4.4). Figure 4.4 shows Southern 

blot hybridization performed at each stage of Nse2 gene targeting. Each vector 

that was successfully integrated into the Nse2 locus gave the band sizes predicted 

by the targeting strategy (Figure 4.4). 

To confirm the Southern blot results and the disruption of Nse2 gene, we 

isolated total mRNA from wild-type and Nse2-targeted cells, and performed 

reverse transcriptase-polymerase chain reaction (RT-PCR) using two different 

sets of primers (Figure 4.5). β−actin primers were used as a positive control in 

this experiment (Figure 4.5). RT-PCR analysis revealed that full length Nse2 

mRNA is present in the wild-type cells but not in the knockout clones tested. We 

also found that the 5’ part of the Nse2 gene, which has not been disrupted, is still 

transcribed and its mRNA is detectable in the knockout clones.  
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Figure 4.5 Amplification of the Nse2 cDNA from the wild-type and Nse2-targeted cells.  

A) Linear representation of Nse2 mRNA showing the disrupted region of Nse2 gene and the 

position of the primers used to test expression of full-length and truncated forms of Nse2 mRNA. 

B) Reverse transcriptase-polymerase chain reaction with total mRNA isolated from the wild-type, 

two Nse2-targeted clones and primers shown in panel A). 

 

To determine whether the generated cell line is indeed a knockout or 

represents just a deletion of SP-RING domain, we examined Nse2 protein levels 

in these cells. We have generated an antibody to the full-length chicken Nse2 

protein (as described in Section 3.3) and used it in immunoblotting experiments. 

As shown in Figure 4.6, the full length Nse2 protein is only present in the wild-

type cells but not in the Nse2 knockout cell line.  
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Figure 4.6 Western blot analysis of the Nse2-targeted cell line.  

Total proteins from wild-type and Nse2-targeted cells were separated by SDS-PAGE and 

subjected to immunoblotting with the indicated antibodies A) short exposure and B) prolonged 

exposure. 

 

We failed to detect the Nse2 protein in the knockout cells even after prolonged 

exposure (Figure 4.6B). Furthermore, there was no evidence for the explanation 

of a truncated form of the protein from the remaining 5’ region of Nse2. Such a 

gene product would have been predicted to have a molecular weight of 18 kDa. 

We also detected an extra lower band in the wild-type cells (approximately 17 

kDa). We predict that this band may be a degradation product of the-full length 

Nse2 protein. This suggests that the Nse2-/-/- cell line is a full knockout and not a 

deletion mutant.  

Together, analysis of the Nse2 knockout cells at the DNA, mRNA and 

protein levels confirm that we have successfully generated an Nse2-SP-RING-

deficient DT40 cell line. 

 

4.2 Chicken Nse2 is required for proper mitosis and 

DNA repair 

Deletion of the Nse2 gene in yeast cells results in non-viable cells 

(Andrews et al., 2005; McDonald et al., 2003; Pebernard et al., 2004; Zhao and 

Blobel, 2005). Similar results are observed in mutants of other components of the 

Smc5-Smc6 complex. Nse1-4, Smc5 and Smc6 are essential in S. pombe and S. 

cerevisiae, but Nse5-6 are also required for the viability of budding yeast 

(Ampatzidou et al., 2006; Andrews et al., 2005; Lehmann et al., 1995; Palecek et 
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al., 2006; Pebernard et al., 2006; Taylor et al., 2001; Verkade et al., 1999). 

Hypomorphic alleles of the yeast Nse2 gene are viable but show growth 

retardation (Andrews et al., 2005; Zhao and Blobel, 2005). This suggests that 

essential function of the yeast Nse2 protein is not associated with its enzymatic 

activity. On the other hand Nse2 is not essential in Arabidopsis or human cells 

(Potts et al., 2006; Watanabe et al., 2009). Unexpectedly, the chicken Nse2 

knockouts are viable, indicating that Nse2 is not an essential gene in DT40 cells. 

To test if the absence of Nse2 had an impact on cell proliferation, we analysed 

the proliferation of Nse2-deficient cells. In this assay, an identical number of 

cells were plated and the accumulative cell number monitored every 24 hours for 

up to 48 hours. Figure 4.7 shows the growth curve of wild-type and two Nse2 

knockout clones. 

 

 

Figure 4.7 Growth curves of the knockout cells.  

The same number of cells (105 per ml) was seeded and cell number monitored over 48 hours time 

period. Data points show mean of three independent experiments +/- SD.  

 

This experiment revealed that Nse2 knockout clones proliferate with kinetics 

similar to wild-type cells. Therefore, we concluded that Nse2 is not required for 

the proliferation of DT40 cells. This suggests that there are fundamental 

differences between uni- and multi-cellular organisms in their requirement for 

the Smc5-Smc6 complex.  

We then analysed the cell cycle profile of Nse2-deficient cells. 

Hypomorphic alleles of Smc5-Smc6 complex genes do not show notably affected 

cell cycle profiles in fission yeast smc6-X, smc6-74 and budding yeast smc6-9 

(Ampatzidou et al., 2006; Irmisch et al., 2009; Outwin et al., 2009; Torres-Rosell 
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et al., 2005b; Torres-Rosell et al., 2007). Apart from a slight increase in number 

of dead and mitotic cells, deletion of Smc5- in chicken DT40 cells does not result 

in abnormal cell cycle profiles (Stephan et al., 2011a). Depletion of Nse2 and 

Smc5 but not Smc6 in HeLa cells significantly increases the number of mitotic 

cells (Behlke-Steinert et al., 2009). Using flow cytometry, we observed wild-type 

distribution of cells in different phases of the cell cycle in the absence of Nse2 

(Figure 4.8A). 

 

 

Figure 4.8 Cell cycle analysis.  

(A) Cell cycle profiles of clones. (B) Levels of mitotic indices, aberrations and binucleated cells 

in wild-type and two Nse2-/-/- clones. Data points represent an average of three experiments +/- 

SD where at least 100 mitotic cells were scored. (C) Micrographs of mitotic aberrations observed 

in Nse2-/-/- mutants. Scale bar shows 10 µm. 

 

 Microscopy analysis of the cell cycle revealed increased numbers of mitotic 

cells in the Nse2-/-/- background (Figure 4.8B). We also detected a higher 

percentage of cells showing mitotic abnormalities such as multipolarity or 

lagging chromosomes (anaphase bridges) (Figure 4.8B and C). This is consistent 

with results from yeast and human cells where Nse2 deficiency is associated with 
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mitotic abnormalities, including chromosome mis-segregation, ‘cut’ phenotype 

or premature chromosome segregation (Behlke-Steinert et al., 2009; Chavez et 

al., 2010b; Chen et al., 2009; Torres-Rosell et al., 2005a; Torres-Rosell et al., 

2007; Verkade et al., 1999). These data together suggest that while Nse2 function 

is not necessary for normal cell proliferation, but may be required for proper 

mitotic progression. 

 

4.2.1 Analysis of Smc5-Smc6 complex stability 

Nse2 is a component of the high molecular weight Smc5-Smc6 complex 

(Andrews et al., 2005; McDonald et al., 2003; Pebernard et al., 2004; Potts and 

Yu, 2005; Sergeant et al., 2005).  It interacts with the complex through binding to 

Smc5 (Duan et al., 2009a). Our group has recently reported the loss of Smc6 and 

Nse2 upon disruption of Smc5 (Stephan et al., 2011a).  

 

 

Figure 4.9 Western blot analysis of Smc complexes in Nse2-/-/- background.  

Total proteins from wild-type and Nse2-deficient cells were extracted, separated by SDS-PAGE 

and analysed by immunoblotting with the indicated antiobodies. Numbers in brackets show the 

percentage of wild-type levels of each protein in Nse2-deficient cells. 
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We did not observe down-regulation of cohesin or condensin components in 

Smc5- cells, therefore we concluded that the disruption of Smc5 specifically 

affects the Smc5-Smc6 complex (Stephan et al., 2011a). A similar effect was 

observed after the depletion of Nse2 and Smc6 by siRNA in human cells (Taylor 

et al., 2008). To test whether loss of Nse2 protein has a similar effect on the 

stability of the Smc5-Smc6 complex, we analysed the levels of Smc5 and Smc6 

in Nse2-/-/- cells by immunoblotting (Figure 4.9).  

Consistently, this analysis revealed a significant depletion of Smc5 

protein in the absence of Nse2, whereas levels of Smc6 protein remain 

unchanged. In addition, we did not detect any change in the levels of the cohesin 

(Smc1 and Scc1) or condensin (Smc2) complexes, confirming the destabilisation 

of only the Smc5-Smc6 complex upon Nse2 deletion (Figure 4.9). As Nse2 and 

Smc5 interact directly in vivo, we propose that the stability of Smc5, but not 

Smc6, requires the binding of Nse2. 

 

4.2.2 Cell cycle checkpoint analysis 

Yeast Smc5-Smc6 mutants are proficient in G2 phase checkpoint 

activation after MMS and UV treatment but fail to maintain the arrest. These 

mutants are also proficient in the S phase checkpoint (Ampatzidou et al., 2006; 

Bermúdez-López et al., 2010; Irmisch et al., 2009; Lee et al., 2007; Sollier et al., 

2009). To test the function of chicken Nse2 in cell cycle checkpoint activation, 

we examined wild-type and Nse2-deficient cells after 12 hours’ treatment with 

hydroxyurea (G1/S and S phase checkpoints) or nocodazole (spindle assembly 

checkpoint). Cells were then released from the block and harvested at different 

time points post-recovery. Using flow cytometry we found that Nse2 mutants are 

as proficient as wild-type in activation of HU- and nocodazole-induced cell cycle 

checkpoints (Figure 4.10).  



 

Figure 4.10 Analysis of cell cycle 

Wild-type and Nse2-deficient cells were treated with HU (1

order to induce G1/S and spindle assembly checkpoint

released from the block and their DNA content was analysed by flow cytometry at the indicated 

times post-release.  

 

The mutant cell lines were efficiently blocked in either G

inhibition of DNA synthesis or in metaphase af

microtubules. We also did not observe abnormalities in recovery from S phase 

and spindle assembly checkpoints and therefore we concluded that Nse2 is not 

required for HU- and nocodazole

cell cycle progression upon recovery, at least under our experimental conditions. 

We also tested whether Nse2

treatment (Figure 4.11).
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cell cycle checkpoints.  
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G2/M checkpoint activation.  
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defect in DNA repair and these cells progress into mitosis in the presence of 

unrepaired DNA lesions (Bermúdez-López et al., 2010; Chavez et al.; Chavez et 

al., 2010b; Chen et al., 2009; Sollier et al., 2009; Zhao and Blobel, 2005).  

We next investigated the role of chicken Nse2 in the DNA damage 

response and DNA repair. To do so, we performed clonogenic survival assays on 

wild-type and Nse2-deficient cells. The cells were treated with various DNA 

damaging agents, plated in methylcellulose media and allowed to form colonies 

(as described in Section 2.4.9). Figure 4.12 shows the sensitivity of Nse2-

deficient cells to different types of DNA damage. We found that Nse2-/-/- cells 

were severely sensitive to MMC (~100 fold), MMS (~100 fold), 4NQO (4-

nitroquinoline-1-oxide, ~100 fold) and moderately to UV (~10 fold) (Figure 

4.12C, D, E, F). Nse2 mutants form colonies with wild-type ability after HU and 

IR treatment (Figure 4.12A and B). RNAi depletion of Nse2 in human cells 

results in a DNA repair defect after MMS treatment, observed only in G2 cells 

(Potts and Yu, 2005).  

Yeast mutants of Nse2 are sensitive to IR (nse2-1, nse2-SA) (Andrews et 

al., 2005; Pebernard et al., 2004), UV (mms21-11, mms21-∆sl, nse2-1, nse2-SA) 

(Andrews et al., 2005; McDonald et al., 2003; Pebernard et al., 2004; Rai et al., 

2011; Zhao and Blobel, 2005), MMS (mms21-11, mms21-∆sl, mms21-CH, nse2-

SA) (Andrews et al., 2005; Rai et al., 2011; Sollier et al., 2009; Zhao and Blobel, 

2005), HU (mms21-∆sl, mms21-H202A, mms21-C221A, nse2-SA) (Andrews et 

al., 2005; Rai et al., 2011) and bleomycin (mms21-11, mms21-∆sl) (Rai et al., 

2011; Zhao and Blobel, 2005). The sensitivity of chicken Nse2-deficient cells 

towards MMC, MMS, UV and 4NQO is consistent with the reported yeast 

phenotypes. Surprisingly, our Nse2 mutants are not sensitive to IR or HU, 

suggesting differences between the requirements for Nse2 in response to these 

DNA damaging agents in chicken and yeast. These data show that chicken Nse2 

protein is required for robust response to DNA damage agents, such as MMC, 

MMS, UV and 4-NQO that couse replication fork stalling at the lesions they 

induce. 
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Figure 4.12 Cell survival after induction of DNA damage.  

Wild-type and Nse2-/-/- cells were irradiated or treated with the indicated DNA damaging agents 

for 2 hours and plated in methylcellulose. Colonies were scored 10-14 days after plating. In the 

case of IR, cells were exposed to the IR source in the methylcellulose plates. The plots show the 

mean +/- S.D from three independent experiments normalised to the untreated controls. Plating 

efficiencies were wild-type, 80%; Nse2-/-/-, 67%. 
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Role of Nse2 in the maintenance of genomic integrity

DNA repair may result in loss of essential genetic information. 

Unrepaired lesions can lead to severe chromosomal rearrangement

deletions, insertions or translocations (Friedberg, 2003; Harper and Elledge, 

. Such genome modifications are characteristic of many cancer cells 

(Friedberg, 2003; Sancar et al., 2004). Gross chromosomal rearrangements were 

observed in the absence of functional Smc5-Smc6 complex in yeast cells, 

activity of this complex prevents major chromosomal defects

(Hwang et al., 2008). Sister chromatid recombination between two 
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and nse5-1 mutants (De Piccoli et al., 2006)

elevated frequency of telomere marker loss (Rai et al., 2011)

As the chicken Nse2 protein is required for DNA repair we asked

the maintenance of genomic stability. To investigate

integrity of wild-type and Nse2-/-/- chromosomes 
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Figure 4.14 Chromosomal aberration assay
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discontinuities and breaks
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In this experiment, we analysed the karyotypes of these cell lines.

en DT40 cell line consists of 80 chromosomes from which 

chromosomes 1, 2, 3, 4, 5 and Z (macro-chromosomes) can be easily analysed

(Figure 4.13).   

