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Abstract 

DNA double-strand breaks (DSBs) are potentially toxic lesions. Maintenance of 

genomic stability requires the proper repair of DSBs by either the 

nonhomologous end-joining (NHEJ) pathway or the homologous recombination 

(HR) pathway. The XRCC4-like factor (XLF) and the NHEJ defective protein 1 

(Nej1), stimulate the repair of DSBs by NHEJ in humans and Saccharomyces 

cerevisiae, respectively. The precise mechanism(s) through which XLF/Nej1 

functions remain poorly understood. I show that the C-terminal region (CTR) of 

XLF is required for DNA binding and contains a conserved phenylalanine that is 

important for its interaction with Ku70/80 and for recruitment of XLF to DSBs in 

vivo. Surprisingly, I find that loss of the XLF-Ku interaction does not affect repair 

as measured by γ-H2AX foci resolution in vivo. In contrast, I show that while the 

CTR of the XLF homolog in S. cerevisiae, Nej1, is not required for recruitment to 

DSBs in vivo, it is critical for NHEJ in vivo. Previous studies by other groups have 

demonstrated a crucial role for the interaction between XLF and X-ray repair 

cross-complementing protein 4 (XRCC4) for NHEJ in vitro and in vivo. Similarly, I 

find that the interaction between Nej1 and the S. cerevisiae homolog of XRCC4, 

ligase interacting factor 1 (Lif1), correlates with NHEJ activity in vivo. These 

results bolster the current model of XLF function in which XLF/Nej1 stimulates 

NHEJ through its interaction with XRCC4/Lif1. In addition, my results uncover 

important differences in how XLF and Nej1 provide this function and provide 

useful tools for future investigation of the precise structural mechanism 

underlying their stimulation of NHEJ.  
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I have also uncovered novel genetic interactions between an 

uncharacterized yeast gene, maintenance of telomere capping 5 (MTC5), the HR 

factor RAD52, and NHEJ factors including NEJ1. I show that MTC5 does not 

regulate NHEJ, but does regulate telomere length and dNTP levels. Based on a 

recent report and previously reported genetic interactions involving MTC5, I 

propose that the telomere length defects observed in mtc5Δ cells and the genetic 

interactions between MTC5, RAD52, and NHEJ factors may result from 

decreased dNTP levels and defects in amino acid uptake. 
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Preface 

This thesis is presented in two parts. The first part focuses on the function of the 

NHEJ factor XLF and its homolog, Nej1, in S. cerevisiae. This section includes a 

general introduction to DNA damage and repair with an emphasis on the NHEJ 

pathway in Chapter 1, followed by more specific discussions of XLF and Nej1 in 

Chapters 2 and 3, respectively. The second part of this thesis, Chapter 4, 

presents the characterization of an uncharacterized gene, MTC5, that was found 

to genetically interact with the HR factor RAD52 and NHEJ factors in a synthetic 

genetic array (SGA) analysis. Further investigation of the function of Mtc5 

beyond DNA repair is presented in Appendix B. 

Publications stemming from the work described in this thesis and other 

work performed during my PhD are listed in Appendix A. Data presented in 

Figures 2.10 and 2.13 describing the interaction of XLF with DNA and the effect 

of phosphorylation of XLF on this interaction has been published in: Yu Y, 

Mahaney BL, Yano K-I, Ye R, Fang S, Douglas P, Chen DJ & Lees-Miller SP 

(2008) DNA-PK and ATM phosphorylation sites in XLF/Cernunnos are not 

required for repair of DNA double strand breaks. DNA Repair (Amst) 7: 1680–

1692.  

A version of Chapter 3 has been submitted for publication in “DNA Repair” 

and is currently under revision as: Mahaney BL, Lees-Miller SP & Cobb JA. The 

C-terminus of Nej1 is critical for nuclear localization and non-homologous end-

joining. 
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Chapter 1: Introduction 

1.1 DNA damage 

1.1.1 Genomic instability and cancer 

Genome integrity is constantly in jeopardy, as thousands of DNA damaging 

events occur in cells each day. Although some level of mutagenesis is necessary 

for the process of evolution, maintenance of the cellular genome is critical for 

proper cellular functioning because, unlike other cellular components such as 

RNA and protein, genomic DNA cannot be replaced. Changes in the DNA 

sequences that encode proteins and the regulatory elements necessary for 

proper protein expression, or alterations in the structure and organization of the 

genome can have dramatic effects at both the cellular and organismal level. 

Possible outcomes include cell death or senescence, cellular and organismal 

aging, and cellular transformation (Chen et al, 2007; Helleday et al, 2007; Roos & 

Kaina, 2013).  

Genomic instability is often associated with cancer and is observed to 

varying degrees in most cancer cell lines (Curtin, 2012). Genomic instability is 

thought to be an enabling feature for carcinogenesis and much focus has been 

paid to the identification of mutations in tumour suppressor genes and proto-

oncogenes in cancer cells (Stratton et al, 2009; Hanahan & Weinberg, 2011). 

Germline mutations in DNA damage response (DRR) factors and DNA repair 

factors predispose individuals to cancer. Moreover, these genes are often 

mutated or downregulated in cancer cells (Heinen et al, 2002; Curtin, 2012). In 

the current cancer paradigm, DNA damage and genomic instability not only 
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promote tumorigenesis but are also the primary mechanisms targeted by cancer 

therapeutic agents. Indeed, radiotherapy, which creates DNA damage, is still one 

of the most commonly used treatment modalities (Curtin, 2012). Thus, an 

increased understanding of the mechanisms driving DNA damage and repair is 

of importance, both for the prevention of cancer and for the creation of improved 

cancer therapies.  

 

1.1.2 Genomic instability and aging  

Genomic instability is inherently associated with aging. Genomic mutations 

increase with age, as do chromosomal abnormalities. DNA repair efficiency also 

decreases with age, providing a link between aging and increased mutagenesis 

and genomic instability (Lombard et al, 2005). Cells at the end of their replicative 

life span (RLS) enter an irreversible cell cycle arrest known as senescence in 

which they often display signs of an activated DDR. Telomere erosion is tightly 

linked to replicative senescence and loss of telomeric sequence leads to 

activation of the DDR. Furthermore, in somatic cells telomere length negatively 

correlates with age (Aubert & Lansdorp, 2008). In addition, cancer rates closely 

correlate with age, linking the processes of normal cellular and organismal aging 

with carcinogenesis. Finally caloric restriction has been associated with 

increased lifespan, due potentially in part to decreased reactive oxygen species 

(ROS) production in cells (Lombard et al, 2005). Similarly, decreased amino acid 

uptake has been shown to increase lifespan in yeast (Kwan et al, 2011).  
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1.1.3 Sources of DNA damage 

DNA damage can occur as a result of endogenous processes in the cell or from 

exposure to exogenous DNA damaging agents (Table 1.1). Defects in DNA 

replication can lead to misincorporation of nucleotides that result in point 

mutations, and if replication forks collapse DNA double-strand breaks (DSBs) 

can arise. DSBs also arise from normal cellular metabolism that produces ROS 

that are capable of damaging the DNA backbone and DNA bases. In addition, 

spontaneous hydrolysis of DNA bases can lead to abasic sites (Dexheimer, 

2012). 

In some cases, DSBs are purposely created in the cell in a regulated 

manner. For example, in immune system development DSBs are created during 

antibody diversification through the processes of V(D)J recombination and class 

switch recombination (CSR) (Alt et al, 2013). In meiosis, DSBs allow for 

crossover events to occur (Richardson et al, 2004), and in Saccharomyces 

cerevisiae DSBs are generated at the mating type locus to allow for mating type 

switching (Haber, 2006). In addition, DSBs are created and processed during 

somatic hypermutation (SHM) to give rise to point mutations that aid in antibody 

diversification (Alt et al, 2013).  

Exogenous sources of DNA damage include environmental sources. Ultra-

violet (UV) radiation creates pyrimidine dimers and 6-4 photoproducts, while

ionizing radiation (IR), emitted by both cosmic sources and radon gas, damages 

the DNA backbone, creating DNA single-strand breaks (SSBs) and DSBs. IR 

also damages DNA bases and can create damage either directly or  
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Table 1.1 Sources of DNA damage 
Endogenous sources of damage Type of damage 
Replication Point mutations, insertions/deletions, DSBs 
Metabolism (ROS) Base damage (i.e. oxidation), SSBs, DSBs 
Spontaneous (hydrolysis) Base damage (i.e. depurination, 

deamination) 
V(D)J recombination DSBs 
SHM Point mutations (DSB intermediates) 
CSR DSBs 
Meiosis DSBs 
  
Exogenous sources of damage  
Tobacco smoke Base damage (i.e. bulky adduct) 
Diet (nitrosamines) Base damage (O6 methylguanine) 
UV radiation Pyrimidine dimers, 6-4 photoproducts 
IR (cosmic, radon gas) SSBs, DSBs, base damage 
Medical imaging (X-rays, 
diagnostic isotopes) 

SSBs, DSBs, base damage 

Chemotherapy SSBs, DSBs, base damage, 
interstrand/intrastrand crosslinks 

 

 

 

indirectly through the production of ROS (Curtin, 2012; Dexheimer, 2012). In 

addition, numerous forms of base damage are induced by tobacco smoke and 

dietary components such as nitrosamines that cause base alkylation, particularly 

of guanine. Finally, DNA damaging agents are commonly used in medical 

settings and include X-rays used in medical imaging, IR and radiomimetic agents 

used in cancer therapies, and radioactive isotopes used in diagnostic tests 

(Curtin, 2012). 
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1.2 The DNA damage response 

1.2.1 The DDR in mammalian cells 

The DDR senses DSBs as well as other forms of DNA damage and initiates a 

signalling cascade that impinges on cell cycle checkpoints to ensure the 

maintenance of genomic integrity. Activation of the DDR pauses the cell cycle to 

allow for DNA repair. When damage is irreparable, prolonged DDR signalling 

leads to either apoptosis or cellular senescence (Harper & Elledge, 2007). In 

mammalian cells, DNA damage checkpoints exist at the G1/S phase transition, 

the G2/M phase transition, and within S phase (intra-S) (Figure 1.1) (Lukas et al, 

2004a). Here I will focus primarily on the response to DSBs in mammalian cells. 

 The DDR is initiated by the phosphatidylinositol kinase-like kinases 

(PIKKs) ataxia telangiectasia mutated (ATM) and ATM and Rad3-related (ATR). 