Chromosomal aberration assays.  

of chromosomal aberrations scored. Scoring criteria: gaps were scored as 

discontinuities and breaks as discontinuities with structural distortions of chromatids or

chromosomes; exchanges were scored as chromosome fusions. The numbers in the left top corner 

of each micrograph indicates which chromosome(s) carries the aberration. Scale bar

) Quantification of chromosome aberration in wild-type and Nse2

ndicated cell lines were treated with the indicated DNA damaging agent for 3 hours or left 

untreated. Cells were then blocked in mitosis and metaphase spreads were prepared. The plots 

independent experiments in which at least 50 cells were scored.

shown for histogram clarity. 
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Generation and characterisation of Nse2 knockout cells 

140 

 

Wild type and Nse2-/-/- cells were either treated with a DNA damaging agent or 

left without drug for 3 hours. For the final 2 hours, the cells were incubated with 

the microtubule depolymerising agent colcemid to enrich the population of 

prometaphase cells. Finally, cells were harvested, fixed and chromosome spreads 

were prepared (as described in Section 2.4.6). Slides were then analysed by 

microscopy and the integrity of each macro-chromosome assessed. 

Chromosomal aberrations such as gaps and breaks in the chromatids or 

chromosomes, as well as chromosome exchanges were scored in this assay. 

Representative lesions are shown in Figure 4.14A. 

The Nse2-deficient cells showed an increased number of spontaneous and 

MMS-induced chromosomal aberrations compared to wild-type cells (Figure 

4.14B). We observed an elevation (approximately 2-fold) of spontaneous and 

induced DNA lesions in the absence of Nse2. We repeated the same assay using 

the UV mimetic 4-NQO. As was seen for MMS treatment, Nse2-deficient cells 

showed sensitivity to this drug in a colony formation assay (Figure 3.11). The 

analysis of chromosome spreads after treatment with the 4-NQO, revealed an 

even more dramatic phenotype (Figure 4.14C). The wild-type cells did not show 

an increase in chromosomal aberrations after treatment with 4-NQO, whereas 

Nse2-deficient cells showed a 10-fold increase in chromosomal lesions (control: 

2.6 aberrations/cell; 4-NQO: 31.3 aberrations/cell). Chromosome aberrations 

provide direct evidence for the presence of unrepaired DNA, thus the elevated 

chromosome aberrations in Nse2-deficient cells offer a strong argument in 

support of a role of Nse2 in DNA repair.  

Defects in post-replicative DNA repair will result in increased chromatid 

aberrations (only damaged sister chromatid is affected), whereas abnormal repair 

in S phase will produce chromosome-type lesions (due to discontinuity of DNA 

replication). We detected mainly chromatid lesions in the absence of Nse2, which 

indicates defects in post-replicative repair. As MMS and 4-NQO induce DNA 

damage that is repaired by BER/HR and NER/HR, respectively, we conclude that 

Nse2 is required for the maintenance of genomic integrity through its role in 

post-replicative DNA repair. 
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4.3 Chicken Nse2 is required to repair MMS-induced 

DNA damage 

4.3.1 Nse2-deficient cells are hypersensitive to alkylating DNA 

damage 

As previously mentioned, the Nse2 gene was first identified in a yeast 

screen for mutants defective in repair of MMS-induced DNA damage (Prakash 

and Prakash, 1977). Nse2 is required for yeast proliferation and SUMO ligase 

dead alleles of Nse2 are viable but hypersensitive to DNA damage, indicating 

that the essential function of this gene product is not associated with its SUMO 

activity (Andrews et al., 2005; McDonald et al., 2003; Pebernard et al., 2004). 

Chicken Nse2-/-/- cells are viable and we observed that Nse2 protein is required 

for an efficient response to MMS. We next investigated the function of this 

SUMO ligase in this process.  

First we wanted to confirm that the observed MMS sensitivity is specific 

to the loss of Nse2. To test this, we stably transfected the Nse2-deficient cells 

with a vector that expresses a fusion protein of Nse2 with either a 3myc or GFP 

tag (N- and C-terminal, respectively). In addition, we also expressed a SUMO 

ligase-dead form of Nse2 as a 3myc or GFP fusion to test if Nse2 SUMO activity 

is required for MMS responses.   

 

Figure 4.15 Ectopic expression of Nse2 fusion proteins.  

Total protein was isolated from the wild-type, Smc5-, Nse2-/-/- and Nse2-/-/- rescue cell lines 

expressing wild-type or SUMO ligase dead Nse2, separated by SDS-PAGE; and detected using 

the indicated antibodies. (K/O – Nse2-/-/- M - Nse2-/-/-::3myc-Nse2, M.AA - Nse2-/-/-::3myc-

Nse2.AA, G - Nse2-/-/-::Nse2-GFP, G.AA - Nse2-/-/-::Nse2.AA-GFP). 
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To generate the SUMO ligase dead form, two point mutations (C178A and 

H180A) were introduced into the cDNA sequence encoding the catalytic SP-

RING domain of the Nse2 protein (thereafter Nse2.AA). We then introduced the 

wild-type and mutated forms of Nse2 into the Nse2-/-/- cells. The ectopic 

expression of the Nse2 and Nse2.AA fusion proteins was tested by 

immunoblotting (Figure 4.15). 

GFP and myc tagged wild-type or mutated SUMO ligase proteins were 

expressed ectopically at similar levels but overexpressed compared to 

endogenous Nse2 (as shown in Figure 3.6). Functionality of the N-terminal 

3myc-Nse2 fusion was tested as described in Section 3.5. The GFP protein is 

relatively large as a tag (approximately 27 kDa) and its presence on the N-

terminus of Nse2 could impede binding to Smc5. For that reason we introduced 

GFP at the C-terminus. However, this could affect activity of the SUMO ligase 

SP-RING of Nse2. Functionality of the Nse2-GFP fusion was later tested in 

survival assays as described in this section. As shown in Section 4.2.1 and 

Figures 4.9/4.15, loss of the Nse2 gene results in significant depletion of Smc5. 

Nse2 is an E3 SUMO ligase that binds to Smc5 protein in vivo, so we 

hypothesised that this interaction or Nse2-dependent modification of Smc5 may 

be necessary for the stability of Smc5. Expression of either wild-type or mutant 

Nse2 restored levels of Smc5 to wild-type levels (Figure 4.15). Wild-type levels 

of Smc5 are observed in Nse2-/-/-::Nse2 and Nse2-/-/-::Nse2.AA backgrounds, 

therefore we conclude that binding of Nse2 to its Smc partner, but not Nse2 

SUMO ligase activity, is required for Smc5 protein stability. 

We also tested if these proteins are able to rescue the viability of Nse2-/-/- 

cells post-MMS treatment. Wild-type, Nse2-/-/-, Nse2-/-/-::Nse2 and Nse2-/-/-

::Nse2.AA cell lines were analysed by clonogenic survival assay after MMS 

treatment. As shown in Figure 4.16A and B, reintroduction of the wild-type Nse2 

protein within the Nse2-deficient cells restored the sensitivity towards MMS to 

wild-type levels, whereas expression of the Nse2.AA mutant only partially 

rescued this phenotype.  
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Figure 4.16 Reintroduction of wild-type Nse2 restores MMS sensitivity of Nse2-deficient cells 

to wild-type cells levels.  

The indicated cell lines were treated with different doses of MMS for 2 hours and seeded onto 

methylcellulose containing dishes. Colonies were scored 10-14 days after seeding. The plots 

show average of three experiments +/- SD. Plating efficiencies were wild-type, 80%; Nse2-/-/-, 

67%; Nse2-/-/-::3myc-Nse2, 69%; Nse2-/-/-::3myc-Nse2.AA, 77%; Nse2-/-/-::Nse2-GFP, 71%;  

Nse2-/-/-::Nse2-GFP.AA, 52%. 

 

The rescue of MMS sensitivity upon expression of wild-type Nse2 protein 

confirms that the observed phenotype is specifically due to loss of the Nse2 gene 

and is not the result of additional factors. In addition, partial reversion of MMS 

phenotype in the Nse2 SUMO dead background suggests that the SUMO activity 

of chicken Nse2 protein is only required to a limited extent for response to 

MMS-induced DNA damage. In parallel experiments, we observed that the loss 

of Smc5 results in higher sensitivity towards MMS than was detected in Nse2-/-/-

cells (Stephan et al., 2011a). Therefore, we hypothesise that a major function of 

chicken Nse2 is to stabilise Smc5 and SUMOylate different cellular targets in 

response to DNA damage. 

The partial ability of the Nse2.AA protein to rescue the MMS sensitivity 

of Nse2-deficient cells and restore Smc5 stability was rather surprising. To test if 

the Nse2.AA SUMO ligase dead protein is indeed inactive, we purified the wild-

type and Nse2.AA ligases as GST fusion proteins and used them in in vitro 

SUMOylation assays (as described in Section 2.3.11). SUMO ligases are able to 

automodify themselves and such autosumoylation activity has been reported for 

Nse2 (Andrews et al., 2005; Potts and Yu, 2005; Zhao and Blobel, 2005). As 

described in Section 2.3.11, equal amounts of GST-Nse2 and GST-Nse2.AA 
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ligases (approximately 0.5 µg) were incubated with E1, E2 and SUMO-1 

proteins in the presence or absence of an energy mix containing ATP (Figure 

4.17A and B). 

 

 

Figure 4.17 Chicken Nse2 is an active SUMO ligase in vitro and its activity depends on intact 

SP-RING.  

Equal amounts of recombinant GST-Nse2 and GST-Nse2.AA proteins were incubated with E1, E2 

and SUMO-1 proteins at 30oC for 1 hour. Reactions were terminated by addition of sample 

buffer and boiling for 5 minutes at 95oC. Reaction mixtures were then separated by SDS-PAGE 

and analysed by immunoblotting with antibodies to A) anti-cNse2 and B) anti-hSUMO1.   

 

The reaction mixtures were then separated by SDS-PAGE and analysed by 

immunoblotting with anti-Nse2 and anti-SUMO-1 antibodies. We observed an 

extensive laddering of SUMO-1 conjugates only when the reaction occurred in 

the presence of ATP, since its removal abrogated the high molecular weight 

forms of the Nse2 ligase (Figure 4.17A and B). This analysis revealed that wild-

type and SUMO dead Nse2 ligase are SUMOylated in this assay. We found also 

that the SUMO dead form of the ligase produced less of the SUMO-1 conjugates 

than the wild-type Nse2 SUMO ligase. To confirm that the observed laddering 

contains SUMO conjugates, we blotted the same membrane with the anti-

SUMO-1 antibody. The Figure 4.17B shows that detectable high molecular 

weight forms of Nse2 ligase indeed contain the SUMO-1 peptide, therefore they 

are SUMO-1 conjugates. The detectable SUMO-1 conjugates in the SUMO 

ligase dead reaction could be the result of residual activity of the mutated Nse2 

ligase or activity of the E2 enzyme, which is able to efficiently SUMOylate most 
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substrates in vitro (approximately 90%) (Bernier-Villamor et al., 2002). 

Therefore, we conclude that the introduced C178A/H180A mutations abrogate 

the activity of the Nse2 SUMO ligase in vitro. These results confirm that chicken 

Nse2 can be SUMOylated in vitro and that an intact SP-RING is required for this 

activity. In addition this confirms that the SUMO ligase activity of Nse2 is not 

required for the stability of Smc5, but is essential for some aspects of the DNA 

damage response and DNA repair after MMS treatment. 

 

4.3.2 Nse2-deficient cells show delayed checkpoint activation 

upon MMS treament 

Activation of the G2 checkpoint occurs normally after DNA damage, but 

it is not maintained in the yeast mutants of the Smc5-Smc6 complex 

(Ampatzidou et al., 2006; Verkade et al., 1999). As described in Section 1.5, the 

ATR/ATM/Chk1/Chk2 pathway is responsible for activation of G1, S and G2 

phase checkpoints (Canman and Lim, 1998; Ciccia and Elledge, 2010; Nyberg et 

al., 2002; Xu et al., 2001; Zhou and Elledge, 2000). Phosphorylation of 

checkpoint kinase 1 by the ATM/ATR kinases is a crucial event in the activation 

of this protein (Bartek and Lukas, 2003; Canman and Lim, 1998; Kastan, 2004; 

Stracker et al., 2009; Zhou and Elledge, 2000). Chk1 S317 and S345 are 

phosphorylated in response to different types of DNA damage (Stracker et al., 

2009). In addition to its functions in cell cycle regulation, Chk1 is required for 

the stabilisation and integrity of replication forks (Sorensen et al., 2005). It has 

been shown to keep stalled replication forks in a recombination-competent state, 

through phosphorylation of different target proteins (Despras et al., 2010; 

Sorensen et al., 2005).  

We asked if chicken Nse2 plays an active role in MMS-induced cell cycle 

checkpoints. We first monitored phosphorylation of Chk1 kinase on S345 as an 

output of checkpoint activation. For this purpose, cells were constantly exposed 

to low and high doses of MMS (25 and 100 µg/ml) and analysed at different time 

points by immunoblotting for Chk1 S345. Our analysis revealed different 

kinetics of Chk1 activation in response to MMS-induced DNA damage in Nse2-

deficient cells (Figure 4.18A and B). 
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Figure 4.18 Chk1 phosphorylation at S345 after MMS treatment.  

Wild-type and Nse2-/-/- cells were chronically exposed to A) 25 µg/ml and B) 100µg/ml of MMS 

and harvested at different time points post-treatment. Extracted proteins were separated by SDS-

PAGE and analysed by immunoblotting with the indicated antibodies. 

 

Wild-type cells fully activate the Chk1 kinase as soon as 2 hours (low dose) and 

1 hour (high dose) after MMS exposure. However, the Nse2 mutants show this 

level of Chk1 activation only at 4 hours (low dose) and 2 hours (high dose) post-

MMS treatment (Figure 4.18A and B). This clearly indicates that the loss of 

Nse2 protein results in a delay in Chk1 phosphorylation at S345 and by 

implication, delayed checkpoint activation. 

Next we asked whether the absence of Nse2 has an effect on cell cycle 

distribution upon MMS treatment. Wild-type and Nse2-/-/- cells were treated with 

different doses of MMS (25 – 100 µg/ml) for 2 hours. After exposure to MMS, 

cells were washed and released into fresh media. At different time points post-

release, cells were harvested and then analysed by flow cytometry. We found that 

at higher doses of MMS (50 and 100 µg/ml) wild-type and Nse2-deficient cells 

responded similarly to MMS treatment. Both cell lines blocked strongly in G1 

and most of them died after 24 hours post-treatment (data not shown). At lower 

doses (25 µg/ml), we observed a difference in response to MMS treatment 

between wild-type cells and Nse2 mutants (Figure 4.19). 



 

 

Figure 4.19 Nse2-deficient cells show abnormal cell cycle profiles after treatment with MMS. 
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Figure 4.20 Nse2-deficient cells show abnormal cell cycle profiles after treatment with MMS.   

Cells were treated with 25 µg/ml of MMS for 2 hours, then washed and released to fresh medium. 

Cells were then pulsed with BrdU at the indicated time points, harvested and their DNA contents 

analysed by flow cytometry. This analysis is representative of three independent experiments. The 

red, blue and green gates show cells in S, G2 and G2 phases, respectively.  

  

Both wild-type and Nse2-deficient cells accumulated in S phase 6 hours post-

MMS treatment (Figure 4.20, red gate). However, the Nse2-/-/- mutants showed 

increased number of G2/M cells at 12 and 24 hour time points compared to wild-

type cells (Figure 4.20, blue gate). This was also associated with an elevated 

numbers of apoptotic cells in Nse2-/-/- knockouts at 24 hours time point (Figure 

4.20, sub G1 population).  

This analysis suggests that Nse2-/-/- cells either do not enter, or fail to 

complete, mitosis due to unrepaired or incompletely replicated DNA (Figure 4.19 

and 4.20). This is consistent with the delay observed in checkpoint activation in 

the absence of Nse2 (Figure 4.18). Without a robust checkpoint response in the 

absence of Nse2, more DNA damage could be converted into more toxic types of 

DNA lesions, such as stalled replication forks or DSB (Beranek, 1990; Groth et 

al., 2010) (see also Section 4.3.3). Elevated numbers of such lesions and defect in 

their repair (as shown in Sections 4.2.3 and 4.2.4) could trigger cell death at the 

G2/M border. It is also possible that cells with unrepaired or incompletely 

replicated DNA could evade the G2 checkpoint and enter mitosis, where they 

would fail to finish division and die due to mitotic catastrophe. This indeed 
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happens in yeast mutants of the Smc5-Smc6 complex (Ampatzidou et al., 2006; 

Chen et al., 2009; McDonald et al., 2003; Pebernard et al., 2004; Pebernard et al., 

2008a). We conclude that to some extent, a defect in MMS-induced checkpoint 

activation is responsible for the increased sensitivity of Nse2 mutants to this 

DNA damaging agent. 

 

4.3.3 Loss of Nse2 results in slow repair of MMS-induced DNA 

damage 

Phosphorylation of H2AX histone (termed γ-H2AX) by different kinases 

is a well established marker for DNA repair (Sedelnikova et al., 2003). This 

modification is detected after exposure to IR, UV, HU and MMS but it is not 

always associated with DSB and may represent DNA repair foci (Marti et al., 

2006; Petermann et al., 2010; Stucki et al., 2005). MMS treatment can induce γ-

H2AX by at least two different mechanisms. Single strand breaks produced by 

BER during removal of N7-methylguaine and N3-methyladenine can be 

converted to DSB in S phase if encountered by the replication machinery (Groth 

et al., 2010). In the second mechanism, N3-methyladenine induce replication fork 

stalling what can lead to formation of DSBs through their eventual collapse 

(Beranek, 1990; Groth et al., 2010).  

In order to test whether Nse2-deficient cells fail to enter or complete 

mitosis because of unrepaired DNA damage, we followed the formation and 

resolution of γ-H2AX foci as a marker of ongoing DNA damage signalling and 

repair (Figure 4.21A and B). At various times (Figure 4.21A and B) cells were 

harvested by cytospin and stained for γ-H2AX. The γ-H2AX foci were then 

analysed by microscopy. Each cell containing six or more γ-H2AX foci was 

scored as positive (Figure 4.21A). We observed similar levels of spontaneous 

DNA damage in wild-type and Nse2 mutants (Figure 4.21A and B, 0 hour time 

point). Both cell lines induced phosphorylation of histone H2AX after MMS 

treatment with the same kinetics (Figure 4.21B, 1 hour and 6 hour time points), 

suggesting that events upstream of H2AX phosphorylation operate normally in 

the Nse2 background. The highest number of γ-H2AX positive cells was detected 
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6 hours post-MMS treatment in both cell lines analysed. MMS-induced γ-H2AX 

foci formation is slower than that induced after exposure to IR. 

 

 

Figure 4.21 Quantification of γγγγ-H2AX foci after MMS treatment in wild-type and Nse2-

deficient cells.  

A) Micrographs of the wild-type and Nse2-deficient cells. Cells were pulsed with 100 µg/ml of 

MMS for 15 minutes and immediately released to fresh media, then harvested by cytospinning at 

the indicated time points and stained for γ-H2AX. B) Quantification of γ-H2AX foci in wild-type 

and Nse2-deficient cells. The plot shows average of three independent experiments +/- S.D where 

at least 300 cells were scored per time point. Scale bar shows 10 µm. 

 

This is consistent with the notion that only actively replicating cells will induce 

γ-H2AX as a result of impeded replication forks. Wild-type cells start to repair 

DNA damage as soon as 12 hours post-treatment and remove most of it by 48 

hours (Figure 4.20B, 12 – 48 hour time points). This was observed as a decrease 

in number of the γ-H2AX positive cells (Figure 4.21A and B). On the other hand, 

resolution of γ-H2AX foci was significantly retarded in the Nse2 background. 

Nse2-deficient cells needed approximately 36 hours more to resolve γ-H2AX 

foci to wild-type like levels. This confirms that, in the absence of Nse2, DNA 
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repair is defective. At 24 hours, approximately 60% of the Nse2-/-/- population 

still had unrepaired DNA damage, compared to 30% in wild-type cells.  

Flow cytometry analysis of MMS treated cells showed that cells enter 

mitosis 12 to 24 hours after MMS treatment (Figure 4.19 and 4.30). Nse2-

deficient cells show an elevated number of γ-H2AX foci for as long as 24 hours 

post-MMS pulse (Figure 4.21). Therefore Nse2-/-/- cells have more unrepaired 

DNA at the time of the G2/M transition than do to wild-type cells. This suggests 

that Nse2-deficient cells may die due to unrepaired DNA during G2 or mitosis, 

probably through activation of G2 checkpoint or mitotic catastrophe. 

 

4.3.4 Chicken Nse2 is not required for replication fork restart 

and base excision repair  

Methyl methanesulfonate (MMS) produces two major DNA methyl 

adducts, N3-methyladenine, which is believed to stall replication forks and N7-

methylguanine which is removed by the base excision repair pathway (11% and 

82% of all MMS adducts, respectively) (Beranek, 1990). The remaining 7% of 

DNA methyl adducts are nitrogen and oxygen modification of carboxyl, amino 

and phosphate residues (Beranek, 1990). To test whether Nse2 is involved in the 

repair of either N3-methyladenine or N7-methylguanine, we performed two sets 

of experiments.  

In the first set we decided to apply a chemical genetic approach in which 

epistasis between Nse2 and BER pathways was analysed. BER was chemically 

inhibited (30 minutes pre-treatment) before induction of DNA damage with 

MMS for 2 hours. Wild-type and Nse2-/-/- cells were then plated onto 

methylcellulose-containing dishes and their ability to form colonies was scored 

10 – 14 days after treatment with MMS and base excision repair pathway 

inhibition. The inhibitors used in this study blocked BER at different stages. The 

APE-1 inhibitor CRT0044876 (7-Nitroindole-2-carboxylic acid) abolishes 

hydrolysis of apurinic/apyrymidinic (AP) sites and production of SSB 

intermediates (Madhusudan et al., 2005). PARP-1 inhibition by the small 

molecule DPQ (3,4-Dihydro-5[4-(1-piperindinyl)butoxy]-1(2H)-isoquinoline) 
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interferes with detection and further processing of single strand break 

intermediates (more details can be found in Section 1.6.1) (Suto et al., 1991).   

We hypothesised that if Nse2 protein is involved in base excision repair, 

inhibition of this pathway should not exacerbate the MMS phenotype. Otherwise, 

inhibition of BER should result in further sensitisation of Nse2-deficient cells to 

MMS-induced DNA damage. We found that combined treatment with BER 

inhibitors and MMS had a synergistic effect on the lethality of wild-type and 

Nse2-/-/- cells, with a stronger impact in Nse2 (~100 fold increase) than wild-type 

(~10 fold decrease) background, at the highest dose (Figure 4.22A and B). 

  

 

Figure 4.22 Clonogenic survival assay after BER inhibition.  

Wild-type and Nse2-deficient cells were pre-treated for 30 minutes with two different base 

excision repair inhibitors A) 100 µM CRT004876 (an inhibitor of APE-1 endonuclease) and B) 

10 µM  DPQ (an PARP-1 inhibitor) and with the indicated doses of MMS for the next 2 hours. 

Cells were then plated and colonies scored after 10 – 14 days. The plots show the mean of 

relative survival from three independent experiments +/- S.D. Plating efficiencies were wild-type 

80%; wild-type + CRT004876, 90%; wild-type + DPQ, 90%; Nse2-/-/-, 67%; Nse2-/-/- + 

CRT004876, 63%; Nse2-/-/- + DPQ, 72%. 

 

There was no difference observed between the effects caused by 

inhibition of APE-1 and PARP-1 (Figure 4.22A and B). This strongly suggests 

that base excision repair is still active in the absence of Nse2 protein. This 

indicates that Nse2-deficient cells rely more on BER activity after MMS 

treatment than wild-type cells.  

In parallel, we also analysed Smc5-deficient cells with the same 

approach. Surprisingly, we found that inhibition of BER in these cells does not 



Generation and characterisation of Nse2 knockout cells 

153 

 

exacerbate the MMS sensitivity phenotype of Smc5 mutants but actually results 

in a moderate rescue of Smc5- cells sensitivity (Figure 4.23A and B). Yeast 

double mutants of Smc6 and BER genes show marked sensitivity to MMS 

treatment (Lee et al., 2007). smc6mag1 (Mag1 – DNA glycosylase) and 

smc6nth1 (Nth1 – 3’ AP lyase) mutants show higher sensitivity towards MMS, 

whereas mutants of smc6apn2 (Apn2 – 5’ AP lyase) show severe growth defects 

(Lee et al., 2007). These observations confirm a genetic interaction between the 

Smc5-Smc6 complex and BER. We conclude that Smc5, but not Nse2 plays an 

active role in the removal of N7-methylguanine adducts through BER. 

 

 

Figure 4.23 Clonogenic survival assay after BER inhibition.  

Wild-type and Smc5-deficient cells were pre-treated for 30 minutes with the base excision repair 

inhibitors (A) 100 µM CRT004876 and (B) 10 µM  DPQ and with the indicated doses of MMS for 

next 2 hours. Cells were then plated and colonies scored after 10 – 14 days. The plots show mean 

of relative survival from three independent experiments +/- S.D. Plating efficiencies were wild-

type 80%; wild-type + CRT004876, 90; wild-type + DPQ, 90%; Smc5-, 48%; Smc5- + 

CRT004876, 63; Smc5- + DPQ, 79%. 

 

As previously mentioned, MMS-induced DNA damage can also lead to 

replication fork stalling (Beranek, 1990; Groth et al., 2010). In yeast, the Smc5-

Smc6 complex is involved in restart of replication forks after HU treatment 

(Ampatzidou et al., 2006; Irmisch et al., 2009). To test whether Nse2 is required 

for replication fork restart after MMS treatment, we designed a fluorescent 

replication assay. In this assay, the formation of replication foci was specifically 
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Figure 4.24 DNA synthesis restart after release form MMS treatment.  

A) Micrographs of wild-type cells showing cells stained with EdU to label replication foci before 

and after addition of HU and MMS, as well as after release from MMS treatment. B) 

Quantification of EdU positive wild-type and Nse2 deficient cells before and 1 hour after MMS 

treatment (130 µg/ml). Dashed gray line shows time of MMS removal. Data points represent 

mean +/- S.D of three independent experiments in which at least 300 cells were scored. Scale bar 

shows 10 µm. 
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monitored by incorporation of the thymidine analogue 5’-ethynyl-2’-

deoxyuridine (EdU) into DNA during DNA synthesis (Figure 4.24A). To 

visualise replication foci, the EdU was then coupled to a green fluorophore 6-

carboxyfluorescein (as described in Section 2.4.8). To stall the replication forks, 

cells were treated with high doses of MMS (130 µg/ml) for 1 hour. This dose 

was found experimentally to inhibit formation of replication foci and it is similar 

to the doses needed to stall the same process in human cells (Groth et al., 2010). 

DNA synthesis was then restarted by releasing cells to fresh media without drug. 

At different times post-release, cells were spun onto slides and replication foci 

stained (Figure 4.24A). Hydroxyurea, a known inhibitor of DNA synthesis, was 

used as a positive control in this experiment (Figure 4.24A, middle panel). 

Untreated control cells show many bright and distinct replication foci within the 

nucleus (Figure 4.24A, top panel). We could efficiently abolish replication foci 

formation by treatment with either HU or MMS (Figure 4.24A, middle panels). 

After release from the MMS-induced DNA synthesis block, we could again 

detect these foci, indicating that replication was restarted or reinitiated in these 

cells (Figure 4.24A, bottom panel).  