These kinases phosphorylate their targets on SQ/TQ consensus sites (Kim et al, 

1999; Lovejoy & Cortez, 2009). In response to DSBs, ATM initiates a 

phosphorylation cascade that leads to the activation of the downstream 

checkpoint kinase, Chk2, while generation of ssDNA at damage sites and 

replication problems activate ATR, which signals to Chk1 (Figure 1.2 A) (Kurz & 

Lees-Miller, 2004; Finn et al, 2012). Chk1 and Chk2 halt the cell cycle at G2/M 

and G1/S, respectively, by reducing cyclin-dependent kinase (CDK) activity 

through multiple mechanisms including inhibition of Cdc25, a protein 

phosphatase that activates CDKs (Stracker et al, 2009). In addition, the ATM-

dependent DDR affects transcription, metabolism, apoptosis, and repair, and 

many of its downstream effects are dependent on p53 activation by Chk2 (Figure 
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Figure 1.1 DNA damage checkpoints 
(A) DNA damage checkpoints in mammalian cells. (B) DNA damage checkpoints 

in S. cerevisiae. 
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Figure 1.2 DNA damage signalling pathways 
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(A) The mammalian ATM/ATR-dependent DDR signalling pathways. ATR is 

activated by ssDNA and signals to Chk1 to activate the G2/M checkpoint. ATM is 

activated by DSBs and signals to Chk2 to activate the G1/S and intra-S 

checkpoints as well as apoptosis through multiple mechanisms, many of which 

are p53-dependent. In addition, crosstalk between the ATR/Chk1 and ATM/Chk2 

pathways exists. (B) The Mec1/Tel1-dependent DDR signalling pathway in S. 

cerevisiae. DNA end resection of DSBs activates Mec1, while unresected ends 

can activate Tel1. Tel1 and Mec1 phosphorylate H2A to promote DNA repair and 

checkpoint maintenance. Rad9 promotes activation of Rad53 and Chk1 by Mec1 

and its binding partner Ddc2. Chk1 activates the G2/M checkpoint, while Rad53 

is involved in the G1/S, intra-S, and G2/M checkpoints. 
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1.2 A) (Chehab et al, 1999; 2000; Kurz & Lees-Miller, 2004). Less is known about 

the intra-S checkpoint, however, this checkpoint is known to involve Chk1 and 

Chk2-dependent phosphorylation of Cdc25A and ATM-dependent 

phosphorylation of the Nijmegen breakage syndrome protein 1 (Nbs1), structural 

maintenance of chromosome protein 1 (SMC1), and breast cancer susceptibility 

protein 1 (BRCA1) (Bartek et al, 2004, Kurz & Lees-Miller, 2004; Finn et al, 

2012). 

One of the earliest events in the DDR is phosphorylation of the histone 

H2A variant, H2AX, at serine 139 by ATM to form γ-H2AX (Figure 1.3) (Rogakou 

et al, 1998; Burma et al, 2001; Ciccia & Elledge, 2010; Lukas et al, 2011). Under 

certain conditions, the related PIKKs, ATR and the DNA-dependent protein 

kinase (DNA-PK) can also phosphorylate H2AX (Ward & Chen, 2001; Stiff et al, 

2004, Douglas et al, 2010). γ-H2AX acts as a docking site for mediator of DNA 

damage checkpoint protein 1 (MDC1) (Stewart et al, 2003; Stucki et al, 2005). 

Binding of MDC1 also requires dephosphorylation of a nearby residue, tyrosine 

142, on H2AX (Xiao et al, 2008). MDC1 recruits the Mre11-Rad50-Nbs1 (MRN) 

complex to DSBs through its interaction with Nbs1 (Lukas et al, 2004b; Chapman 

& Jackson, 2008; Wu et al, 2008b). Recruitment and activation of ATM is 

dependent on DSB detection by the Mre11-Rad50-Nbs1 (MRN) complex, and 

stabilization of ATM at the DSBs by MRN is mediated by a direct interaction 

between Nbs1 and ATM (Falck et al, 2005; You et al, 2005). Enrichment of ATM 

at DSBs allows for γ-H2AX amplification over large distances (1-2 MB) adjacent 

to the break, creating nuclear γ-H2AX foci that are visible by immunofluorescence 
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Figure 1.3 The mammalian DDR 
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The DDR involves ATM-dependent phosphorylation events, RNF8/RNF168-

dependent histone ubiquitination events, and PIAS1/4-dependent sumoylation 

events, as well as PARP-mediated poly-ADP-ribosylation (PAR-ylation) of 

histones and chromatin remodellers, and Tip60-mediated acetylation of histones 

and ATM. PARP activity is stimulated by DNA damage and results in chromatin 

changes that promote the DDR and inhibit transcription. Phosphorylation of 

histone H2AX by ATM early in the DDR allows for MDC1 recruitment. 

Phosphorylation of MDC1 by ATM allows for its interaction with RNF8. RNF8 

initiates ubiquitination of histones H2A and H2AX that is enhanced by RNF168. 

These upstream events eventually lead to 53BP1 and BRCA1 recruitment and 

checkpoint activation. Recruitment of RNF168, BRCA1, and 53BP1 is stimulated 

by PIAS1/4-dependent sumoylation. 

  



  

 12 

to the break, creating nuclear γ-H2AX foci that are visible by immunofluorescence 

(Ciccia & Elledge, 2010; Lukas et al, 2011).  

ATM also phosphorylates MDC1 to create docking sites for the ubiquitin 

ligase RNF8 (Huen et al, 2007; Kolas et al, 2007; Mailand et al, 2007; Wang & 

Elledge, 2007). RNF8 initiates an ubiquitin cascade that is amplified by RNF168 

(Stewart et al, 2009). These enzymes catalyze K63-linked ubiquitin chains on 

histones H2A and H2AX and are necessary for BRCA1 and 53BP1 recruitment 

(Huen et al, 2007; Kolas et al, 2007; Mailand et al, 2007; Stewart et al, 2007; 

Wang & Elledge, 2007, Stewart et al, 2009). BRCA1 is an E3 ubiquitin ligase that 

may alter the ubiquitin code at DSBs, however, its substrates remain unknown 

(Lukas et al, 2011). Phosphorylation and sumoylation of another ubiquitin ligase, 

HERC2, is required for its interaction with the forkhead-associated (FHA) domain 

of RNF8, which stabilizes the RNF8-UBC13 complex and further enhances the 

ubiquitination signal at DSBs (Bekker-Jensen et al, 2010; Danielsen et al, 2012). 

Rap80 binds to ubiquitin chains and recruits BRCA1-BRCC36 (Kim et al, 2007; 

Sobhian et al, 2007; Yan et al, 2007). The ubiquitin cascade is limited by 

deubiquitinating enzymes (DUBs), such as BRCC36 and a novel DUB, OTUB1, 

which acts on UBC13 (Shao et al, 2009; Nakada et al, 2010).  

53BP1 binds to constitutively methylated histones, H4K20me2 and 

H3K79me2 (Huyen et al, 2004; Botuyan et al, 2006). The RNF8/RNF168 

ubiquitin cascade is thought to alter the chromatin structure and expose 

methylated histones for binding by the Tudor domains of 53BP1 (Ciccia & 

Elledge, 2010; Polo & Jackson, 2011; Luijsterburg & van Attikum, 2012). 
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In addition to the phosphorylation and ubiquitination events discussed 

above, sumoylation and acetylation also play important roles in the DDR. For 

example, the NuA4 complex is recruited to DSBs and acetylates both histones 

and ATM. Acetylation of ATM by the Tip60 component of the NuA4 complex 

enhances ATM kinase activity, while acetylation of chromatin components may 

alter the chromatin environment to promote repair and attenuate γ-H2AX (Kusch 

et al, 2004; Murr et al, 2006; Ikura et al, 2007; Sun et al, 2007; Jha et al, 2008). 

Histone deacetylases are also recruited to damaged chromatin and promote the 

DDR and nonhomologous end-joining (NHEJ) (Kao et al, 2003; Miller et al, 

2010). Moreover, the SUMO ligases PIAS1/4 are required for an efficient DDR 

(Galanty et al, 2009; Morris et al, 2009; Danielsen et al, 2012). Thus, the 

chromatin modifications that occur at damage sites appear to be complex and 

dynamic. 

The DDR seems to be regulated by the pre-existing chromatin structure. 

While more accessible chromatin conformations promote the DDR, more closed 

conformations impair the response. DSBR in heterochromatic regions has an 

additional requirement for the chromatin modifying protein KAP1 that is 

phosphorylated by ATM (Goodarzi et al, 2008). Phosphorylation of KAP1 

prevents its interaction with the chromatin remodeller CHD3 and promotes 

chromatin relaxation that is thought to allow for repair (Goodarzi et al, 2011). 

In addition to the chromatin modifications discussed above, PAR-ylation 

has also been implicated in the DDR and may modify chromatin to repress 

transcription at damage sites through the recruitment of chromatin remodellers 
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and the aprataxin and PNKP-like factor (APLF), which in addition to its nuclease 

activity is a histone chaperone (Ahel et al, 2008; 2009; Li et al, 2011; Lukas et al, 

2011; Mehrotra et al, 2011; Rulten et al, 2011). Moreover, poly(ADP-ribose) 

polymerase 1 (PARP1) is responsible for early MRN recruitment to DSBs that is 

independent of γ-H2AX and MDC1, and it promotes ATM activation, placing 

PAR-ylation as one of the first events in the DDR (Haince et al, 2007; 2008). 

Finally, restriction and termination of the DDR is critical for genomic 

stability. Dephosphorylation of γ-H2AX correlates with DSBR and is a key step in 

reversing the DDR to allow cells to re-enter the cell cycle (Lukas et al, 2011). 

Several different protein phosphatases have been implicated in the 

dephosphorylation of γ-H2AX and in multiple other aspects of the DDR (Nazarov 

et al, 2003; Chowdhury et al, 2005; Keogh et al, 2006; Chowdhury et al, 2008; 

Nakada et al, 2008; Macůrek et al, 2010). As discussed above, deubiquitinating 

and deacetylating enzymes have also been linked to the DDR. However, the 

events resulting in chromatin restoration to its state prior to DNA damage are 

unclear (Ciccia & Elledge, 2010; Lukas et al, 2011). 

 

1.2.2 The DDR in S. cerevisiae 

Similar to the mammalian DDR, DNA damage in yeast can lead to activation of 

three different DNA damage checkpoints (Figure 1.1 B).  The G1/S checkpoint 

halts the cell cycle prior to START, at which time the cell has reached a critical 

size and becomes committed to entering S phase (Finn et al, 2012). This 

checkpoint also postpones bud formation and duplication of the spindle pole 
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body. The G1/S checkpoint is not activated by all forms of DNA damage. For 

example, alkylated DNA escapes recognition until S phase when passage of the 

replication fork creates DNA strand breaks that activate the intra-S phase 

checkpoint (Finn et al, 2012). 