Next, wild-type and Nse2-deficient cells were analysed in the same 

experiment. Cells with more than 3 replication foci were scored as positives and 

expressed as a fraction of total cell number screened. We could detect between 

65-70% (around 50-60% is detected by flow cytometry) of cells as actively 

replicating before MMS addition in both wild-type and Nse2-deficient cells 

(Figure 4.24B). After one hour MMS treatment (dashed gray line indicates time 

of drug removal) most of the wild-type and Nse2-/-/- cells stopped DNA synthesis 

(Figure 4.24B, 1 hour time point). During the time course of the experiment, 

wild-type and Nse2-deficient cells showed a constant increase of the number 

undergoing DNA synthesis after removal of MMS (Figure 4.24B). We did not 

observe a difference in DNA synthesis restart or re-initiation in both cell lines 

after treatment with MMS. Therefore this indicates that chicken Nse2 protein 

may not play a role in restart of MMS-stalled replication forks in DT40 cells. 
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4.3.5 Nse2-deficient cells show defects in homologous 

recombinational repair 

The Smc5-Smc6 and Nse2 protein complex have been implicated in 

homologous recombinational (HR) repair. In fission yeast, double mutants of 

smc6-X and rhp51Rad51 show similar sensitivity towards IR as the single 

rhp51Rad51 mutant (Lehmann et al., 1995). A similar observation was made in 

budding yeast mutants of smc5-31rad52∆0, smc5-33rad52∆0 and chicken Smc5-

Rad54-/- (Cost and Cozzarelli, 2006; Stephan et al., 2011a). siRNA experiments 

in human cells revealed increased levels of break-induced recombination and 

elevated frequencies of sister chromatid exchanges upon depletion of Nse2 and 

Smc5 (Potts et al., 2006). This suggests that the roles of the Smc5-Smc6 complex 

in recombinational repair are evolutionarily conserved.  

A large body of evidence, from analysis of the recombination 

intermediates by two dimensional gel electrophoresis in yeast Smc5-Smc6 

mutants, indicates that Nse2 is required for efficient resolution of HR 

intermediates, suggesting that Smc5-Smc6 is involved in later stages of HR 

(Ampatzidou et al., 2006; Bermúdez-López et al., 2010; Branzei et al., 2006; 

Choi et al., 2010). We and others observed an intact mobilisation of early 

recombination factors, such as Rad51 and Rad52 in mutants of the Smc5-Smc6 

complex (Ampatzidou et al., 2006; Irmisch et al., 2009; Stephan et al., 2011a; 

Torres-Rosell et al., 2007). From our previous analysis, we know that chicken 

Smc5 is required for efficient HR, possibly through regulation of the cohesin 

complex (Stephan et al., 2011a). A similar observation was made in human cells 

where Nse2 and Smc5 are required for cohesin recruitment to I-SceI induced 

DSB (Potts et al., 2006). These data suggest that the Smc5-Smc6 complex is 

involved in both early and late stages of homologous recombination. 

We asked whether chicken Nse2 is also required for efficient homologous 

recombination. Because disruption of Nse2 results in severe depletion of Smc5 

and both proteins are components of the same complex, we hypothesised that 

Nse2-deficient cells will show similar defects in homologous recombinational 

repair as Smc5- mutants.  To test this hypothesis we tested the HR status of Nse2-

/-/- cells. In the first experiment we compared the gene targeting efficiency 

between wild-type and Nse2-deficient cells at three different loci: ATM 
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(Morrison et al., 2000), Centrin2 (Tiago Dantas 2011) and Ovalbumin 

(Buerstedde and Takeda, 1991). In the same assay, HR mutants such as Rad52 

and Rad54 show reduced targeting frequencies at the Ovalbumin locus 

(Bezzubova et al., 1997; Yamaguchi-Iwai et al., 1998a). For that purpose wild-

type and Nse2-/-/- cells were transfected with these vectors and the clones 

obtained screened for targeting events by Southern blotting (Figure 4.25A and 

B). 

 

 

Figure 4.25 Gene gargeting efficiencies.  

A) Wild-type and Nse2 deficient cells were transfected by electroporation with the indicated 

vectors. An equal number of single clones (55 for each cell line per vector) was collected and 

screened for targeting events by Southern blotting. Results represent a single experiment for each 

targeting vector. B) Mean of targeting efficiencies from three targeting vectors showed in A).  

 

We observed a notable increase in targeting efficiencies at the Ovalbumin locus, 

and wild-type like levels at the Centrin 2 and ATM loci (Figure 4.25A). 

Combining these observations, the mean efficiencies were approximately 50% 

increased in the Nse2 background. Potts et al. have also observed increased 

targeting efficiencies in the absence of Nse2 protein in human cells (Potts et al., 

2006). Our data are consistent with a regulatory role of Nse2 in the HR pathway. 

In the second HR assay we measured the ability of cells to perform sister 

chromatid exchanges (SCE). These can be visualized by the incorporation of 5-

bromo-2’-deoxyuridine during DNA synthesis. SCE formation is still not fully 

understood but it is well established that these reflect a DNA repair process 

(Sonoda et al., 1999; Wolff et al., 1974). Elevated levels of SCEs are detected in 

cells lacking the BLM (Bloom syndrome) helicase, PARP-1 and XRCC1 
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proteins (Thompson et al., 1990; Wang et al., 2000; Wang et al., 1997). The 

exposure of cells to DNA damage in S phase is an essential requirement for SCE 

formation, indicating a connection between SCEs and DNA replication (Wolff et 

al., 1974). Homologous recombination has been proposed as one of the 

mechanisms driving the formation of SCEs, as HR mutants show markedly 

reduced levels of SCEs (Kato, 1974; Kuzminov, 1996; Sonoda et al., 1999; 

Yamaguchi-Iwai et al., 1998b).  

We induced SCE in wild-type and Nse2-deficient cells with the DNA 

cross-linker Mitomycin C (MMC) (Sonoda et al., 1999). We then scored and 

compared the levels of sister chromatid exchanges in these cell lines (Figure 

4.26A and B). We observed a 50% increase in both spontaneous and MMC 

induced sister chromatid exchange frequencies in the Nse2 background. This is 

consistent with the gene targeting assay results, where increased HR activity was 

observed.  

In a similar experiment in human cells, reduced levels of spontaneous 

SCEs were observed after depletion of the Nse2 protein by siRNA (Potts et al., 

2006). This discrepancy may be a result of differences between chicken and 

human functions of Nse2 protein as well as an effect of residual amount of Nse2 

protein left after RNAi mediated depletion. Increased gene targeting and 

intersister chromatid recombination indicate that chicken Nse2 negatively 

regulates HR activity. 

To further investigate the roles of Nse2 in the HR pathway, we decided to 

use a well-established assay in which recombination between two direct repeats 

is measured (Pierce et al., 1999). In this experiment, two fragments of GFP 

sequence (termed SceGFP and iGFP) were stably integrated into the genomes of 

wild-type and Nse2-deficient cells (Figure 4.27A). Separately, these sequences 

do not code for functional GFP protein. Expression of functional GFP can be 

induced by recombination between the SceGFP and iGFP sequences. This is 

achieved by the expression of ISce-I restriction endonuclease which cuts the 

SceGFP sequence and initiates recombinational repair (Figure 4.27A). Wild-

type, Rad54-/- and Nse2-/-/- cells were transfected with I-SceI endonuclease to 

induce recombination between the direct repeats. In addition, cells were co-

transfected with an RFP-expressing vector to ensure normalisation for 



 

transfection efficiency between the cell lines analysed 

HR-defective Rad54-/

(Sonoda et al., 1999; Stephan et al., 2011a; Yamaguchi

Rad54-/- mutants, as expected, showed s

(Figure 4.26B, 3.25% GFP positive cells). Surprisingly, we observed more than a 

50% decrease in break induced
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Figure 4.27 Recombination assay between direct repeats.  

(A) Graphical representation of pDR-GFP assay. (B) Wild-type, Rad54-/- and Nse2 deficient cells 

bearing the pDR-GFP plasmid were transfected with I-SceI endonuclease to induce 

recombination between SceGFP and iGFP repeats. The GFP positive cells were scored by flow 

cytometry and expressed as % of positive transfectants. Plot shows mean of three independent 

experiments +/- S.D. 

 

mutants compared to wild-type cells (Figure 4.27B, 12% and 30.6% of GFP 

positive cells in Nse2-/-/- and wild-type cells, respectively). The pDR-GFP assay 

showed results that differ from the gene targeting and sister chromatid exchange 

assay findings, with a decreased activity of HR in the Nse2 background. This 

may reflect varying activity and role of Nse2 protein in different HR pathways. 

Therefore, we conclude that chicken Nse2 protein is required for the regulation 

of different subpathways of homologous recombination. 

 

4.3.6 Loss of Nse2 has no effect on sister chromatid cohesion 

Cohesin recruitment to DSB is essential for proper DSB repair through 

the establishment of local cohesion around the DNA damage site (Bauerschmidt 

et al., 2010; Ellermeier and Smith, 2005; Kim et al., 2002). In human cells, 

cohesin recruitment to DSBs is dependent on the Smc5 and Nse2 proteins (Potts 

et al., 2006). However, cohesin recruitment to DSB is not observed in budding 

and fission yeast (Outwin et al., 2009; Ström et al., 2004). In addition, yeast and 

chicken mutants of the Smc1-Smc3 cohesin complex show increased sensitivity 

to DNA damaging agents (Birkenbihl and Subramani, 1992; Sonoda et al., 2001). 
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We also found that the loss of Smc5 in chicken cells results in increased inter-

sister chromatid distances before and after DNA damage (Stephan et al., 2011a). 

We wanted to check if the observed HR defects in Nse2-/-/- cells might be 

a result of mis-regulation of cohesion. For this purpose, we applied an assay in 

which the distances between chromosomally-integrated TetO arrays visualised as 

spots with a TetR-GFP fusion protein, were measured in metaphase cells (Figure 

4.28A) (Dodson and Morrison, 2009a).  

   

 

Figure 4.28 Inter-sister chromatid distances.  

A) Micrographs showing expression of TetR-GFP protein and two separate signals from each 

sister chromatids (DNA is stained with blue, TetR-GFP with green). B) The distances between 

two GFP signals were measured in untreated metaphase cells. The plots show mean of two 

experiments in which at least 20 cells were scored. Scale bar shows 10 µm. 

 

These distances are an indication of inter-sister chromatid separation (Dodson 

and Morrison, 2009a). We successfully used this assay in our laboratory to detect 

differences before and after induction of DNA damage in ATM-/- cells (Dodson 
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and Morrison, 2009a). We subjected the wild-type and Nse2-deficient cells to 

this analysis and observed normal sister chromatid separation in the Nse2 

background, suggesting that Nse2 is not required for genome-wide sister 

chromatid cohesion (Figure 4.28B). 

 

4.4 Discussion 

4.4.1 Chicken Nse2 is not essential for DT40 viability 

Our analysis of the Nse2-deficient DT40 cells demonstrates that Nse2 is 

not required for vertebrate cell viability. We have generated multiple clones that 

lack Nse2 which proliferated with kinetics similar to wild-type cells. This was 

unexpected as the deletion of budding and fission yeast Smc5-Smc6 complex 

proteins results in non-viable cells (Harvey et al., 2004; Lehmann et al., 1995; 

McDonald et al., 2003; Onoda et al., 2004; Pebernard et al., 2004; Pebernard et 

al., 2006; Sergeant et al., 2005; Zhao and Blobel, 2005). However, Smc5-Smc6 

proteins are not essential for the viability of Arabidopsis (Smc5 and Smc6), 

chicken (Smc5) and human cells (Nse2 and Smc5) (Potts et al., 2006; Potts and 

Yu, 2005; Stephan et al., 2011a; Watanabe et al., 2009). This indicates that there 

are significant differences in the requirement for Smc5-Smc6 complex between 

lower and higher eukaryotes.  

Even though the Nse2-deficient cells are viable, its loss clearly 

destabilises the Smc5-Smc6 complex. We observed a depletion of the Nse2-

interacting partner Smc5 upon Nse2 disruption. Conversely, the loss of Smc5 in 

DT40 cells results in depletion of Nse2 and Smc6 but such down-regulation of 

Smc6 was not detected in Nse2-deficient cells (Stephan et al., 2011a). Taylor and 

Lehmann used an RNAi-based approach to study the cellular roles of the human 

Smc5-Smc6 complex and found that depletion of its various components (Smc5, 

Nse1, Nse2, Nse3, Nse4a) leads to destabilisation of the complex (Taylor et al., 

2008). Re-introduction of the wild-type or SUMO ligase dead form of Nse2 in 

Nse2-deficient DT40 cells restored levels of Smc5. This indicates that the 

stability of Smc5 is not dependent on the SUMO ligase activity of Nse2 but 

rather on the interaction between Nse2 and Smc5. Therefore, we concluded that 

direct interactions between the Smc5/Smc6 and Nse2/Smc5 are essential for their 
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stability. We propose that the SUMO ligase-independent function of Nse2 is to 

bind to Smc5 and stabilise the Smc5-Smc6 complex, thus allowing it for proper 

DNA damage response and repair. 

Hypomorphs of fission yeast smc6-X, smc6-74, smc6-9, smc6-1 and 

budding yeast smc5-31, smc5-33, mms21-11 show nuclear fragmentation and 

chromosome mis-segregation (Bermúdez-López et al., 2010; Cost and 

Cozzarelli, 2006; Lehmann et al., 1995; Verkade et al., 1999; Zhao and Blobel, 

2005). Microscopy analysis of Nse2- and Smc5-deficient cells revealed a similar 

phenotype with increased levels of abnormal mitotic (anaphase bridges and 

mulitpolar cells) and elevated mitotic indices (Stephan et al., 2011a). In yeast, 

this is caused by the presence of unrepaired or incompletely replicated DNA, a 

direct effect of defective DNA repair and maintenance of the G2/M checkpoint 

(Ampatzidou et al., 2006; Cost and Cozzarelli, 2006; Harvey et al., 2004; 

Verkade et al., 1999). Recently, a highly-extended delay in metaphase and 

premature separation of sister chromatids were reported in HeLa cells after 

RNAi-mediated depletion of Smc5 and Nse2 (Behlke-Steinert et al., 2009). We 

have not analysed this phenotype in detail but these data suggest that similar 

defects may be responsible for the observed mitotic aberrations in our mutants. 

These consistencies between yeast, chicken and human cells indicate that, even 

though Nse2-deficient DT40 cells are viable, the core functions of Smc5-Smc6 

complex are conserved throughout evolution. 

 

4.4.2 The cellular functions of Nse2 in cell cycle checkpoints and 

DNA repair 

Analysis of the Nse2-deficient cells by flow cytometry showed wild-type 

cell cycle distribution. Minor defects in cell cycle progression were observed 

upon disruption of Smc5-Smc6 genes in yeast and chicken cells, suggesting that 

the chicken Smc5-Smc6 complex has no role during progression of the 

undisturbed cell cycle (Ampatzidou et al., 2006; Bermúdez-López et al., 2010; 

Lehmann et al., 1995; McDonald et al., 2003; Stephan et al., 2011a; Zhao and 

Blobel, 2005). We observed wild-type-like cell cycle profiles upon HU- and 

nocodazole-induced cell cycle arrest and release, suggesting that Nse2 is not 



Generation and characterisation of Nse2 knockout cells 

164 

 

involved in the activation of the G1/S and SAC checkpoints. However, we 

observed a slight delay in G2/M checkpoint activation after IR treatment and a 

strong delay in Chk1 S345 phosphorylation post-MMS treatment. Yeast mutants 

of the Smc5-Smc6 complex, such as smc6-74, smc6-dn, smc5-31, smc5-33 and 

nse1, activate the G2/M checkpoint with wild-type kinetics after MMS and UV 

treatment but fail to maintain it (Ampatzidou et al., 2006; Cost and Cozzarelli, 

2006; Harvey et al., 2004). We did not analyse the activation of factors upstream 

of Chk1, such as ATM, ATR, DNA-PK or the MRN complex, thus we cannot 

conclude if this is due to defects in DNA damage sensing or signalling. However, 

hyperactivation of ATM/ATR was observed in HeLa cells upon RNAi-mediated 

Nse2 depletion (Potts and Yu, 2005). The defects in cell cycle checkpoints we 

detected are consistent with observations in yeast where failure in G2/M 

checkpoint maintenance in the absence of functional Smc5-Smc6 complex leads 

to nuclear fragmentation and abnormal chromosome segregation. This indicates 

that chicken Smc5-Smc6 complex is required for efficient response to DNA 

damage. 

Yeast hypomorphs, such as smc5-31, smc5-33 (Cost and Cozzarelli, 

2006) and smc6-X, smc6-74 (Ampatzidou et al., 2006; Lehmann et al., 1995; 

Verkade et al., 1999) are sensitive to MMS, HU and IR, UV, respectively. In 

addition, mutants of Nse2 (nse2-1, nse2-SA) (Andrews et al., 2005; McDonald et 

al., 2003) and Nse6 (nse6∆) (Pebernard et al., 2006) are hypersensitive to IR. 

Moreover, mutants of Nse1 (nse1-1) (Pebernard et al., 2008a), Nse2 (nse2-SA) 

(Andrews et al., 2005), Nse3 (nse3-1) (Pebernard et al., 2004), Nse4 (nse4-4ts) 

(Hu et al., 2005) and Nse6 (nse6∆) (Pebernard et al., 2006) show sensitivity to 

HU, MMS and UV, and Nse1 (nse1-1) (Pebernard et al., 2008a), Nse3 (nse3-1) 

(Pebernard et al., 2004), whereas Nse6 (nse6∆) (Pebernard et al., 2006) are also 

sensitive to camptothecin.  

The survival of chicken Nse2-deficient cells after DNA damage correlates 

with checkpoint defects. We observed hypersensitivity of Nse2 mutants to MMS 

but not to IR and HU, suggesting that, at least to some extent, the survival of 

Nse2-deficient cells after MMS is caused by abnormal checkpoint activation. 

Disruption of Smc5 in DT40 cells is associated with MMS and IR sensitivity 

(Stephan et al., 2011a). This is rather surprising as both proteins are components 
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of the same DNA repair complex. In addition, Nse2 mutants are hypersensitive to 

4-NQO, MMC and UVC. We also found that Nse2-deficient cells have elevated 

frequencies of chromatid gaps and breaks after treatment with MMS and 4-NQO. 

Chromatin type lesions are formed when DNA damage is not removed by the 

post-replicative DNA repair. These data suggest that Nse2 is may be required for 

efficient DNA damage response and repair in both S and G2 phases. 

       

4.4.3 Nse2 is required for efficient repair of MMS-induced DNA 

damage 

Nse2 was first identified in a screen for MMS sensitive mutants in S. 

cerevisiae (Prakash and Prakash, 1977). The MMS sensitivity of Nse2-deficient 

DT40 cells is consistent with the data from yeast and human cells (Pebernard et 

al., 2004; Potts and Yu, 2005; Zhao and Blobel, 2005). Expression of wild-type 

Nse2 cDNA in Nse2-/-/- cells restored their MMS sensitivity to wild-type levels, 

whereas reintroduction of the SUMO ligase dead form of Nse2 results in only 

partial rescue of this phenotype. This clearly demonstrates that even though the 

SUMO ligase activity of Nse2 is not required for stability of Smc5, it is required 

for efficient DNA repair after MMS treatment. Nse2 is essential in yeast but not 

its SUMO ligase activity; however, SUMO ligase activity is necessary for 

efficient DNA repair in these cells (Andrews et al., 2005; Pebernard et al., 2004; 

Zhao and Blobel, 2005). Chicken and human Nse2 are not required for cell 

viability but similarly to yeast, Nse2 is necessary for efficient DNA repair in 

these cells (Potts and Yu, 2005). This suggests that only the enzymatic functions 

of Nse2 may be evolutionarily conserved.  

Flow cytometry analysis of Nse2 mutants pulsed with MMS showed that 

in the absence of Nse2, cells do not re-enter G1 phase after a G2/M block. A 

similar phenotype has been observed in mms21∆C and smc6-9 after MMS 

treatment (Bermúdez-López et al., 2010). Analysis of γ-H2AX foci resolution 

after MMS treatment revealed that Nse2-deficient cells suffer from unrepaired 

DNA damage. γ-H2AX foci resolution in these cells was slower compared to 

wild-type cells. These data, together with the defect seen in MMS-induced 

checkpoint activation and increased levels of chromosomal aberrations, suggest 
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that Nse2 mutants enter mitosis in the presence of unrepaired DNA. In budding 

yeast, Bermúdez-López et al. suggested that the unrepaired DNA represents 

sister chromatid junctions (SCJs) (Bermúdez-López et al., 2010), whereas other 

groups proposed that these represent cohesin-mediated sister chromatid linkages 

(Outwin et al., 2009). We have not analysed this defect in detail, therefore we 

cannot rule out that both mechanisms are the cause of the observed phenotype in 

our mutants. 

MMS-induced DNA damage is repaired through base excision repair or 

through HR if replication forks collapse at the sites of methylated DNA 

(Beranek, 1990; Groth et al., 2010). Deletion of BER factors in yeast mutants of 

the Smc5-Smc6 complex, such as Mag1, Nth1 and Apn2, results in increased 

sensitivity towards MMS, suggesting that BER is active in smc6-74 cells and 

therefore removing a subset of the DNA methylated bases (Lee et al., 2007). 

Inhibition of BER in Nse2-deficient cells results in an effect similar to that 

observed in yeast. Deactivation of PARP-1 or APE-1 by small molecule 

inhibitors increased the sensitivity of Nse2-/-/- mutants to MMS, indicating that 

Nse2 is not involved in BER. Surprisingly, Smc5- cells after inhibition of BER 

showed slightly increased survival to that without APE-1 and PARP-1 inhibitors. 

Loss of the BER activity in Smc5-deficient cell may be responsible for increased 

MMS sensitivity compared to Nse2-/-/- mutants, where BER is functional. We 

also know that Nse2 is still present in Smc5-deficient cells, further confirming 

that Smc5 but not Nse2, is required for efficient BER. As MMS-induced DNA 

damage causes replication fork stalling beside BER activation, this indicates that 

Nse2-deficient cells possibly die due to impaired replication fork restart.  

Bermúdez-López et al. detected significantly slower DNA replication and 

an increased number of unreplicated DNA gaps in smc6-9 and mm21∆C mutants 

after MMS treatment compared to wild-type (Bermúdez-López et al., 2010). 

Studies from the Murray and Sjögren labs showed that the Smc5-Smc6 complex 

is present at the stalled replication forks and that it is required for their efficient 

restart (Ampatzidou et al., 2006; Lindroos et al., 2006). We observed a wild-type 

rate of DNA synthesis in Nse2-deficient cells after MMS-induced DNA 

replication arrest, but our microscopy assay may not be sensitive enough to 

detect small differences in replication velocities. We also may not detect any 
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defects as they may be masked by the robust firing of the alternative replication 

origins. Recently, such an effect was described in human cells where alternative 

origin firing was detected after HU-induced cell cycle arrest (Petermann et al., 

2010). A more sensitive assay, such as DNA fibre analysis should be performed 

to test if chicken Nse2 is necessary for efficient DNA replication and fork restart 

in the presence of MMS-induced DNA damage. Data gathered here indicate that 

Nse2 is required for efficient DNA repair after MMS treatment. 

 

4.4.4 Nse2 plays a role in HR but not in sister chromatid 

cohesion 

The Smc5-Smc6 complex and Nse2 protein have been implicated in DNA 

repair through homologous recombination. Deletion of HR genes, such as Rad51 

and Rad54 in Smc5, Smc6 and Nse2 mutants does not increase sensitivity 

towards DNA damaging agents, showing that these genes are epistatic in 

response to DNA damage (Ampatzidou et al., 2006; Lehmann et al., 1995; 

McDonald et al., 2003; Stephan et al., 2011a; Torres-Rosell et al., 2007; Zhao 

and Blobel, 2005). Depletion of Smc5 and Nse2 in human and yeast cells 

disregulates HR, possibly through compromised recruitment of Smc1-Smc3 

complex to the DSB (De Piccoli et al., 2006; Potts, 2009). Recently, severe loss 

of chromosome cohesion was reported in human cells after RNAi-mediated 

depletion of Smc5 and Nse2 (Behlke-Steinert et al., 2009). We also observed a 

loss of sister chromatid cohesion in Smc5-deficient DT40 cells, suggesting an 

active role of vertebrate Smc5-Smc6 complex in the regulation of sister 

chromatid cohesion (Stephan et al., 2011a). In addition, yeast and human Smc5-

Smc6 complexes are dispensable for efficient non-homologous end joining (De 

Piccoli et al., 2006; Potts, 2009). Disruption of the NHEJ gene, Ku70 in chicken 

Smc5- cells increased their sensitivity towards IR, further confirming a HR role 

of the vertebrate Smc5-Smc6 complex (Stephan et al., 2011a). We did not 

observe spontaneous loss of sister chromatid cohesion in Nse2-/-/- knockouts, 

suggesting that chicken Nse2 does not play an active role in this process, at least 

under our experimental conditions. This is consistent with the lack of sensitivity 

of Nse2-deficient cells to IR-induced DSB.  
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We also analysed homologous recombination activities in Nse2-/-/- 

background. Nse2-deficient cells are proficient at gene targeting and show 

slightly increased gene targeting at two of three loci investigated (Ovalbumin and 

ATM but not in Cetn2), thus suggesting that Nse2 plays a negative regulatory role 

in HR. Wild-type like frequencies were observed in Smc5-deficient cells, 

suggesting a separable role of Nse2 and Smc5 in this process (Stephan et al., 

2011a). We cannot explain why we observe a different effect at these loci but 

this may be associated with their chromosomal localisation or differences in 

targeting vectors per se. Conversely, a break induced recombination assay 

revealed reduced HR activities in Nse2- and Smc5-deficient cells (Stephan et al., 

2011a). In this assay, the GFP signal can be restored by intra-chromatid, unequal 

sister chromatid HR or single strand annealing processes but not through equal 

sister chromatid HR or NHEJ (Moynahan et al., 2001). Potts et al. in an identical 

assay observed the opposite effect after RNAi-mediated depletion of Nse2 and 

Smc5 in human cells and showed that in the absence of Nse2, sister chromatid 

HR is blocked and DSB is repaired through gene targeting or intra-chromatid 

recombination (Potts et al., 2006). The same group reported a decrease in sister 

chromatid recombination, as measured by SCE frequencies, in the absence of 

Nse2 and Smc5 (Potts et al., 2006). In the same assay, chicken Nse2-/-/- and Smc5- 

cells showed increased SCE frequencies (Stephan et al., 2011a).  

We have no explanation as to why a HR mechanism driving increased 

sister chromatid recombination observed in SCE and gene targeting assays would 

not positively affect break induced recombination between the sisters. It is 

possible that the observed discrepancies may be a result of residual levels of 

Smc5 and Nse2 proteins remaining after knockdown by RNAi. In addition we 

may be looking at species specific differences between chicken and human 

systems. It is also possible that the nature of these HR events support slightly 

different outcomes in these experiments. Gene targeting occurs mainly in S phase 

and requires active replication machinery to happen (Wong and Capecchi, 1986). 

Similarly, there is a link between SCE formation and DNA synthesis, indicating 

that these are formed only when the replication machinery encounters a DNA 

lesion (Wolff et al., 1974). Possibly, the establishment of Nse2-dependent HR 

structures in DT40 cells might be restricted only to the S phase of the cell cycle, 
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since its loss increases the levels of gene targeting and SCEs but not repair of 

double strand breaks induced by I-SceI, which may be repaired through a 

different mechanism.  

 

In conclusion, we report here that Nse2 protein is required for efficient DNA 

repair, possibly through the regulation of homologous recombination. 
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Chapter 5 Generation and characterisation of 

Nse2-/-/-Smc5- cells 

5.1 Genetic dissection of the Smc5-Smc6 complex 

5.1.1 Generation of Nse2-/-/-Smc5- knockout cells 

Our analysis of the Smc5-Smc6 complex by characterisation of Nse2-

deficient cells (this study) and Smc5 knockouts (Stephan et al., 2011a) revealed 

distinct phenotypes (Table 5.1). We observed different responses of Nse2- and 

Smc5-deficient cells towards IR and MMS. Chromosomal aberrations are 

increased after IR in Smc5- cells but not in Nse2-/-/- cells. Conversely, Nse2-/-/- but 

not Smc5-deficient cells show elevated chromosomal aberrations after MMS. 

Loss of Smc5 results in depletion of Smc6 and Nse2, whereas disruption of Nse2 

leads only to loss of Smc5 but not Smc6.  