In S. cerevisiae, S phase is monitored by two different, but partially 

overlapping checkpoints: the intra-S checkpoint that responds to DNA damage 

and the replication checkpoint that responds to replication stress. The intra-S 

checkpoint slows S phase and its primary functions are to inhibit the activation of 

late firing origins of replication and to stabilize replication forks, thereby 

preventing DSB formation (Finn et al, 2012). 

 The final checkpoint in S. cerevisiae controls the metaphase to anaphase 

transition.  The G2/M phase transition is not a distinct transition in S. cerevisiae 

and mitotic events in vertebrates such as spindle pole body duplication and 

spindle formation begin during late G1/early-S phase and late S/early-G2 phase, 

respectively (Fantes & Beggs, 2000; Finn et al, 2012). Thus, it is the transition 

from metaphase to anaphase that is the critical transition in S. cerevisiae, and 

the G2/M checkpoint functions to prevent sister chromatid separation and mitotic 

exit (Finn et al, 2012). 

The DDR is conserved in yeast and the major DDR factors in S. cerevisiae 

and their human homologs are shown in Table 1.2 (Harrison & Haber, 2006; Finn 

et al, 2012). The major sensor kinases involved in DNA damage signalling in S. 

cerevisiae are the PIKKs Mec1 and Tel1, with Mec1 being the most important. 

DSBs are initially sensed and bound by the Mre11/Rad50/Xrs2 (MRX) complex
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Table 1.2 DDR factors in S. cerevisiae and their structural/functional 
homologs in H. sapiens 
S. cerevisiae H. sapiens Function/Description 
Mec1-Ddc2 ATR-ATRIP PIKK complex; damage sensing and signal 

transduction 
Tel1 ATM PIKK; damage sensing and signal 

transduction 
Mre11-Rad50-
Xrs2 

Mre11-Rad50-
Nbs1 

DSB sensing; initiation of end resection; 
DNA repair 

Rad9 53BP1; MDC1, 
BRCA1 

Scaffold protein; activation of Rad53 and 
Chk1 

Rad53 Chk2 Primary effector kinase; DNA damage 
checkpoint activation 

Chk1 Chk1 Effector kinase; DNA damage checkpoint 
activation 

 

 

 

(Harrison & Haber, 2006).  In addition to its role in the DDR, MRX also functions 

in the homologous recombination (HR) and NHEJ repair pathways (Finn et al, 

2012).  

Similar to the stabilization of ATM at DSBs by MRN and the subsequent 

extensive ATM-dependent γH2AX formation in mammalian cells (Falck et al, 

2005), binding of MRX to DSBs in S. cerevisiae initiates the DDR through the 

recruitment and activation of Tel1 (Nakada et al, 2003), which together with Mec1 

phosphorylates histone H2A at S129 (γ-H2A) (Downs et al, 2000; Shroff et al, 

2004). Also similar to the mammalian DDR, where 53BP1 binds methylated 

histone H3K79 (Huyen et al, 2004) and MDC1 binds γ-H2AX (Stewart et al, 2003; 

Stucki et al, 2005), is the recruitment of the adaptor protein Rad9, which 

promotes Chk1 and Rad53 activation (Sun et al, 1998; Furuya et al, 2004), to 
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methylated histone H3K79 and/or γ-H2A (Toh et al, 2006; Hammet et al, 2007). 

However, while important roles for additional post-translational modifications (i.e. 

ubiquitination and sumoylation) have been uncovered in the mammalian DDR 

over the past several years, little is known about the involvement of similar 

modifications in S. cerevisiae DDR. 

Due to the prevalence of DNA end resection, which creates ssDNA at 

break sites that activates Mec1, checkpoint signalling in response to DSBs is 

primarily Mec1-dependent (Figure 1.2 B) (Harrison & Haber, 2006; Finn et al, 

2012). Mec1 activates the effector kinases Rad53 and Chk1 that together 

regulate transcription, DNA repair, and cell cycle progression upon DNA damage. 

Rad53 is the primary effector kinase and is involved in the G1/S checkpoint, the 

intra-S checkpoint, and the G2/M checkpoint (Harrison & Haber, 2006; Finn et al, 

2012). At the G1/S checkpoint, Rad53 phosphorylates Swi6 that is part of the 

transcription factor required for G1/S cyclin expression (Finn et al, 2012). Rad53-

dependent phosphorylation also leads indirectly to downstream activation of the 

transcription factor Gcn4 that functions in the G1/S checkpoint (Finn et al, 2012).  

At the intra-S checkpoint, Rad53 promotes replication fork stability and 

inhibits late firing replication origins (Finn et al, 2012). Rad53 also activates the 

checkpoint kinase Dun1. Dun1 regulates the expression of DNA damage 

inducible genes, including several for ribonucleotide reductase (RNR). Dun1 and 

Rad53 also regulate RNR activity through additional mechanisms, including 

phosphorylation of the RNR inhibitor Sml1 (Harrison & Haber, 2006; Finn et al, 

2012; Sanvisens et al, 2013). The regulation of RNR is an important mechanism 
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through which yeast respond to genotoxic stress (Chabes et al, 2003; Shen et al, 

2007). A detailed discussion of RNR regulation and the link between dNTPs and 

genomic stability in S. cerevisiae is presented in Chapter 4.  

At the G2/M (metaphase-anaphase) checkpoint Rad53-dependent 

phosphorylation stabilizes Pds1 by preventing its degradation by the anaphase 

promoting complex (APC) (Harrison & Haber, 2006; Finn et al, 2012). Chk1 also 

promotes Pds1 stability to ensure maintenance of sister chromatid cohesion, and 

Rad53-dependent phosphorylation inhibits mitotic exit by inactivating Cdc5, 

which normally functions to degrade mitotic cyclins (Harrison & Haber, 2006; 

Finn et al, 2012). 

 

1.3 DNA repair pathways 

Due to the importance of maintaining genomic stability, it is not surprising that the 

cell has developed multiple pathways capable of repairing the diverse forms of 

DNA damage that can occur within the cell. Pathways for the repair of base pair 

mismatches, base damage and loss, intra- and interstrand crosslinks (ICLs), 

SSBs, and DSBs exist within the cell (Figure 1.4). Defects in many of these 

pathways lead to phenotypes that often include cancer predisposition, 

neurodegeneration, and developmental defects, highlighting the importance of 

these processes in the repair of endogenous DNA damage and for normal 

cellular functioning (Nahas & Gatti, 2009; Lehmann & O'Driscoll, 2010).  

The simplest type of DNA repair is the direct repair of O6 methylguanine 

residues by the O6 methylguanine DNA methytransferase (Curtin, 2012). Other
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Figure 1.4 DNA repair pathways 
Mammalian cells contain specialized pathways for the repair of diverse forms of 

DNA damage. These pathways include BER, MMR, NER, SSBR, DSBR (HR, 

NHEJ, SSA, alt-NHEJ) and ICL repair. Pentagons represent nucleotide bases, 

with a proper base pair containing a red and green pentagon. The green circle is 

a damaged base and the black pentagon is a mismatched base. The black star 

indicates a bulky nucleotide adduct. 
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types of damage require the coordinated action of several enzymes organized 

into more complex repair pathways (Figure 1.4). Point mutations that escape 

recognition by DNA polymerase proofreading activity and small

insertion/deletion loops created upon DNA polymerase slippage during 

replication can be resolved by the mismatch repair pathway (MMR) (Dexheimer, 

2012). Base excision repair (BER) removes damaged bases, including those that 

have been alkylated, deaminated/depurinated, or oxidized but that do not 

significantly distort the DNA double-helix (Dexheimer, 2012). Bulky DNA base 

lesions that distort the DNA double-helix are removed and repaired by the 

nucleotide excision repair (NER) pathway, which involves the removal and 

resynthesis of larger sections of DNA. SSBs are repaired in essentially the same 

way as base lesions using a BER pathway lacking the first DNA glycosylase-

dependent base removal step. The DNA ends at SSBs are first processed to 

restore ligatable 5’-phosphate and 3’-hydroxyl groups, any nucleotide gaps are 

filled in, and the DNA ends are ligated (Hegde et al, 2012). Interstrand crosslink 

(ICL) repair is coupled to replication and involves aspects of the NER, 

translesional synthesis (TLS), and HR pathways to disconnect the crosslink, 

resynthesize the DNA, and remove the lesion (Deans & West, 2011; Crossan & 

Patel, 2012).  

DSBs are the most detrimental DNA lesions in the cell, and in some cases 

a single unrepaired DSB can lead to cell death (Bennett et al, 1993; 1996). 

Inefficient repair or misrepair of DSBs is a source of genomic instability and can 

lead to loss of genetic information and translocations (van Gent et al, 2001). 
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Consequently, the cell has evolved several pathways capable of repairing DSBs 

(Figure 1.4). These pathways include HR, single-strand annealing (SSA), NHEJ, 

and the alternative NHEJ (alt-NHEJ) pathways and are discussed in detail below. 

 

1.4 Double-strand break repair 

1.4.1 Homologous recombination 

HR requires a homologous donor sequence for repair of DNA DSBs. This 

requirement limits HR to late S and G2 phases of the cell cycle, when a 

homologous sister chromatid is available (Jackson, 2002). In addition to repairing 

unwanted DSBs in the cell, HR is also required for normal meiosis (Richardson et 

al, 2004). HR is generally considered an error-free DSBR pathway, however, use 

of homologous sequences on the sister chromosome can lead to loss of 

heterozygosity, and the use of homologous sequences at different loci on either 

the sister chromatid or on other chromosomes can lead to duplications or 

deletions (Ferguson & Alt, 2001). Thus, donor sequence choice and overall 

levels of HR must be tightly regulated to prevent excessive recombination and 

chromosomal rearrangements (Karpenshif & Bernstein, 2012) 

The HR pathway is conserved in yeast and mammals (Figure 1.5) 

(Jackson, 2002; Lisby & Rothstein, 2009). HR is initiated by DNA end resection 

that produces ssDNA to which RPA binds (van Gent et al, 2001; Karpenshif & 

Bernstein, 2012). In mammalian cells, with the help of BRCA2 and Rad52, 

Rad51 displaces RPA and forms filaments capable of homology search and 

strand invasion (Karpenshif & Bernstein, 2012). In addition, several other RAD51 
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Figure 1.5 Homologous recombination repair 
End resection initiates HR and allows for strand invasion and D-loop formation. 