Fission yeast smc6.T2nse2.SA double mutants show slower growth 

kinetics and budding yeast smc6-9mms21-sp demonstrate increased sensitivity 

towards UV-induced DNA damage than either of single mutants (Andrews et al., 

2005; Chavez et al., 2010b). Hazbun et al. have identified two different Smc5-

Smc6 complexes and recently, two complexes, Nse2-Smc5-Smc6 in interphase 

and Nse2-Smc5 in mitotic cells, were detected by gel filtration in human cells 

(Behlke-Steinert et al., 2009; Hazbun et al., 2003). In vitro studies with 

recombinant Smc5 protein showed its preferential binding to single stranded 

DNA, independently of its Smc partner Smc6 (Roy et al., 2011). These data 

suggest that components of the Smc5-Smc6 complex may have separable 

functions. Taking these observations into consideration, we hypothesised that the 

differences observed between Nse2- and Smc5-deficient cells are due to (1) some 

non-overlapping functions of Nse2 and Smc5 proteins, (2) defective regulation of 

Smc5-Smc6 the in absence of Nse2 SUMO ligase, (3) or that different Smc5- and 

Nse2- containing subcomplexes exist that have distinct functions. As shown in 

Table 5.1, chromosomal aberrations seem to be specifically Nse2-dependent and 

IR sensitivity is only observed in the absence of Smc5 supporting the first 

hypothesis.  
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Table 5.1 Comparison of Smc5- and Nse2-/-/- phenotypes  

 Smc5- cells* Nse2-/-/- cells** 

Viability  Viable Viable 

Growth rate Wild-type Wild-type 

Mitotic index/aberrations Higher than wild-type Higher than wild-type 

Destabilisation of Smc5-Smc6 

complex 

Depletion of Smc6 and 

Nse2 proteins 

Depletion of Smc5 

protein 

Checkpoint proficiency: 

S 

G2/M 

Spindle assembly checkpoint 

 

WT 

WT 

WT 

 

WT 

Delayed 

WT 

MMS induced Chk1 S345 

phosphorylation 

N/D Delayed 

IR sensitivity  ↑↑ ↑ 

MMS sensitivity ↑↑↑ ↑↑ 

Chromosomal aberrations Increased after IR but not 

MMS 

Increased after MMS 

and 4-NQO 

Sister chromatid cohesion ↑ WT 

Targeting assay frequencies Wild-type Slightly increased 

Sister chromatid exchange 

frequencies 

~2.5-fold increase 1.5-fold increase 

Direct repeat recombination ↓↓ ↓↓ 

Base excision repair - + 

Phenotype rescue by transgene 

expression: 

MMS sensitivity 

Direct repeat recombination 

 

 

N/D 

Rescued 

 

 

Rescued 

N/D 

* - (Stephan et al., 2011a), ** - this study 

 

 Smc5 mutants showed more severe phenotypes than the Nse2-/-/- cells in 

most of the experiments. Assuming that an Smc5-Smc6 heterodimer is still 

formed within the Nse2 mutants (but not in Smc5 background) and if this Smc5-
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Smc6 complex lacks Nse2-mediated SUMOylation, the more severe phenotypes 

support the idea that the observed phenotypic differences between Nse2- and 

Smc5-deficient cells are due to mis-regulation of the Smc5-Smc6 complex. To 

investigate this notion, we disrupted the Smc5 gene in Nse2 background. We 

hypothesised that if Smc5 and Nse2 proteins have separate functions, the loss of 

Smc5 protein in the Nse2-deficient cells would result in a phenotype stronger 

that that observed in Smc5- cells. 

 The targeting strategy and vectors for Smc5 disruption were as described 

(Stephan et al., 2011a). Nse2-/-/- cells were transfected with an Smc5 targeting 

vector to disrupt Smc5 (Stephan et al., 2011a). We successfully targeted Smc5 in 

the Nse2-/-/- background and obtained several viable clones (Figure 5.1).  

 

 

Figure 5.1 Southern blot analysis of the Nse2-/-/-Smc5- mutants.  

Genomic DNA was isolated from wild-type and Nse2-/-/-Smc5- cells and digested with EcoRI 

(Smc5 probe), XmnI (Nse2 probe) and analysed by Southern blotting with the indicated probes. 

 

As expected, the Smc5 probe detects replacement of the wild-type band (6.9 kb) 

with a targeted band of 4.9 kb (Figure 5.1). We also looked at the Nse2 locus 

with the Nse2 probe. The 6.3 kb wild-type band was absent in the double mutant 

and it had been replaced by two 14.7 kb (double intensity) and 5.8 kb (single 

intensity) mutant bands, showing that we have targeted Smc5 in the Nse2-

deficient cells (Figure 5.1).  

Next, we isolated total mRNA from the Nse2-/-/-Smc5- cells and tested 

whether the mRNA of Nse2 and Smc5 genes was still present in these cells 

(Figure 5.2). Reverse transcriptase PCR revealed that there is no Nse2 and Smc5 
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mRNA present in the double knockout cells. The Smc5 and Nse2 deficient cells 

were used here as negative controls. 

 

Figure 5.2 Analysis of Smc5 and Nse2 mRNA expression in Nse2-/-/-Smc5- cells.  

Reverse transcriptase-polymerase chain reaction with total mRNA isolated from the wild-type, 

Smc5--, Nse2-/-/--, and two Nse2-/-/-Smc5--targeted clones and the indicated gene specific primers. 

 

We then investigated the levels of Smc5 and Nse2 proteins to confirm their 

absence in these cells (Figure 5.3). Immunoblotting revealed depletion of Smc5 

and Nse2 proteins in the double knockout background.  

 

Figure 5.3 Immunoblot analysis of Smc complexes Nse2-/-/-Smc5-.  

Proteins from wild-type, Nse2-, Smc5-deficient and Nse2-/-/-Smc5- cells were extracted, separated 

by SDS-PAGE and analysed by immunoblotting with the indicated antibodies. 

 

Our previous analysis had shown that loss of the Smc5 results in depletion of 

Smc6 and Nse2, whereas disruption of Nse2 proteins leads to reduction of only 

Smc5 protein (Stephan et al., 2011a). We found that the loss of Nse2 and Smc5 
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results in depletion of Smc6 to levels similar to those observed in Smc5-deficient 

cells. The levels of cohesin and condensin complexes did not change upon 

disruption of Nse2 and Smc5, indicating that only Smc5-Smc6, but not other Smc 

complexes, is destabilised in the absence of Nse2 and Smc5. The lack of Nse2 

and Smc5 mRNAs and respective proteins in the Nse2-/-/-Smc5- cells further 

confirms that the Smc5-Smc6 complex is not essential for chicken cell viability.  

 

5.1.2 Nse2-/-/-Smc5- cells show growth retardation and mitotic 

aberrations 

The proliferative properties of Nse2-/-/-Smc5- cells were analysed by 

measuring the growth kinetics and mitotic indices (Figure 5.4). The double 

knockouts proliferated with much slower kinetics than wild-type cells or either 

single knockout, indicating a defect in cell proliferation. Similar growth 

retardation was observed in yeast double mutants of smc6.T2nse2.SA (Andrews 

et al., 2005). The Nse2-/-/-Smc5- cells showed a similarly increased mitotic index 

and number of abnormal mitotic cells as Nse2-/-/- and Smc5- mutants. We also 

observed an increased population of binucleated cells in the double mutant. This 

may be a factor contributing to observed growth retardation. Loss of either Nse2 

or Smc5 does not result in significant decrease in growth rate but loss of Smc5 

and Nse2 does. These data suggest that Smc5 and Nse2 may have different 

functions in cell cycle progression. 

 

5.1.3 Smc5 and Nse2 are not epistatic in response to DNA 

damage 

To investigate the relationship between Smc5 and Nse2, we subjected our 

Smc5-Smc6 complex mutants to epistasis experiments. If these genes have 

separate functions in DNA damage response and repair, one would expect an 

exacerbation of the phenotype observed for the individual mutants in the doubly-

targeted clones. Our analysis of single Smc5-, Nse2-/-/- and double Nse2-/-/-Smc5- 

clones 
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Figure 5.4 Proliferative properties of Smc5-Smc6 complex mutants.  

A) Growth curve – equal number of cells (105 per ml) was seeded and cell number monitored 

over 48 hours time period. Data points show mean of three independent experiments +/- S.D. B) 

Quantification of mitotic indices and aberrations. Histogram shows mean of three independent 

experiments +/- S.D in which at least 100 mitotic cells were scored.  

 

revealed an increased sensitivity of Nse2-/-/-Smc5- cells towards cis-platin, MMS 

and IR, compared to either single mutant (Figure 5.5A, B and C). Nse2-/-/-Smc5- 

mutants are severely sensitive to cis-platin treatment and only moderately to IR 

and MMS, compared to Smc5- and Nse2-deficient cells (Figure 5.5A, B and C). 

Increased cell death of the double mutants to IR treatment was rather surprising 

as the Nse2-/-/- cells are not sensitive to this DNA damaging agent (Figure 5.5B). 

 Overall, the Nse2 mutants were consistently the least, and double 

knockouts the most, sensitive to DNA damage of the four cell lines we analysed. 

We did not observe any elevated sensitivity of Smc5-Smc6 complex mutants 

towards the topoisomerase I toxin camptothecin (Figure 5.5D). Higher 

concentrations of camptothecin were also used in other experiments but we did 

not observe any difference in responses between Smc5-Smc6 complex mutants 

and wild-type cells. Camptothecin induces SSB which are converted to DSB by 

the replication machinery and these are specifically repaired by HR (Fiorani and 

Bjornsti, 2000; Hsiang et al., 1989). We expected that our Smc5-Smc6 complex 

mutants would be sensitive towards this drug as such sensitivity is observed in 

fission yeast nse6∆, nse1∆RING, nse1-C197A and nse1-C199A mutants 

(Pebernard et al., 2008a; Pebernard et al., 2006). It is possible that our mutants 

are not hypersesnsitive towards camptothecin under the particular experimental 

conditions we used (two hours treatment). Decrease in cell survival of the Nse2-/-
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/-Smc5- mutants indicate that Smc5 and Nse2 are not epistatic in DNA repair after 

cis-platin, IR and MMS treatment. These data suggest that in addition to common 

roles the Smc5 and Nse2 may have non-overlapping functions. 

 

 

Figure 5.5 Epistasis analysis of the Smc5-Smc6 complex.  

Wild-type, Smc5-, Nse2-/-/- and Nse2-/-/ Smc5- cells were treated with the indicated DNA damaging 

agents for 2 hours and plated in methylcellulose media. Colonies were scored after 10-14 days 

after plating. In the case of IR cells were exposed to IR source (137Cs) on the methylcellulose 

plates. The plots show mean of relative survival from three independent experiments +/- S.D. 

Plating efficiencies were wild-type, 80%; Nse2-/-/-, 67%; Smc5-, 46%; Nse2-/-/-Smc5-, 20%.  
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5.1.4 Nse2, but not Smc5, is required to minimise chromosomal 

aberrations  

We then compared the levels of chromosomal aberrations between the 

mutants generated. Karyotypes were analysed by microscopy after exposure to 

MMS. Nse2 mutants had the highest levels of spontaneous and MMS-induced 

chromosomal lesions (Figure 5.6).  

 

 

Figure 5.6 Nse2 but not Smc5 is required to prevent chromosomal aberrations post-MMS 

treatment.  

Wild-type, Smc5-, Nse2-/-/- and Nse2-/-/ Smc5- cells were treated with the DNA damaging agent for 

3 hours or left untreated. Cells were then blocked in mitosis and metaphase spreads were 

prepared. The plots show average of three experiments in which at least 50 cells were scored. 

S.D is not shown for histogram clarity. 

 

Double knockouts of Nse2 and Smc5 showed similar levels of aberrations as 

Nse2-deficient cellsm and the Smc5 mutants, as previously described, showed a 

wild-type like phenotype (Stephan et al., 2011a). The elevated levels of 

chromosomal aberrations after MMS observed in Nse2-deficient compared to 

Smc5- mutants do not agree with their survival rates after MMS treatment. Nse2-

deficient cells may die through different mechanisms, than Smc5- mutants, which 

may include formation of chromosomal aberrations and this phenotype may be 

dominant over Smc5, as observed in Nse2-/-/-Smc5- cells. Our analysis suggests 
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that Nse2 but not Smc5, is the component of the Smc5-Smc6 complex required 

for maintenance of genome integrity. This is another argument that favours the 

idea of separable roles of Smc5 and Nse2 in response to DNA damage. 

 

5.1.5 Roles of Smc5-Smc6 complex in replication fork restart 

We then tested if the Smc5 deficient cells and double knockout show a 

replication restart defect using the same assay as described for Nse2-/-/- cells in 

Section 4.3.4. We observed wild-type like kinetics of DNA synthesis restart after 

release from MMS block in Nse2- and Smc5-deficient cells but not in the double 

mutants (Figure 5.7). Nse2-/-/-Smc5- cells showed a decreased number of 

replication foci positive cells post-MMS removal (Figure 5.7). This decrease was 

detected at all time points analysed with just 20% of EdU positive cells 4 hours 

post-release in Nse2-/-/-Smc5- compared to 34% in wild-type cells (Figure 5.7).  

 

 

Figure 5.7 Analysis of replication foci in cells treated with MMS.  

Quantification of EdU positive cells before and after 1 hour MMS block (130 µg/ml). Data points 

show mean of three experiments +/- S.D in which at least 300 cells were scored. 

 

This may be due to their slower proliferation of Nse2-/-/-Smc5-; however, it is 

unlikely as they show wild-type levels of EdU incorporation before MMS 

treatment. The loss of Nse2 or Smc5 does not affect the rate of DNA synthesis 

after MMS treatment, but deletion of both genes does. This suggests that Nse2 

and Smc5 may be involved in DNA synthesis restart after MMS treatment and it 
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is consistent with observations in both yeast where Smc5-Smc6 complex is 

required for the restart of the collapsed replication forks (Ampatzidou et al., 

2006; Branzei et al., 2006). 

 

5.1.6 Roles of Smc5 and Nse2 in HR 

Our observation that Smc5 and Nse2 have non-overlapping functions in 

the cellular responses to DNA damage, led us to hypothesise that the loss of both 

proteins will result in further deregulation of homologous recombination. To test 

this, we analysed sister chromatid exchange frequencies in these mutant cell 

lines. We found that all knockouts had increased levels of spontaneous and 

MMC-induced sister chromatid exchanges compared to wild-type cells (Figure 

5.8).   

 

Figure 5.8 Analysis of sister chromatid exchange levels in Smc5-Smc6 mutants.  

Sister chromatid exchange frequencies in wild-type A) Nse2- B), Smc5-deficient C) and Nse2-/-/-

Smc5-double mutants scored in macrochromosomes. The histograms show mean of the indicated 

sister chromatid exchanges per cell from two independent experiments in which at least at least 

100 cells were scored. The values represents mean of sister chromatid exchanges per cell from 

the same experiments +/- S.D. 
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Nse2-deficient cells showed 1.7-fold increase in sponataneous and MMC-

induced sister chromatid exchanges compared to wild-type cells. Smc5- mutants 

showed 2.0-fold and 2.6-fold increase in spontaneous and induced SCEs over 

wild-type cells, respectively. Nse2-/-/-Smc5- demonstrated SCE levels slightly 

above the level observed in Smc5- cells, suggesting that Smc5 and Nse2 genes are 

epistatic in their HR functions. 

 

5.2 Conclusions 

5.2.1 Smc5-Smc6 complex is not essential for DT40 cell viability 

Several viable clones of Nse2-/-/-Smc5- cells were obtained confirming that 

the chicken Smc5-Smc6 complex is not essential for proliferation of DT40 cells. 

However, strong growth retardation was observed in these mutants compared to 

wild-type or Nse2- and Smc5-deficient cells. Disruption of Nse2 SUMO ligase 

activity in yeast smc6 cells also resulted in slower proliferation, suggesting that 

separation of Nse2 and Smc5-Smc6 heterodimer functions may be evolutionarily 

conserved (Andrews et al., 2005; Chavez et al., 2010b). Nse2-/-/-Smc5- cells 

showed mitotic indices and levels of abnormal mitotic similar to single mutants. 

The loss of Smc5 in Nse2-deficient cells did not further destabilise the Smc5-

Smc6 or other Smc complexes. Therefore, we conclude that Smc5 and Nse2 may 

have separable functions in cell cycle progression. 

  

5.2.2 Smc5 and Nse2 are not epistatic in response to DNA 

damage and homologous recombination 

Fission yeast smc6.T2nse2.SA mutants demonstrate increased sensitivity 

towards UV-induced DNA damage compared to either single mutant (Andrews 

et al., 2005). Deletion of Smc5 in Nse2-/-/- DT40 cells results in a similar effect, 

with a stronger sensitivity towards cis-platin, IR and MMS, compared to single 

mutants. This indicates that Smc5 and Nse2 are required for efficient DNA repair 

but are not epistatic in response to DNA damage. 

Hypomorphic alleles of S. cerevisiae smc6-9 and nse5-1 show more 

frequent gross chromosomal rearrangements (De Piccoli et al., 2006). Loss of 

SUMO ligase activity in S. cerevisiae mms21∆sl allele results in elevated 
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telomere marker loss and elevated chromosomal instability (Rai et al., 2011). In 

S. cerevisiae temperature-sensitive mutants smc5-31 and smc5-35 show severe 

loss of heterozygosity at the MET15 locus compared to wild-type cells (Cost and 

Cozzarelli, 2006). We observed increased levels of chromosome aberrations after 

MMS treatment in Nse2-/-/- and Nse2-/-/-Smc5- but not Smc5- mutants. Smc5-

deficient cells are more sensitive to MMS-induced DNA damage compared to 

Nse2-/-/- mutants but still they showed wild-type levels of chromosomal 

aberrations. As mentioned in Section 5.1.4, Nse2- and Smc5-deficient cells may 

die through different mechanisms. Loss of Nse2 is associated with delayed 

activation of Chk1 after MMS treatment, which possibly allows a subset of cells 

to evade checkpoint and enter mitosis with unrepaired DNA damage. We did not 

analyse Chk1 activation in Smc5-deficient cells so we cannot dismiss the 

possibility that Smc5- mutants activate this checkpoint properly. If this is indeed 

the case it would explain wild-type levels of chromosomal aberrations. On the 

other hand, these two experiments measure different responses (short and long 

term), which may account for the observed differences between Nse2-/-/- and 

Smc5- mutants. These data suggest that Nse2 but not Smc5 is required for 

maintenance of genomic integrity through preventing formation of chromosomal 

aberrations. 

     In human cells RNAi-mediated depletion of Nse2 or Smc5 leads to 

decreased camptothecin-induced sister chromatid exchange frequencies (Potts et 

al., 2006). In addition, loss of the Smc5-Smc6 complex function results in 

dysregulation of homologous recombination in yeast, chicken, Arabidopsis and 

human cells (De Piccoli et al., 2006; Lehmann et al., 1995; Potts et al., 2006; 

Stephan et al., 2011a; Watanabe et al., 2009). Nse2-/-/-Smc5- cells showed 

increased sister chromatid exchange frequencies compared to wild-type and 

Nse2-deficient cells but not Smc5- mutants. The frequencies of SCE correlate 

with levels of Smc5 protein in these mutants. Smc5 protein is partially depleted 

in Nse2-deficient cells which show slightly elevated SCE levels. In the complete 

absence of Smc5 in Smc5- mutants SCE levels are further increased but are 

identical compared to Nse2-/-/-Smc5- cells. Since depletion of Smc5 in Nse2-

deficient cells did not increase SCE frequencies significantly above these 

observed in Smc5- mutants, we concluded that it may be the loss of Smc5 but not 
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Nse2 that results in the formation of SCE in our mutants. This suggests that Smc5 

and Nse2 may be epistatic in their homologous recombination functions.  
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Chapter 6 Conclusion and future perspectives 

6.1 Conclusions 

 We have identified and cloned the chicken homologue of Nse2 and 

showed that it is an active E3 SUMO ligase in vitro. Cell survival assays 

revealed that Nse2 is required for efficient DNA repair after exposure to various 

DNA damaging agents. Our analysis suggests that the binding of Nse2 to Smc5 

but not Nse2 SUMO ligase activity stabilises Smc5-Smc6 complex, thus 

allowing it for efficient DNA repair. However, the catalytic activity of Nse2 is 

required for efficient DNA repair, suggesting that SUMOylation of the Smc5-

Smc6 complex or other cellular targets by Nse2 may be important in this process. 

Smc5-Smc6 localisation to distinct chromatin domains, such as DSBs and stalled 

replication forks may be dependent on Nse2-mediated Smc5-Smc6 complex 

SUMOylation.  

We also established a role for Nse2 in cell cycle checkpoint activation 

and in the maintenance of genome integrity. In addition, expression of an Nse2-

GFP fusion protein revealed its cytoplasmic and nuclear localisation which is in 

agreement with the current literature and the functions of Smc5-Smc6 complex. 

We also showed that the Nse2 is required for the proper regulation of 

homologous recombination but not for sister chromatid cohesion. Our analysis of 

Nse2-deficient, Smc5-deficient and Nse2-/-/-Smc5- mutants suggests that Nse2 and 

Smc5 have separable functions or that they are components of distinct 

complexes. Little is known about how the Smc5-Smc6 complex mediates DNA 

repair and future studies will be necessary to determine the mechanism of Nse2-

Smc5-Smc6 action. 

 

6.2 Overall conclusions 

 In conclusion, this study highlights the function of Nse2 and Smc5-Smc6 

complex in regulation of several cellular processes, such as cell cycle and cell 

cycle checkpoints, DNA repair and homologous recombination. In general, it 

revealed a number of interesting discoveries on the different cellular roles of 

Nse2 and the Smc5-Smc6 complex. These proteins coordinate these cellular 



 

processes, probably through 

modification and recruitment of DNA
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, probably through regulation of higher-order chromatin structure

recruitment of DNA repair factors to sites of DNA damage.

Data gathered in this thesis, along with other published data, provide 

evidence that the Smc5-Smc6 complex is involved in DNA repair (reviewed in 

(Stephan et al., 2011a)). However, a mechanism for Smc5-Smc6 complex action 

still remains elusive, mainly because of the gap in understanding how Smc5

nteracts with DNA. In this section we describe a potential mechanism of 

Smc6 action based on the current literature and our own observations.

We propose that Smc5-Smc6 has multiple DNA substrates (referred to 

here after as SSSSS (Structure-Specific Smc5-Smc6 DNA Substrates), examples 

of which are shown in Figure 6.1.  

Potential DNA structures bound by Smc5-Smc6 complex.  

Cartoon representation of potential DNA substrates of Smc5-Smc6 complex. (1) ssDNA, (2) 

dsDNA, (3) DSB, (4) stalled replication fork (lagging and leading strand), (5) Holliday junctions, 

(6) template switch intermediate, (7) supercoiled DNA, (8) reversed fork ‘chicken foot’. Blue 

triangles represent replication for- stalling DNA lesions. 

Such SSSSSs require processing via Smc5-Smc6 for their efficient resolution. 

The pathway controlled by Smc5-Smc6 is essential in response to DNA damage, 
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nteracts with DNA. In this section we describe a potential mechanism of 

Smc6 action based on the current literature and our own observations. 

Smc6 has multiple DNA substrates (referred to 

ubstrates), examples 
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Smc6 for their efficient resolution. 

Smc6 is essential in response to DNA damage,  



 

Figure 6.2 Model of Smc5
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Figure 6.2 Model of Smc5-Smc6 action.  

Cartoon representation of Smc5-Smc6 mechanism of action. Structure-specific Smc5

ates, such as DSBs are processed by the Smc5-Smc6 complex for efficient DNA repair. 

When DSBs are formed (1) the Smc5-Smc6 complex may repair DNA through different 

Smc6 complex could bind in proximity of DSB (2) and facilitate its repa

through establishment of sister chromatid cohesion (3). Alternatively, the Smc5

recruited to DNA damage site (4) and act as a protein interaction platform to recruit DNA repair 

factors (5). Additionally, Nse1- and Nse2-dependent protein modification could regulate the 

precise timing of recruitment and activities of these DNA repair factors (5). In the third 

Smc6 complex could act on global chromatin conformation in order to 

facilitate efficient DNA repair (6). In the presence of Smc5-Smc6 DNA repair occurs normally (7) 

and (8) but when its functions are compromised, illegitimate DNA repair intermediates are 

formed (9) leading to cell death (10). 

Conclusion and future perspectives 

 

specific Smc5-Smc6 DNA 

Smc6 complex for efficient DNA repair. 

Smc6 complex may repair DNA through different 

Smc6 complex could bind in proximity of DSB (2) and facilitate its repair 

through establishment of sister chromatid cohesion (3). Alternatively, the Smc5-Smc6 could be 

recruited to DNA damage site (4) and act as a protein interaction platform to recruit DNA repair 

dification could regulate the 

precise timing of recruitment and activities of these DNA repair factors (5). In the third 

Smc6 complex could act on global chromatin conformation in order to 

Smc6 DNA repair occurs normally (7) 

and (8) but when its functions are compromised, illegitimate DNA repair intermediates are 



Conclusion and future perspectives 

186 

 

 Depending on spatial and temporal circumstances and the SSSSS itself, Smc5-

Smc6 may be engaged in distinct mechanisms of DNA lesion processing. The 

Smc5-Smc6 may act on SSSSSs such as DSB (Figure 6.2 (1)) by binding to it 

directly (Figure 6.2 (2)) and facilitating efficient DNA repair through for 

example increase in the local sister chromatid cohesion (Figure 6.2 (3)). 

Alternatively, after localisation of the Smc5-Smc6 complex to DNA lesion 

(Figure 6.2 (4)), it may help to recruit DNA repair factors and regulate their 

activities through post-translational modification mediated by Nse1 and Nse2 E3 

ligases (Figure 6.2 (5)). Moreover, the Smc5-Smc6 complex similarly to cohesin 

and condensin proteins may act on global chromatin conformation (chromatin 

remodeler) to facilitate efficient DNA repair (Figure 6.2 (6)). Using these 

activities, the Smc5-Smc6 complex ensures formation and resolution of essential 

DNA repair intermediates leading to cell survival (Figure 6.2 (7) and (8)). In the 

absence of functional Smc5-Smc6 complex, DNA repair intermediates that are 

formed (Figure 6.2 (9)) may not be properly processed, leading to failure in DNA 

repair and consequently to cell death (Figure 6.2 (10)). These three modes of 

action are not exclusive and all of them may exist mutually. Using these 

activities the Smc5-Smc6 complex facilitates the formation of specific DNA 

repair/ replication intermediates, which unfortunately, have not been identified 

yet. Nevertheless, Smc5-Smc6 specific intermediates seem to be primary 

substrates for different DNA repair pathways and only these are efficiently 

processed to sustain proper DNA repair and replication.  

 

6.3.1 Direct interaction model 

There is a good deal of biochemical data supporting the direct interaction 

model, including chromosome mapping of Smc5-Smc6 localisation which 

revealed that the complex is enriched at stalled replication forks and double 

strand breaks (De Piccoli et al., 2006; Lindroos et al., 2006; Potts et al., 2006). 

Roy and coworkers showed that Smc5 binds preferentially to ssDNA in an ATP-

dependent manner (Roy et al., 2011). Smc5-Smc6 also helps to release DNA 

tension during replication, suggesting that it may bind to supercoiled DNA 

(Kegel et al., 2011). Even though it is hard to predict what other DNA structures 
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are bound by Smc5-Smc6 in vivo in the presence of Nse1-6, these data indicate 

that Smc5-Smc6 complex interacts with and regulates different DNA structures. 

In yeast, Smc5-Smc6-deficient cells accumulate X-shaped molecules after 

DNA damage (Ampatzidou et al., 2006; Bermúdez-López et al., 2010; Branzei et 

al., 2006), suggesting that these may be misprocessed SSSSSs. In agreement with 

this deletion of MphI/FANCM helicase, required for processing of DNA damage, 

rescues sensitivity of Smc5-Smc6 mutants to MMS and HU in yeast (Chavez et 

al., 2010a). Moreover, overexpression of BRCT repeat containing protein Brc1, 

required for efficient DNA repair in S phase through Smc5-Smc6 independent 

recombination pathway, rescues sensitivity of Smc5-Smc6 mutants in yeast to 

MMS and HU (Lee et al., 2007; Sheedy et al., 2005). We and others envisage 

that in the absence of Smc5-Smc6 complex, SSSSSs, such as DSB, when not 

bound by Smc5-Smc6 are transformed to lethal DNA repair/ replication 

intermediates.  