Single strand invasion leads to synthesis-dependent strand annealing, while 

invasion of both strands leads to double HJ formation. The double HJ can be 

dissolved to give synthesis-dependent strand annealing or resolved in one of two 

manners to give either crossover or non-crossover products. 
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paralogs – Rad51B, Rad51C, Rad51D, XRCC2, and XRCC3 are also required 

for Rad51 to form nuclear foci (van Gent et al, 2001). Upon finding a homologous 

template sequence, the Rad51 filaments displace the opposite DNA strand to 

form a D-loop (Karpenshif & Bernstein, 2012). A DNA polymerase can use the 

template strand to synthesize DNA at the broken end. The extended DNA strand 

can then disengage from the donor sequence, reanneal to its original partner, 

and be used as a template for resynthesis in a process termed synthesis-

dependent strand annealing (Figure 1.5) (Kass & Jasin, 2010; Karpenshif & 

Bernstein, 2012). Alternatively, the other damaged DNA strand can anneal to the 

opposite strand of the donor sequence to form a double Holliday junction (HJ) 

and can be extended similarly to the first invading DNA strand. Simple 

disengagement of the extended DNA strands with their templates leads to a non-

crossover event. However, if the HJ is resolved in such a way that DNA is 

exchanged between the invading strands and the donor strands a crossover 

event occurs (Figure 1.5) (Kass & Jasin, 2010; Karpenshif & Bernstein, 2012). 

 

1.4.1.1 Single-strand annealing  

SSA is a form of homology-directed repair that joins short direct repeat 

sequences at sites distal to the DSB (Figure 1.6) (Helleday et al, 2007). This form 

of repair, consequently, leads to deletion of the intervening DNA sequence and 

loss of one of the repeat sequences. This can result in deletions ranging from 

several nucleotides to more than 100 nucleotides in length (Valerie & Povirk, 

2003). The precise factors involved in SSA remain unknown, however SSA is 
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Figure 1.6 SSA pathway 
SSA occurs between pairs of direct repeats. End resection removes one copy of 

the repeat and allows the homologous sequences on opposite strands (grey and 

yellow boxes) to anneal. DNA flaps are cleaved and gaps filled allowing for 

ligation of the DNA ends. 
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known to be a Rad51-independent, Rad52-dependent pathway that requires 

exonuclease activity to create ssDNA (Valerie & Povirk, 2003; Helleday et al, 

2007). Rad52 promotes annealing of the homologous sequences, while the MRN 

complex may function as the exonuclease. ERCC1/XPF is thought to cleave the 

overhanging DNA ends following annealing of the repeats. Gap filling by DNA 

polymerase and ligation completes the repair (Valerie & Povirk, 2003).  

In S. cerevisiae, the Srs2 helicase is recruited to damaged DNA by the 

NHEJ factor Nej1 (Carter et al, 2009). Srs2 promotes SSA and prevents HR by 

dismantling Rad51 filaments (Krejci et al, 2003; Veaute et al, 2003). Although 

potential functional paralogs of Srs2 exist in mammalian cells, a similar negative 

regulator of Rad51 filament formation has not be conclusively established 

(Karpenshif & Bernstein, 2012). 

 

1.4.2 Nonhomologous end-joining 

NHEJ functions throughout the cell cycle and is the primary DSBR pathway in G1 

phase when a homologous template is unavailable. In mammalian cells, the 

classical NHEJ pathway involves the core components: Ku70/80, the DNA-

dependent protein kinase catalytic subunit (DNA-PKcs), X-ray repair cross-

complementing protein 4 (XRCC4)-DNA ligase IV, and the XRCC4-like factor 

(XLF) (Mahaney et al, 2009; Lieber, 2010). The core NHEJ pathway is conserved 

in S. cerevisiae with the exception of DNA-PKcs and the additional requirement 

for the MRX complex, which may function similarly to DNA-PKcs in end synapsis 

(Daley et al, 2005a). NHEJ in S. cerevisiae will be discussed in detail in Chapter 
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3. In addition to the core complex, numerous end processing factors are also 

involved in NHEJ depending on the precise type of DNA lesion (Mahaney et al, 

2009). 

NHEJ is composed of three main steps: detection, processing, and ligation 

(Figure 1.7) (Mahaney et al, 2009). First, double-stranded DNA (dsDNA) ends 

are detected and bound by the Ku70/80 heterodimer. This allows for recruitment 

of DNA-PKcs and formation of the DNA-PK holoenzyme (Ku70/80-DNA-Pkcs). 

DNA-PK kinase activity and autophosphorylation are required for efficient NHEJ, 

and both Ku and DNA-PKcs have been implicated in DNA end synapsis. DNA-

PKcs interacts with, and activates, the Artemis endonuclease in vitro. Artemis,

polynucleotide kinase/phosphatase (PNKP), various DNA polymerases such as 

Pol mu and lambda, and other end processing enzymes may act on non-ligatable 

DNA ends in the second step of NHEJ to restore 5’-phosphate and 3’-hydroxyl 

groups suitable for end ligation (Mahaney et al, 2009). Although the kinase 

activity of DNA-PKcs is required for NHEJ and DNA-PKcs has been shown to 

phosphorylate many DNA repair proteins in vitro, the only known functionally 

relevant DNA-PK mediated phosphorylation event in NHEJ to date is the 

autophosphorylation of DNA-PKcs itself (Meek et al, 2008; Mahaney et al, 2009; 

Dobbs et al, 2010). 

In the final step, the XRCC4-DNA ligase IV complex ligates the DNA ends 

together. The activity of the XRCC4-DNA ligase IV complex is stimulated by XLF, 

which is the focus of Chapter 2 (Gu et al, 2007; Lu et al, 2007; Riballo et al, 

2009; Chen & Tomkinson, 2011). Although the major players in the NHEJ 
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Figure 1.7 NHEJ pathway in mammals 
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There are three main steps in the NHEJ pathway: 1) end detection by Ku70/80, 

2) end processing by various endo/exonucleases and DNA polymerases, and 3) 

ligation by the XLF-XRCC4-DNA ligase IV complex. In addition, DNA-PKcs is 

required for NHEJ in mammalian cells.  

 

 

 

pathway are known, the precise sequence of events remains unknown and may 

differ depending on the precise end processing requirements of each break 

(Mahaney et al, 2009).  

Although inherently error-prone, NHEJ may prevent large deletions at the 

break junctions by efficiently religating DNA ends and restricting end resection 

(Boboila et al, 2012). In mammalian cells, the potential for small insertions and 

deletions arising from NHEJ may be an acceptable compromise, given the vast 

amount of intergenic DNA, as well as the difficulty in finding a homologous 

sequence within the context of higher order chromatin and repetitive DNA 

sequences for use in HR (Lieber et al, 2003). 

 
1.4.2.1 Alt-NHEJ 

Alt-NHEJ has been observed in both yeast and mammalian cells lacking core 

components of the NHEJ pathway such as Ku70/80, DNA-PKcs, or XRCC4-DNA 

ligase IV (Boulton & Jackson, 1996a; Kabotyanski et al, 1998). The alt-NHEJ 

pathway is generally thought to depend on DNA ligase III and XRCC1 (Audebert 
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et al, 2004; Wang et al, 2005), however, recent data suggests that DNA Ligase I 

may also support alt-NHEJ and that XRCC1 is not absolutely required for all alt-

NHEJ (Boboila et al, 2012). When Ku70 or DNA-PKcs are absent alt-NHEJ also 

involves PARP1 (Audebert et al, 2004; Wang et al, 2005). However, in some 

cases, such as CSR in XRCC4 or DNA ligase IV-deficient cells, alt-NHEJ can 

also depend on Ku (Boboila et al, 2012). In other situations, Ku appears to impair 

alt-NHEJ, possibly by blocking access of necessary end processing enzymes to 

the DNA ends (Boboila et al, 2012). The end processing enzymes Mre11 and 

CtIP have also been implicated in some forms of alt-NHEJ (Xie et al, 2009; Lee-

Theilen et al, 2010; Zhang & Jasin, 2010). 

In many cases alt-NHEJ uses short microhomologies to mediate end-

joining. Consequently, it has also been referred to as microhomology-mediated 

end-joining (MMEJ). However, the requirement for microhomologies is not 

absolute, and whether the MMEJ pathway is the same as the alt-NHEJ pathway 

is unknown. Thus, at this point the term alt-NHEJ is used to encompass any end-

joining in the absence of the classical NHEJ pathway (Boboila et al, 2012). 

 

1.4.2.2 Regulation of NHEJ 

Recent work has begun to uncover some of the processes regulating NHEJ. For 

example, how Ku is removed from the DNA ends has remained a mystery, but 

new evidence suggests it may involve ubiquitination, PARP, and/or nuclease 

activity. The ubiquitin ligase RNF8 was found to regulate Ku levels at laser-

induced DSBs and knockdown of RNF8 impaired NHEJ (Feng & Chen, 2012). In 
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S. pombe, Ctp1 and the nuclease activity of Mre11 were shown to aid in Ku 

removal (Langerak et al, 2011), and in Dictyostelium discoideum, PARP activity 

was found to promote NHEJ by maintaining Ku at the breaks (Couto et al, 2011). 

However, other data from DT40 and mammalian cells suggests a role for PARP1 

in alt-NHEJ and in the promotion of HR by blocking Ku recruitment at DSBs 

(Hochegger et al, 2006; Wang et al, 2006). 

Histone methylation has also been shown to regulate NHEJ. The histone 

methyltransferase Metnase and the histone demethylase JHDM1a inversely 

regulate histone H3K36 dimethylation (H3K36me2). This histone mark promotes 

recruitment of Ku and Nbs1 to DSBs, and knockdown of Metnase impairs NHEJ 

(Lee, 2005; Fnu et al, 2011).  

Phosphorylation of DNA-PKcs also appears to regulate NHEJ and HR. 

Cells expressing a mutant form of DNA-PKcs that is unable to be phosphorylated 

at a cluster of phosphorylation sites between T2609 and T2647 (ABCDE cluster) 

display more radiosensitivity than cells without DNA-PKcs (Ding et al, 2003; Cui 

et al, 2005). Autophosphorylation of DNA-PKcs results in a conformational 

change in the kinase that is thought to cause its release from DNA ends (and a 

subsequent loss of kinase activity) that allows for end processing and efficient 

repair (Chan & Lees-Miller, 1996; Ding et al, 2003; Reddy et al, 2004; Cui et al, 

2005; Dobbs et al, 2010; Hammel et al, 2010b). While phosphorylation of the 

ABCDE cluster promotes end processing, phosphorylation at residues between 

S2023 and S2056 (PQR cluster) prevents end processing (Cui et al, 2005). 