 

6.3.2 Smc5-Smc6 as protein interaction/ regulation platform 

The structure of the Smc5-Smc6 complex is a potential protein interaction 

platform. Several interactions with DNA repair proteins have been demonstrated 

and these include direct interactions with MphI/FANCM (Chen et al., 2009), 

Srs2 (Chiolo et al., 2005), RTT107 (Ohouo et al., 2010), Ku70 (Zhao and Blobel, 

2005), Rad60/Esc2 (Boddy et al., 2003) or genetic interactions with Sgs1 (Sollier 

et al., 2009), Rad51 (Chen et al., 2009) and Rad52 (Torres-Rosell et al., 2005b) 

and Ku70 (Stephan et al., 2011a). Smc5-Smc6 bound to SSSSSs or its presence 

at these sites could regulate the precise timing and localisation of its interactors 

leading to efficient DNA repair and replication. Additionally, Smc5-Smc6 

complex contains two enzymatically active subunits: E3 ubiquitin ligase Nse1 

(Doyle et al., 2010) and E3 SUMO ligase Nse2 (Andrews et al., 2005; McDonald 

et al., 2003; Potts and Yu, 2005; Zhao and Blobel, 2005). SUMOylation of the 

Nse2 substrates could recruit and regulate activity of DNA repair factors as 

supported by Smc5-Smc6-dependent cohesin recruitment to DSB in human cells 

(Potts et al., 2006). In addition, Nse2 SUMOylates Ku70 in budding yeast (Zhao 

and Blobel, 2005), suggesting that it may regulate or prevent NHEJ. However, 
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the biological significance of this modification is not understood. On the other 

hand, Nse1-dependent ubiquitination may also add another level of protein 

regulation at the DNA damage site. Unfortunately, no Nse1 substrates have been 

identified to date. Interestingly, SUMOylation and ubiquitination compete for the 

same sites within target proteins, suggesting that Smc5-Smc6 complex may act 

as a molecular ubiquitin/ SUMO switch. Smc5-Smc6 may control cellular 

processes through a fine tuned balance between Nse2- and Nse1-dependent 

protein modifications. This balance could be changed in response to the stressful 

conditions, where Nse1-dependent protein modification increase and Nse2-

mediated SUMOylation decrease or vice versa.  

 As mentioned earlier, RNAi-mediated depletion of Smc5 and Nse2 results 

in reduced  cohesin recruitment to DSB (Potts et al., 2006). However, cohesin 

localisation to DSB has not been shown to be dependent on SUMOylation (Potts 

et al., 2006). Additionally, after RNAi-mediated Nse2 knockdown, reduced 

SUMOylation of telomere sheltering proteins and telomere shortening was 

observed (Potts and Yu, 2007). Similarly, in budding yeast Nse2-and Smc5-

deficiency is associated with increased telomere shortening and accumulation of 

X-shaped molecules at this repetitive DNA region (Chavez et al., 2010b; Zhao 

and Blobel, 2005). In support of this model, chromatin association of Rad52 

when replication forks are stably stalled after HU treatment is compromised in 

Smc5-Smc6 mutant smc6 (Irmisch et al., 2009). All these observations suggest 

that the Smc5-Smc6 complex may interact or regulate many DNA maintenance 

proteins and in its absence abnormal DNA intermediates are formed leading to 

cell death. 

  

6.3.3 Chromatin remodeling activities of the Smc5-Smc6 

complex 

Finally, Smc5-Smc6 may act on global chromatin conformation, such as 

cohesin and condensin complexes. Loss of Smc5-Smc6 results in lethal 

chromosome segregation defects, dysregulation of sister chromatid cohesion 

(reviewed in (Stephan et al., 2011b)), and abnormal chromatin structure, 

including sister chromatid linkages, both DNA (Torres-Rosell et al., 2005b) and 
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protein (Outwin et al., 2009) mediated. In addition, Smc5-Smc6 is involved in 

the removal of chromatin intertwinings during DNA replication and its 

deficiency results in replication defects of longer chromosomes (Kegel et al., 

2011). Moreover, mobility of the DSB required for its efficient repair in budding 

yeast is decreased in the absence of functional Smc5-Smc6 (Torres-Rosell et al., 

2007). All these data suggest that Smc5-Smc6 is a potential chromatin remodeler 

that changes chromatin conformation allowing for distinct DNA mechanisms to 

happen. 

 

6.3.4 Model testing 

To test the potential Smc5-Smc6 activities, in vitro DNA binding 

experiments with purified Smc5-Smc6 complex or its individual components 

could be performed. Different DNA substrates, such as ssDNA, dsDNA and 

more complicated structures, including replication forks and Holliday junctions 

could be used to study how Smc5-Smc6 proteins interact with DNA. However, 

this approach could be extremely challenging in terms of the in vitro 

reconstitution of functional Smc5-Smc6 complex and may not reflect the in vivo 

activities of the complex.  To test in vivo interactions of the Smc5-Smc6 complex 

with DNA, crosslink of the complex to DNA and subsequent analysis by 

Southern blotting could be performed, as described for cohesin complex 

(Haering et al., 2008).  

To test the idea if Smc5-Smc6 acts as protein interaction and recruitment 

platform, a large scale immunoprecipitation of Smc5-Smc6 combined with mass 

spectrometry could be pefrormed to identify interactors of the complex before 

and after DNA damage. Additionally, to test the hypothesis of the Smc5-Smc6 

Ub/ SUMO switch activity, a comparison of the phenotypes associated with 

Nse1- and Nse2-deficiency should be made. Such analysis may allow 

understanding of SUMO and ubiquitin ligase activities of the Smc5-Smc6 

complex. In addition, double mutant of Nse1 and Nse2 could be performed to 

study the potential interactions between ubiquitination and SUMOylation 

mediated by Smc5-Smc6 complex. Moreover, mapping of potential common 

substrates of Nse1 and Nse2 could be also performed to confirm this hypothesis.  
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To test for Smc5-Smc6 in chromatin remodeling activities, analysis of the 

proteins associated with mitotic chromosomes from Smc5-Smc6-deficient cells 

could be performed. Such analysis is currently underway in collaboration with 

Bill Earnshaw laboratory. Differences in chromosome proteins isolated from 

wild-type and Smc5-Smc6-deficient cells may allow understanding of the Smc5-

Smc6 cellular functions in establishment of normal chromatin structure, as 

recently demonstrated using proteomic studies of isolated mitotic chromosomes 

from condensin-deficient cells (Ohta et al., 2010). Additionally, analysis of 

chromatin properties, such as topology, compactness etc could shed light onto 

Smc5-Smc6 complex activities as a chromatin remodeler. 
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APPENDIX 1 

Full length chicken Nse2 cDNA sequence with the ATG and STOP codon 

underlined and indicated in red, 5’ and 3’ UTR in blue, conserved Kozak 

sequence shown in green. 

 

   1 caccccgccc cgctgcctct gtcgggcctg ggcggcgggg acgagagtaa caattccaag 
  61 atgcagaggg gtacaagaat ctcattcagc tctgtgaatt cctctctttc atctctgaaa 
 121 aactgccagt cttacataaa tactggaatg gatattgcta ctcacgttgc ccttgacctg 
 181 gtggaaaatt tcaatgatga agaggatgtt agaagtatgg agaatgtcat gttagagtat 
 241 gctgcattgg acagagagct taatcattac atgagagcaa ttgaagaaac ggtagatcag 
 301 ataaaacaag acaaaccaga aaagatacca gatctaaaat cactagtaaa agaaaaattt 
 361 actgcattgg agagcatgaa cagtgactcg gatttggaaa aaaatgagaa atatatgtat 
 421 tttaaggatc aacttaaaga catgaaaaaa caatttcgtc ttcaatcaga tagtaatgat 
 481 aatgacgaca tcgaacaaat cgatgaagat atagctgtga ctcagagtca gatgaacttc 
 541 atttgtccca ttacacaggt ggaaatgaag aagccagttc gaaacaaagt ctgtggacat 
 601 tcctatgaag aagatgccat tctaaaaatc atccagactc gaaagcagca gaagaagaaa 
 661 gtccgctgcc ctaaaattgg ctgtagccat gatgatgtaa aaggatcaga tctcgtgcca 
 721 gatgaagcac ttaaaagagc gattgacagt cagaataaac aaagctggtc aacgctgtag 
 781 aagtcggctg gatgtgccgt tgccacaaag aaaatttgtt attagaggtc ttgtgagata 
 841 agctgccgat tgtgagcagg ttgtgtaacg gattgttatt taaagtgttt catttatagg 
 901 cagagttgaa ggtctccgct gtaactgaaa acattttttc atctgtcaaa tatgaggaat 
 961 tccaggttag ttagtttttt ttccccttgt tagttttttt ccccttcttg aaattctaaa 
1021 tgttgcgttt gttaaataaa atgtggcttt cagccttcaa cttcccc 
 

APPENDIX 2 

Table I Oligonucleotides used for PCR-based cloning 

Primer name Sequence (5’-3’) Use 

Nse2-FW ATG CAG AGG GGT ACA AGAATC 
For cloning of Nse2 

cDNA 

Nse2-RV CTA CAG CGT TGA CCA GGT TTG 
For cloning of Nse2 

cDNA 

Nse2 - 5’ arm 

FW (SalI) 

GTC GAC GGT CTG TGG TTT ATA ACA 

TCG 

For cloning of 5’  

homology arm 

Nse2 – 5’ arm 

RV (EcoRI) 

GAA TTC GAC TCT GAG TCA CAG CTA 

TAT C 

For cloning of 5’ 

 homology arm 

Nse2 - 3’ arm 

FW (NotI) 

GCG GCC GC GTC AGA ATA AAC AAA 

GCT GG 

For cloning of 3’ 

 homology arm 

Nse2 – 3’ arm 

RV (SacII) 

CCG CGG GGA GCA GCC AGC GGC 

AAT GGG 

For cloning of 3’  

homology arm 

Nse2 – 5’ 

probe FW 
GGC CCT GCA AGC ACT GAG CAG GC 

For cloning of 5’  

probe 
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Nse2 – 5’ 

probe RV 

CCG GGT TTT CCT TGC AAA TGA AAA 

CC 

For cloning of 5’  

probe 

Nse2 – 3’ 

probe FW 

GTG GAG ACA GAT AAC TCT GTG 

AGC 

For cloning of 3’  

probe 

Nse2 – 3’ 

probe RV 

CCT CAG AAT GAA AAA TAA CAA 

AGC AGG 

For cloning of 3’  

probe 

Nse2 (N) FW 

(BamHI) 

GGA TCC ATG CAG AGG GGT ACA 

AGA ATC 

For cloning of  

full-length Nse2  

into pGEX-4T2 

(antigen) 

Nse2 (N) RV 

(NotI) 

GCG GCC GC CTA CAG CGT TGA CCA 

GCT TTG 

For cloning of  

full-length Nse2  

into pGEX-4T2 

(antigen) 

Nse2 (N) FW 

(BamHI) 

GGA TCC ATG CAG AGG GGT ACA 

AGA ATC 

For cloning of  

full-length Nse2 into 

pCMV-3tag-2A (3myc 

fusion) 

Nse2 (N) RV 

(EcoRI) 

GAT ATC CTA CAG CGT TGA CCA GCT 

TTG 

For cloning of  

full-length Nse2 into 

pCMV-3tag-2A (3myc 

fusion) 

Nse2 (C) FW 

(XhoI) 

CTC GAG CGA TGC AGA GGG GTA 

CAA GAA TC 

For cloning of  

full-length Nse2 into 

pEGFP-N1 (GFP 

fusion)  

Nse2 (C) RV 

(SacII) 

CCG CGG AGC AGC GTT GAC CAG CTT 

TG 

For cloning of  

full-length Nse2 into 

pEGFP-N1 (GFP 

fusion)  

Nse2 (C178A, 

H180A) FW 

(NarI ) 

GAA ATG AAG AAG CCA GTT CGA 

AAC AAA GTC GCC GGC GCC TCC TAT 

GAA GAA GAT GCC ATT CTA AAA 

ATC 

For site directed 

mutagenesis of Nse2  

(C178A, H180A) 

Nse2 (C178A, 

H180A) RV 

GAT TTT TAG AAT GGC ATC TTC TTC 

ATA GGA GGC GCC GGC GAC TTT GTT 

 For site directed 

mutagenesis of Nse2  
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(NarI ) TCG AAC TGG TTT CTT CAT TTC (C178A, H180A) 

FW – forward primer, RV – reverse primer, DNA sequences in red show 

cleavage site for the indicated restriction nucleases, underlined italic sequence 

show the desired mutation of Nse2 cDNA sequence. 

APPENDIX 3 

Poster, seminar presentations and publications arising from 

thesis work 

 

1. Poster presentation 

 

Kliszczak M, Stephan AK and Morrison CM. Genetic dissection of the Smc5-

Smc6 complex. (A poster presented at the DNA replication and recombination 

meeting in Keystone, USA, March 2011) 

 

2. Seminar presentations 

 
Kliszczak M, Stephan AK and Morrison CM. Involvement of the Smc5-Smc6 

complex in sister chromatid cohesion and homologous recombinational repair in 

vertebrate cells. (A seminar presented at the annual meeting of the Genome 

Stability Network, Cambridge, UK, 2009). 

 
Kliszczak M, Stephan AK and Morrison CM. Genetic dissection of the Smc5-

Smc6 complex. (A seminar presented at the annual meeting of the Irish 

Association for the Cancer Research, Galway, Ireland, 2010). 

 

3. Publications 
 

Stephan, A.K., Kliszczak, M., Dodson, H., Cooley, C., and Morrison, C.G. 

(2011). Roles of vertebrate smc5 in sister chromatid cohesion and homologous 

recombinational repair. Mol Cell Biol 31, 1369-1381. 
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Stephan, A.K., Kliszczak, M., and Morrison, C.G. (2011). The Nse2/Mms21 

SUMO ligase of the Smc5/6 complex in the maintenance of genome stability. 

FEBS Lett. 585, 2907-13. 

 

Kliszczak, M., Stephan, A.K., and Morrison C.G. (2011). Distint functions of 

Nse2 and Smc5 in DNA repair revealed by gene targeting. Submitted to EMBO J 

on 21.06.2011.  

 

 

 