Consequently, it is thought that an inability to undergo autophosphorylation, at 
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least at the ABCDE cluster, results in stable association of DNA-PKcs at DSBs 

and inhibition of not only NHEJ but also HR (Cui et al, 2005; Zhang et al, 2011). 

In addition, phosphorylation of DNA-PKcs at T3950 in the kinase activation loop, 

or on residues T946 and S1004, promotes HR and inhibits NHEJ (Neal et al, 

2011). However, additional DNA-PK-dependent phosphorylation events, of either 

itself or other substrates, are also required to actively inhibit HR (Neal et al, 

2011). 

APLF is an endo/exonuclease that accelerates DSBR at early times 

following IR (Iles et al, 2007; Li et al, 2011; Rulten et al, 2011; Grundy et al, 

2013). This effect may be mediated through its stabilization of the core NHEJ 

complex at DSBs and/or the induction of chromatin alterations (Mehrotra et al, 

2011; Rulten et al, 2011; Grundy et al, 2013). APLF interacts with casein kinase 

2 (CK2) phosphorylated XRCC4 and is recruited to DSBs through an interaction 

between a hydrophobic motif in APLF and the von Willebrand (vWa) domain of 

Ku80 (Iles et al, 2007; Macrae et al, 2008; Grundy et al, 2013) and an interaction 

between its C-terminal zinc finger motif and PAR (Iles et al, 2007; Eustermann et 

al, 2010; Li et al, 2010; Rulten et al, 2011). APLF aids in XLF and XRCC4-DNA 

ligase IV association with DNA ends in vitro and XRCC4-DNA ligase IV 

association with chromatin in vivo (Rulten et al, 2011; Grundy et al, 2013). APLF 

deficiency leads to a delay in DSBR, defects in end-joining of non-compatible 

ends, and a bias towards microhomology based end-joining in CSR (Iles et al, 

2007; Li et al, 2011; Rulten et al, 2011; Grundy et al, 2013). APLF is also 

phosphorylated at S116 in an ATM- and PARP3-dependent manner, and this 
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phosphorylation is required for efficient DSBR in vivo (Fenton et al, 2013). This is 

consistent with the initial observation that PARP3 and APLF accelerate DSBR 

(Rulten et al, 2011). 

Although the major factors involved in the core NHEJ pathway appear to 

be identified, it is clear that the regulation of NHEJ by other factors and the 

effects of chromatin on NHEJ are only beginning to be explored. Additional 

modes of regulation and subpathways of repair will almost certainly be unveiled 

in the coming years. 

 

1.4.3 Pathway choice 

While NHEJ can function throughout the cell cycle, HR is limited to S/G2 phases. 

DNA end resection is the primary step where the choice between HR and NHEJ 

is regulated (Symington & Gautier, 2011; Chapman et al, 2012b). End resection 

promotes HR and is activated in S/G2 phases by CDK-dependent 

phosphorylation of the DNA exonucleases CtIP and Sae2 in vertebrates and S. 

cerevisiae, respectively (Huertas et al, 2008; Huertas & Jackson, 2009).  

In mammalian cells, 53BP1 is an important regulator of pathway choice and 

promotes NHEJ while inhibiting HR (Chapman et al, 2012b). BRCA1 appears to 

counteract 53BP1 activity during S phase to allow for HR, possibly by preventing 

53BP1 association with damaged chromatin (Chapman et al, 2012a). Recent 

evidence suggests that Rif1 functions downstream of 53BP1 to inhibit end 

resection and that its recruitment is negatively regulated by BRCA1 (Chapman et 

al, 2013; Di Virgilio et al, 2013; Feng et al, 2013; Zimmermann et al, 2013). 
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Although the precise mechanisms by which 53BP1 and BRCA1 regulate NHEJ 

and HR are unclear, they are clearly linked. 

 

1.5 DSBs in the immune system 

Many of the chromosomal translocations observed in cancers of the immune 

system arise from defects in either V(D)J recombination or CSR (Alt et al, 2013). 

Both V(D)J and CSR involve the regulated creation of DSBs. The normal immune 

response depends on antibody diversification. The generation of a 

heterogeneous B cell population in which each B cell contains a unique B cell 

receptor (BCR) is achieved through the process of V(D)J recombination. Upon 

activation by antigen, BCRs undergo further modifications involving SHM of the 

variable regions to increase antigen affinity and CSR at the heavy chain constant 

region (CH) to change the antibody class from the initial IgM class (Boboila et al, 

2012). BCRs are secreted by mature B cells as antibodies that recognize and 

bind the antigen. The downstream effects of antibody recognition are dependent 

on the class of antibody. A similar V(D)J-dependent diversification process 

occurs in T cell receptors (TCRs) during thymocyte development (Boboila et al, 

2012). 

 

1.5.1 V(D)J recombination 

BCRs are composed of two identical heavy chains (IgH) and two identical light 

chains (IgL) (Boboila et al, 2012). The N-terminal regions of IgH and IgL contain 

a variable region followed by a C-terminal constant region that determines the 
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effector class of the antibody (IgM, IgG1, IgG2a, IgG2b, IgG3, IgE or IgA). 

Transcription initiates at the variable region and continues through the constant 

region (Boboila et al, 2012). The variable regions of both BCRs and TCRs 

contain V (variable), D (diversity), and J (joining) gene segments that are 

recombined in various combinations during immune system development to 

create unique recognition modules capable of antigen recognition (Figure 1.8 A) 

(Davis & Bjorkman, 1988; Boboila et al, 2012). 

V(D)J recombination is initiated by the lymphocyte specific recombination 

activating gene (RAG) endonuclease, composed of RAG1 and RAG2, that

creates DSBs at recombination signal sequences (RSSs) near the V, D, and J 

regions. These DSBs are repaired by NHEJ to create the final BCR (Figure 1.8) 

(Boboila et al, 2012; Alt et al, 2013). TCRs have a similar structural organization 

and also undergo V(D)J recombination (Davis & Bjorkman, 1988). Both the 

timing and orientation of joining is highly regulated. V(D)J recombination occurs 

in G1 of the cell cycle, which ensures the use of the NHEJ pathway. The 

orientation of joining is controlled by the spacing of the RSSs, which are 

specifically recognized by the RAG endonucleases (Alt et al, 2013).  

RAG1/2 creates DSBs at RSSs found adjacent to coding segments. The 

induction of DSBs at two different coding segments leads to the formation of 

covalently sealed hairpin coding ends (CEs) and blunt 5’-phosphorylated signal 

ends (SEs). SEs are sequestered by RAG1/2 in a post-cleavage synaptic 

complex and are directly ligated by the core NHEJ pathway to form signal joins 

(SJs), while the CEs require processing by the Artemis endonuclease that is 



  

 35 

Figure 1.8 V(D)J recombination 
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(A) Simplified cartoon of V(D)J recombination. The RAG1/2 endonuclease 

initiates V(D)J recombination by creating DSBs at RSS sites within the V, D, and 

J segments. D-J segments are joined first, followed by V-DJ segments. Following 

V(D)J recombination, CSR and additional post-transcriptional processing occurs 

to remove the intervening sequence between the VDJ region and the constant 

region, thereby creating the final transcript. (B) RAG1/2 cleaves at signal 

sequences to create closed hairpin CEs and blunt-ended SEs. The SEs are 

maintained in the post-synaptic cleavage complex by RAG1/2 until their ligation 

by the NHEJ pathway. The CEs require processing by DNA-PKcs, Artemis, and 

TdT before ligation by NHEJ. ATM, 53BP1, DNA-PKcs, and H2AX have 

redundant roles with XLF in promoting V(D)J recombination. 
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activated by DNA-PKcs to form coding joins (CJs) (Figure 1.8 B) (Boboila et al, 

2012). Further antibody diversification arises during the processing of CEs, as 

small deletions or insertions can occur at the cleavage sites. For example, 

terminal deoxynucleotidyl transferase (TdT) can add non-template additions to 

the CJs (Boboila et al, 2012; Alt et al, 2013). Joining of both CEs and SEs relies 

on XRCC4-DNA ligase IV in wild-type (WT) cells, however in certain RAG2 

mutants, alt-NHEJ may be able to supplement (Figure 1.8 B) (Boboila et al, 

2012).  

Joining of the V, D, and J segments is a regulated process. D-J segments 

are first joined, followed by addition of the V segment to the DJ region (Figure 1.8 

A). V(D)J recombination at the IgH locus occurs in pro-B cells prior to that at the 

IgL locus, which occurs in pre-B cells. Additional regulatory mechanisms also 

exist and involve transcription, epigenetic modifications, and DNA looping (Alt et 

al, 2013). 

 

1.5.2 Somatic hypermutation and class switch recombination 

Following activation by antigen, further specification of mature B cells occurs by 

SHM. This process creates point mutations in the IgH and IgL variable regions to 

create more specific antigen recognition. Following V(D)J recombination, CSR 

acts to replace the IgH constant region with that of another class (Figure 1.9) 

(Chaudhuri et al, 2007). CSR and SHM are both initiated by the single-stranded 

DNA-specific activation-induced cytidine deaminase (AID) that deaminates 

deoxycytidine to deoxyuridine in specific regions undergoing transcription 
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Figure 1.9 CSR 
A simplified cartoon of CSR at the IgH locus. AID activity leads to DSBs at switch 

regions (circles). These DSBs are repaired by NHEJ, leading to excision of the 

intervening sequence. CSR leads to a change in antibody class from the initial 

IgM class, encoded by the Cµ region, to one of the other classes. Shown here is 

CSR leading to an IGg3 class of antibody. 
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(Chaudhuri et al, 2007; Alt et al, 2013). In CSR, deaminated cytosine residues at 

donor switch regions, which are repetitive 1-10 kb regions upstream of the CH 

regions (Cµ, Cσ, Cγ1, Cγ2b, Cγ3, Cγ2a, Cε, Cα) in the C-terminal region of the 

IgH locus, are processed to form DSBs. AID activity creates a second break in a 

downstream switch region that acts as the receptor site for rejoining of the V(D)J 

exon to the new CH region by NHEJ. By switching the initial Cµ region with a 

different type of CH region (i.e. Cγ1, Cγ2b etc.) different antibody isotypes are 

formed from the initial IgM isotype (Chaudhuri et al, 2007; Alt et al, 2013). Like 

V(D)J recombination, CSR occurs in G1 phase of the cell cycle, has an intrinsic 

directionality, and is tightly regulated. However, the mechanisms underlying the 

regulation of CSR are unclear (Alt et al, 2013). 

During SHM, AID activity also leads to DNA breaks, but these breaks are 

processed by BER and/or MMR to create point mutations in V(D)J exons. An 

increased density of AID recognition sites on both strands of DNA in the switch 

regions may lead to DSBs that are joined by NHEJ during CSR, while less 

frequent cut sites in the V(D)J exons might instead be processed by other 

pathways, leading to point mutations during SHM. However, the processes 

regulating SHM and limiting AID activity to the appropriate sites during SHM and 

CSR are unknown, but are likely to involve regulation of AID access by 

transcription (Alt et al, 2013). 
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1.5.3 The DDR and NHEJ during V(D)J recombination 

V(D)J recombination elicits an ATM-dependent DDR (Helmink & Sleckman, 

2012). Surprisingly, the downstream ATM targets 53BP1 and H2AX initially 

appeared to be dispensable for V(D)J recombination, however, recent data has 

uncovered functional redundancies with XLF (Zha et al, 2011; Liu et al, 2012; 

Oksenych et al, 2012). The mechanism underlying these redundancies is 

unknown and may involve either parallel pathways involved in end alignment or 

separate pathways impinging on different aspects of V(D)J recombination. 

Interestingly, ATM deficiency causes CEs to be released early from the post-

cleavage RAG synaptic complex, indicating a direct role for ATM in V(D)J 

recombination in addition to its role in the DDR (Bredemeyer et al, 2006).  

 Due to the central role of the NHEJ pathway in V(D)J recombination, 

deficiency in any of the core NHEJ components in mice or humans ablates 

mature T and B cells and gives rise to severe combined immunodeficiency 

(SCID) (Table 1.3) (Blunt et al, 1995; Nussenzweig et al, 1996; Gu et al, 1997; 

Frank et al, 1998; Gao et al, 1998b; Buck et al, 2006; Burg et al, 2009). In the 

case of DNA-PKcs, some low levels of V(D)J recombination can occur leading to 

a “leaky” SCID phenotype (Blunt et al, 1995). In the case of XLF, deficiency in 

patients leads to a SCID phenotype (Dai et al, 2003; Ahnesorg et al, 2006; Buck 

et al, 2006), and XLF deficiency affects V(D)J recombination in mouse embryonic 

fibroblasts (MEFs) and stem cells (MESs) (Zha et al, 2007, Li et al, 2008a), but 

has little effect on developing lymphocytes in mice due to the functional 
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redundancies of ATM, 53BP1, DNA-PKcs, and H2AX with XLF (Li et al, 2008a; 

Zha et al, 2011; Liu et al, 2012; Oksenych et al, 2012; 2013).  

 Deficiencies in XRCC4 or DNA ligase IV also lead to CSR defects, 

however, alt-NHEJ may be able to compensate for the NHEJ pathway in this 

process, as CSR still proceeds at approximately 50% of WT levels in the 

absence of NHEJ (Boboila et al, 2012). CSR defects are also observed in XLF-

deficient murine B cells (Li et al, 2008a; Zha et al, 2011). The role of XLF in 

NHEJ and the immune system will be discussed in detail in Chapter 2.  

 

1.5.4 Translocations in the immune system 

Defects in either V(D)J recombination or CSR can lead to chromosomal 

translocations observed in cancers (Gostissa et al, 2011; Robbiani & 

Nussenzweig, 2013), however, such translocations are rare due to cell cycle 

checkpoints and tight regulation of both the creation of DSBs in the immune 

system and their repair (Alt et al, 2013). Yet, defects do arise, and in the case of 

V(D)J they can lead to B or T cell acute lymphoblastic leukemia and B cell 

lymphomas (Gostissa et al, 2011; Robbiani & Nussenzweig, 2013).  

Defects in CSR typically result in translocations involving the IgH locus and 

are observed in B cell lymphomas, multiple myeloma, and Burkitt’s lymphoma in 

which the IgH locus is fused to the c-myc gene. In mice and humans, combined 

deficiencies in the NHEJ pathway and p53, or in the DDR (i.e. H2AX) and p53, 

lead to RAG-dependent pro-B cell lymphomas, while ATM deficiency alone 

predisposes to B and T cell lymphomas, presumably due to the role of ATM in 
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both the DDR and V(D)J recombination (Gostissa et al, 2011; Helmink & 

Sleckman, 2012; Alt et al, 2013). Translocations arising in the immune system 

are especially problematic because the IgH and TCR loci have regulatory 

elements capable of driving expression of fused oncogenes (Janz, 2006; Alt et al, 

2013). It is thought that translocations arising in the absence of NHEJ are 

mediated by alt-NHEJ, and that NHEJ acts to suppress translocations by 

promoting intrachromosomal rejoining, however a role for NHEJ in the formation 

of pathological translocations cannot be ruled out (Simsek & Jasin, 2010; Alt et 

al, 2013). 

 

1.6 NHEJ and the DDR in human disease 

Mutations in NHEJ factors and DSBR signalling pathways have been identified in 

patients. Defects in NHEJ generally lead to radiosensitivity, immunodeficiency, 

neurological defects, cancer predisposition, and defects in DSBR, although the 

precise phenotypes vary depending on the gene affected (Table 1.3) (Nahas & 

Gatti, 2009). In contrast, mutations in DDR factors often lead to additional cell 

cycle checkpoint defects and have little or no impact on DSBR (Lehmann & 

O'Driscoll, 2010). DDR factors found to be mutated in patients include ATM, 

Nbs1, Mre11, Rad50, and RNF168 (Nahas & Gatti, 2009).  

ATM mutations lead to ataxia telangiectasia (AT), which is characterized 

by immune deficiency, progressive cerebellar ataxia, telangiectasias, 

radiosensitivity, and predisposition to lymphomas and carcinomas (Lehmann & 

O'Driscoll, 2010). Cells from AT patients have defective DNA damage 
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checkpoints but only slight defects in DSBR that result from impaired DSBR in 

heterochromatin (Lavin & Shiloh, 1997; Goodarzi et al, 2008). Mre11 mutations 

lead to an AT-like disorder, while Nbs1 mutations lead to Nijmegen breakage 

syndrome (NBS) that includes microcephaly, mental retardation, immune 

deficiency, cancer predisposition, and checkpoint defects (McKinnon & 

Caldecott, 2007; Lehmann & O'Driscoll, 2010). A hypomorphic Rad50 mutation 

was identified in a single patient who displayed phenotypes similar to NBS 

patients (Nahas & Gatti, 2009; Waltes et al, 2009). Although mutations in ATM, 

Nbs1, and Mre11 lead to similar phenotypes, there are clear distinctions between 

the three diseases, particularly in terms of the neurological defects. AT-like 

patients display less severe neurodegeneration compared to AT patients, and 

NBS patients display microcephaly without associated neurodegeneration 

(McKinnon & Caldecott, 2007). Moreover, AT-like patients have more severe 

immune deficiencies compared to either NBS or AT patients and lack cancer 

predisposition. Although the number of patients with these disorders are small, 

mouse models confirm the predisposition to cancer in ATM and Nbs1 

deficiencies and its absence in Mre11 deficiency (McKinnon & Caldecott, 2007). 

In addition to mutations in ATM and the MRN complex, mutations in RNF168, 

which lies downstream of these complexes in the DDR, lead to RIDDLE 

syndrome that is characterized by moderate radiosensitivity, immune deficiency, 

and cell cycle checkpoint defects (Nahas & Gatti, 2009). 

Mutations have also been identified in the NHEJ factors DNA ligase IV, 

Artemis, XLF, and more recently DNA-PKcs. Mutations in Artemis lead to 
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radiosensitive SCID (RS-SCID). Most Artemis mutations are null mutations and 

lead to V(D)J recombination defects and predisposition to lymphomas (Lieber et 

al, 2003; McKinnon & Caldecott, 2007). In contrast to defects in other NHEJ 

factors, Artemis mutations do not lead to neurological defects. In mice, loss of 

DNA ligase IV is embryonic lethal due to neuronal apoptosis (Barnes et al, 1998; 

Frank et al, 1998; Gao et al, 1998b). Consistent with this, DNA ligase IV 

mutations are rare, hypomorphic, and lead to LIG4 syndrome (McKinnon & 

Caldecott, 2007). Mutations in the DNA binding domain, adenylation domain, or 

C-terminal BRCA1 C-terminal (BRCT) domains of DNA ligase IV lead to 

decreased ligase activity and, consequently, decreased NHEJ (McKinnon & 

Caldecott, 2007; Chistiakov et al, 2009). Other mutations lead to truncation of the 

protein and are essentially null alleles that occur heterozygously (Chistiakov et al, 

2009). These mutations either disrupt the catalytic domain of DNA ligase IV or 

truncate the XRCC4 binding domain of the ligase, thereby reducing ligase activity 

and stability, as these properties are both dependent on the interaction of DNA 

ligase IV with XRCC4 (Chistiakov et al, 2009). DNA ligase IV mutations result in 

radiosensitivity and SCID (Chistiakov et al, 2009; Dvorak & Cowan, 2010). In 

addition, LIG4 patients display pancytopenia, developmental defects, and 

microcephaly and may have a predisposition to leukemia (McKinnon & Caldecott, 

2007). LIG4 syndrome shares many similarities with NBS, but like deficiencies in 

other NHEJ factors lacks the cell cycle checkpoint defects observed in NBS 

patients (Chistiakov et al, 2009). Mutations in XLF lead to radiosensitivity, 

immunodeficiency, microcephaly, developmental delay, and NHEJ defects, 
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phenotypes that closely resemble those observed in LIG4 syndrome (Dai et al, 

2003; Ahnesorg et al, 2006; Buck et al, 2006; McKinnon & Caldecott, 2007; 

Dvorak & Cowan, 2010). XLF deficiency will be discussed in detail in Chapter 2.  

Finally, a homozygous missense mutation in DNA-PKcs has been identified 

that leads to a RS-SCID phenotype (Burg et al, 2009). Surprisingly, this 

phenotype was not due to decreased protein expression or kinase activity but 

was associated with an overall decrease in NHEJ and impaired Artemis 

activation, which is required for V(D)J recombination (Burg et al, 2009; Nahas & 

Gatti, 2009). To date, syndromes associated with mutations in, or disruption of, 

XRCC4 and Ku in humans have not been reported and may reflect essential 

functions of these factors during development. However, while XRCC4 deficiency 

is embryonic lethal in mice, Ku deficiency is not (Nussenzweig et al, 1996; Gu et 

al, 1997; Frank et al, 1998). Yet, in human somatic cells, Ku70 and Ku80 are 

essential (Li et al, 2002; Fattah et al, 2008). 

The presence of pathological NHEJ defects in patients underscores the 

importance of this pathway for normal cellular and organismal functioning. The 

association of many of these diseases and syndromes with cancer predisposition 

and immune defects confirms the role of NHEJ in the immune system and during 

tumorigenesis. Thus, increased knowledge of how the various factors in the 

NHEJ pathway function, interact, and are regulated will have clinical significance. 
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1.7 Thesis summary 

In Chapters 2 and 3 of this thesis the hypothesis that the NHEJ factor XLF 

(Chapter 2) and its homolog in S. cerevisiae, Nej1 (Chapter 3), play important 

roles in regulating DSBR by mediating protein-protein and protein-DNA 

interactions was tested. In the second part of this thesis a synthetic genetic array 

(SGA) analysis was conducted (Appendix C) to uncover novel roles for NHEJ 

factors including Nej1. This genome-wide screen uncovered a novel factor, 

MTC5, that my data indicates is involved in the maintenance of telomere length 

and the regulation of dNTP levels, both of which have important implications for 

the maintenance of genomic stability (Chapter 4). Characterization of the precise 

function of MTC5 in relation to amino acid uptake, TOR signalling, and 

intracellular trafficking is presented in Appendix B, as these processes do not 

directly relate to the overall theme of DNA repair and genomic stability that is 

present throughout the main chapters of this thesis. 
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Chapter 2: Physical interactions involving XLF 

2.1 Background 

XLF was simultaneously discovered in 2006 by two groups (Ahnesorg et al, 

2006; Buck et al, 2006). Ahnesorg et al. (2006) identified XLF as an XRCC4 

interacting protein in a yeast two-hybrid (Y2H) screen. Given its predicted 

structural similarity to XRCC4, they named XLF, XRCC4-like factor. They went 

on to shown that XLF was the missing factor in a radiosensitive patient-derived 

fibroblast cell line, 2BN, previously demonstrated by Dai et al. (2003) to be V(D)J 

and NHEJ-deficient. At the same time, Buck et al. (2006) identified the gene 

mutated in a group of patients that presented with microcephaly and 

immunodeficiency and named it Cernunnos. As it turned out, Cernunnos and 

XLF were the same protein. 

 

2.1.1 Structure of XLF 

XLF is a 33 kDa homodimeric protein. In solution, XLF forms higher order 

oligomers (Andres et al, 2007; Hammel et al, 2011). Crystal structures of the first 

224 and 230 amino acids of XLF showed that like XRCC4, XLF is composed of a 

globular head domain followed by an α-helical stalk domain that is involved in 

homodimerization (Figure 2.1 A, B) (Andres et al, 2007; Li et al, 2008b). The 

most significant difference between the structures of XLF and XRCC4 is found in 

the stalk domains. Compared to the stalk domain of XRCC4 that forms an 

extended structure, the stalk of XLF makes a dramatic turn back unto itself. In 

addition, the angle between the stalk domain and the head domain of XLF is 
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Figure 2.1 Crystal structures of XLF and XRCC4 
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(A) The crystal structure of XLF 1-224 at 2.5 Å resolution (PDB ID: 2R9A) 

(Andres et al, 2007). One subunit is shown in grey. The head domain of the other 

subunit is shown in orange and the stalk region is shown in blue. Amino acid 

mutations in XLF that have been identified in patients (R57G, C123R, and 

R178X) are shown in green as space-fill representations. Crystal coordinates 

were plotted using the Rasmol software package (http://rasmol.org). (B) The 

crystal structure of XRCC4 1-203 at 2.7 Å resolution (PDB ID: 1FU1) (Junop et 

al, 2000). XRCC4 exists as a homodimer composed of a globular head domain 

and an α-helical coiled-coil domain. The individual subunits of the homodimer are 

shown in orange (1-203) and blue (1-178). (C) The crystal structure of the 

XRCC4-DNA ligase IV complex at 2.3 Å resolution (PDB ID: 3II6) (Wu et al, 

2009). XRCC4 is shown in orange (1-201) and blue (1-201) bound to the linker 

region between the BRCT domains of DNA ligase IV (673-911; purple). (D) The 

crystal structure of the XLF-XRCC4 complex at 3.97 Å resolution (PDB ID: 3SR2) 

(Hammel et al, 2011). XLF (1-224) is shown in green and XRCC4 (1-140) in 

orange. L115 of XLF is shown in red as a space-fill representation. (E) A model 

of the XLF-XRCC4 filaments observed by SAXS and in the crystal lattice. Figure 

adapted from (Mahaney et al, 2013). Crystal coordinates for (B-D) were plotted 

using the Jmol software package (http://jmol.org). 
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greater than that observed for XRCC4 (Junop et al, 2000; Andres et al, 2007; Li 

et al, 2008b). Furthermore, binding of DNA ligase IV to XRCC4 depends on the 

linker region between the tandem BRCT domains of the ligase and leads to a 

conformational change in the tail regions of XRCC4 (Figure 2.1 C) (Wu et al, 

2009). Small angle X-ray scattering (SAXS) has shown that the C-terminal region 

(CTR) of XLF that was absent in the crystal structures is highly flexible in solution 

and likely positioned near the head domain (Hammel et al, 2011).  

 

2.1.2 DNA binding by XLF 

Since its discovery, XLF has been shown to have an intrinsic DNA binding 

activity (Hentges et al, 2006; Andres et al, 2007; Lu et al, 2007). XLF binds both 

double-stranded linear DNA as well as circular plasmid DNA (Hentges et al, 

2006). Like XRCC4, this activity is both length-dependent and cooperative 

(Hentges et al, 2006; Andres et al, 2007; Lu et al, 2007). The ability of XLF to 

form oligomeric structures supports previous suggestions that multiple XLF 

molecules align along the DNA and bind in a DNA sequence-independent 

manner (Andres et al, 2007; Lu et al, 2007; Hammel et al, 2011; Ropars et al, 

2011). 

 

2.1.3 Interaction of XLF with XRCC4 

As previously mentioned, XLF was discovered based on its physical interaction 

with XRCC4 (Ahnesorg et al, 2006). To date, this interaction remains the only 

documented direct, non-DNA mediated protein-protein interaction involving XLF. 
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The interaction between XLF and XRCC4 is mediated by the head domains of 

both proteins and has been observed and mapped using multiple methods 

including immunoprecipitations, Y2H assays, in vitro pull-downs, and native 

polyacrylamide gel electrophoresis (PAGE) with pure proteins (Ahnesorg et al, 

2006; Callebaut et al, 2006; Andres et al, 2007; Deshpande & Wilson, 2007; Lu 

et al, 2007). Compared to the XRCC4-DNA ligase IV interaction (Kd ~ 0.5 nM) 

(Modesti et al, 2003), the XLF-XRCC4 interaction is relatively weak interaction 

with a dissociation constant of 4.2-7.8 µM, as determined by isothermal 

calorimetry and surface plasmon resonance, respectively (Andres et al, 2007; 

Malivert et al, 2010). However, such weak interactions may be biologically 

relevant in the context of local protein concentration increases and may also 

allow for dynamic protein complex assembly and disassembly. 

Mutagenesis experiments first identified XLF-L115 as essential for the 

XLF-XRCC4 interaction and X-ray crystallography confirmed a critical role for this 

residue in the interaction (Figure 2.1 D) (Andres et al, 2007; Malivert et al, 2010; 

Hammel et al, 2011; Ropars et al, 2011; Wu et al, 2011; Andres et al, 2012). 

Small conformational changes in both proteins allow XLF-L115 to insert into a 

hydrophobic pocket in XRCC4 that is composed of M59, M61, F106, and L108, 

as well as K65 and K99. In addition, the highly conserved R64 and L65 residues 

in XLF participate in an interaction with R107, E55, and D58 of XRCC4 (Hammel 

et al, 2011; Ropars et al, 2011; Wu et al, 2011; Andres et al, 2012). Consistent 

with the structural data, mutation of XLF-R64 or L65, XRCC4-K65 or K99, or the 
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hydrophobic pocket in XRCC4 reduced or abolished the XLF-XRCC4 interaction 

in vitro (Andres et al, 2007; Malivert et al, 2010; Ropars et al, 2011). 

SAXS structures indicated that XLF and XRCC4 form long extended 

filaments in solution that are composed of alternating XLF-XRCC4 units (Figure 

2.1 E) (Hammel et al, 2010a; 2011). These filaments were promoted by DNA and 

the XLF-CTR and were also observed in the X-ray crystal structure of XLF-

XRCC4 and by scanning force microscopy (Hammel et al, 2011; Ropars et al, 

2011; Wu et al, 2011; Andres et al, 2012). The XRCC4-XLF filaments aligned 

DNA end-to-end and in parallel in scanning force microscopy experiments and 

promoted end-bridging in in vitro pull-down assays in a manner that was 

dependent on the XLF-CTR (Andres et al, 2012).  

Like many other NHEJ factors, XLF is recruited to DNA damage in vivo 

(Yano et al, 2008). Recruitment of XLF to DSBs depends on Ku and the last 12 

amino acids of XLF (Yano et al, 2011). XRCC4 is not required for the recruitment 

of XLF to laser-induced DNA damage in vivo, however, it does stabilize XLF at 

the damage sites (Yano et al, 2008). Similarly, XLF is not thought to affect 

XRCC4 recruitment to damage. Indeed XLF did not affect XRCC4 mobilization to 

damaged chromatin in in vitro fractionation studies (Wu et al, 2007). Finally, both 

XLF and XRCC4 are recruited in vivo to damage sites at very early times 

following damage, suggesting a possible function for these factors at early stages 

of repair (Yano et al, 2008; Yano & Chen, 2008).  
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2.1.4 Function of XLF 

In vitro work has shown that XLF stimulates end-joining by the XRCC4-DNA 

ligase IV complex, particularly for mismatched and non-cohesive ends (Hentges 

et al, 2006; Gu et al, 2007; Lu et al, 2007; Tsai et al, 2007). At least one 

mechanism through which XLF is able to stimulate end-joining is the stimulation 

of DNA ligase IV activity. DNA ligase IV exists in an adenylated form in the cell 

and following ligation requires recharging to allow for another cycle of ligation. 

This step is rate limiting in vitro and is stimulated by XLF (Wang et al, 2007; 

Riballo et al, 2009). The effects of XLF on DNA ligase IV activity are presumably 

mediated through the interaction of XLF with XRCC4, as a direct interaction 

between XLF and the ligase itself has not been observed. Indeed XLF mutants 

unable to interact with XRCC4 do not rescue the radiosensitivity or V(D)J 

recombination defects of XLF-deficient cells (Malivert et al, 2010). However, the 

exact mechanism for how XLF stimulates end-joining by DNA ligase IV has not 

been elucidated. XLF stimulation of NHEJ may involve multiple mechanisms 

including the induction of a conformational change in the XRCC4-DNA ligase IV 

complex and stabilization of the complex at DSBs and/or as discussed below, it 

may involve a more indirect mechanism such as alignment of DNA ends 

(Mahaney et al, 2013).  

Interestingly, larger deletions at CJs and SJs were observed in XLF-

deficient patient fibroblasts compared to WT cells (Dai et al, 2003), and XLF has 

been implicated in alignment-based gap-filling by DNA polymerases mu and 

lambda (Akopiants et al, 2009). XLF also stimulates the ligation of non-cohesive 
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ends more than it does cohesive ends (Gu et al, 2007; Tsai et al, 2007). Thus, 

XLF has been proposed to function in end alignment (Mahaney et al, 2013). 

However, end alignment cannot be the only function of XLF and it must also 

depend on XRCC4 because addition of XLF does not affect ligation by the T4 

DNA ligase but does enhance ligation by the XRCC4-DNA ligase IV complex 

(Hentges et al, 2006; Lu et al, 2007). Based on these observations, together with 

structural data showing XLF-XRCC4 filament formation in vitro, XLF and XRCC4 

have been proposed to function in end alignment/synapsis of DNA ends in vivo 

(Mahaney et al, 2013).  

Consistent with a function of the XLF-XRCC4 complex in synapsis, 

mutations in either XLF or XRCC4 that disrupt the XLF-XRCC4 interaction led to 

decreased formation of CJs but not SJs in a plasmid V(D)J recombination assay 

(Roy et al, 2012). The formation of both types of junctions is primarily dependent 

on DNA ligase IV activity. In the absence of DNA ligase IV, alt-NHEJ may be able 

to process the ends but would lead to a loss of fidelity that was not observed in 

either the SJs or the remaining CJs that were formed in the presence of XRCC4 

mutants unable to interact with XLF in rodent cells or in or in XLF-deficient mice 

(Zha et al, 2007; Li et al, 2008a; Roy et al, 2012). These results suggest that XLF 

and XRCC4 have DNA ligase IV-independent functions that require their 

interaction and question the importance of DNA ligase IV stimulation by XLF 

through its interaction with XRCC4, at least for V(D)J recombination. Because 

CEs, but not SEs, require end synapsis, the DNA ligase IV-independent function 

of the XLF-XRCC4 complex may be end alignment/synapsis (Roy et al, 2012). 
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Moreover, stimulation of DNA-PKcs autophosphorylation and DNA end synapsis 

in vitro by DNA ligase IV was shown to be independent of ligase activity and 

required XLF, supporting the possibility that in addition to direct effects on DNA 

ligase IV activity in the final step of NHEJ, XLF may have other early functions in 

the repair pathway (Cottarel et al, 2013). 

In support of a role for XLF in synapsis, XLF has been found to function 

redundantly with ATM, which has known synaptic functions in V(D)J 

recombination (Zha et al, 2011). Although the rate of CJ formation was more 

severely impaired in the XLF-deficient 2BN cell line (Dai et al, 2003), XLF 

deficiency in MESs reduced CJ and SJ formation to a similar extent (Zha et al, 

2007), and in plasmid V(D)J recombination assays using various XLF-deficient 

patient cells SJ fidelity was greatly reduced, while effects on the precision of CJ 

formation were variable (Dai et al, 2003; Buck et al, 2006). Thus, direct evidence 

for XLF-XRCC4 filaments and their role in aligning DNA ends in vivo remains to 

be uncovered.  

 Finally, while most chromosomal abnormalities observed in XLF-deficient 

mice are chromosome breaks and indicate an important function for XLF in the 

repair of pre-replicative damage (Li et al, 2008a), XLF has also been implicated 

in the response to replication stress (Schwartz et al, 2009).  

 

2.1.5 Functional redundancy of XLF  

XLF deficiency is typically less severe than XRCC4 deficiency. While XLF-

deficient MESs and MEFs display genomic instability, radiosensitivity, and 
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defects in V(D)J recombination, these defects are not as severe as those 

observed in XRCC4-deficient cells (Zha et al, 2007; Li et al, 2008a). Similarly, 

deletion of XRCC4 or DNA ligase IV is lethal in mice due to severe neuronal 

apoptosis, whereas deletion of XLF is not (Barnes et al, 1998; Frank et al, 1998; 

Gao et al, 2000; Li et al, 2008a). However, XLF deficiency in patients does lead 

to microcephaly, suggesting a similar, but less severe effect of XLF in the 

development of the central nervous system (Buck et al, 2006).  

Compared to deficiencies in most core NHEJ factors, which lead to SCID 

and defective lymphocyte development, XLF deficiency produces a much milder, 

but progressive, phenotype in patients and decreases, but does not abolish, 

lymphocyte numbers in mice (Dai et al, 2003; Ahnesorg et al, 2006; Buck et al, 

2006; Li et al, 2008a). Moreover, developing murine B cells lacking XLF, while 

IR-sensitive, display normal V(D)J recombination (Li et al, 2008a). In contrast, 

XLF-deficient MEFs and MESs display defects in transient extra-chromosomal 

V(D)J recombination assays, and mature B cells display defects in CSR, 

indicating differences in the requirements for XLF in V(D)J recombination and 

NHEJ in different cell types (Zha et al, 2007; Li et al, 2008a). Consistent with a 

role for XLF in CSR, defects in CSR have also been observed in some XLF 

patients (Buck et al, 2006).  

Finally, while combined deficiencies in XRCC4 or DNA ligase IV and p53 

lead to pro-B cell lymphomas that are attributable to defects in V(D)J 

recombination, most XLF/p53-deficient mice die of thymic lymphomas that can 

be traced to p53 deficiency alone. However, in each case medulloblastomas 
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result due to NHEJ deficiency (Lee & McKinnon, 2002; Yan et al, 2006; Li et al, 

2008a). 

Collectively, these results suggest that the function of XLF is not essential 

or is redundant with other factors and is dependent on the cell type. Indeed, 

many of these observations can be explained by a functional redundancy of XLF 

with ATM, H2AX, and 53BP1 in developing lymphocytes. While combined 

deficiency of XLF and H2AX is embryonic lethal in mice, loss of both 53BP1 and 

XLF or ATM and XLF is not (Zha et al, 2011; Liu et al, 2012; Oksenych et al, 

2012).  XLF-/-53BP1-/- mice instead develop thymic lymphomas due to TCR 

translocations (Liu et al, 2012). More recently, XLF was also shown to act 

redundantly with DNA-PKcs during development, CSR, and V(D)J recombination 

of SJs in mice (Oksenych et al, 2013). Given the presence of multiple redundant 

factors, the precise function of XLF in vivo may be difficult to ascertain based on 

XLF deficiency alone.  

 

2.1.6 XLF mutations in patients 

Several patients have been identified with mutations in XLF. These patients 

typically present with microcephaly, growth retardation, and immunodeficiency, 

while some patients display severe growth retardation, dystrophy, malformations, 

and dysmorphic features (Dai et al, 2003; Buck et al, 2006). Although the severity 

and spectrum of phenotypes varies somewhat, fibroblasts from these patients 

are IR-sensitive and have decreased V(D)J recombination activity with varying 

effects on fidelity (Dai et al, 2003; Ahnesorg et al, 2006; Buck et al, 2006). 
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Finally, naïve T cells are absent and the levels of circulating B cells decrease 

with age in XLF patients (Buck et al, 2006). 

Mutations identified in XLF patients are autosomal recessive and include: 

R57G/C123R; R178X; R57G; an insertion at codon 4 leading to a premature stop 

codon and, consequently, a 46 amino acid protein (2BN cells); and mutations 

leading to a mixed population of transcripts including a frameshift at K69 as well 

as improperly spliced forms, both of which lead to truncated proteins (Ahnesorg 

et al, 2006; Buck et al, 2006). In addition to mutations in patients with the 

classical NHEJ phenotypes, an autoposy of a fetus with a rare developmental 

brain disorder known as polymicrogyria, revealed a translocation within the XLF 

gene that disrupted the XLF sequence beyond amino acid 196 and gave rise to a 

truncated transcript. This mutation was proposed to act through a dominant 

negative mechanism but has not been directly demonstrated to cause 

polymicrogyria (Cantagrel et al, 2007). 

C123 and R57 are conserved in XLF in multiple species. The patient 

mutations R57G and C123R were predicted to disrupt the structure of the head 

domain of XLF and, given the importance of this region for interaction with 

XRCC4, are thought to affect the XLF-XRCC4 complex (Li et al, 2008b; Hammel 

et al, 2011). Likewise, R178X mutation was predicted to negatively impact the 

structure of XLF (Figure 2.1 A) (Li et al, 2008b). 

Mutagenesis experiments indicated that both R57G and C123R result in 

reduced protein expression, as well as protein mislocalization in the case of 

R57G (Lu et al, 2007; Malivert et al, 2010). R57G was hypomorphic and retained 
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partial V(D)J recombination and DNA repair activity, but did not interact with 

XRCC4 in vitro. In contrast, C123R resulted in a complete loss of function. 

Finally, mutation of R178 to alanine did not affect protein localization and 

resulted in a weak hypomorphic phenotype (Malivert et al, 2010). It is likely, 

however, that the R178X patient mutation would have a more severe phenotype 

due to loss of the C-terminal 121 amino acids of XLF, which may impact on XLF 

structure as well as localization given the presence of a putative nuclear 

localization signal (NLS) near the C-terminus. 

 

2.1.7 Phosphorylation of XLF 

Our lab has shown that XLF is phosphorylated by DNA-PK at S245 and S251 in 

vitro. In vivo, phosphorylation occurs primarily on S245 and S251 by DNA-PK 

and ATM, respectively, as well as on S203 by an unknown kinase. The function 

of these phosphorylation events is unknown as their mutation, together with the 

mutation of additional in vitro phosphorylation sites, to the non-phosphorylatable 

amino acid alanine did not affect clonogenic survival or resolution of γ-H2AX foci 

after IR (Yu et al, 2008).  

More recently, Meek and colleagues have shown a potential redundancy 

between phosphorylation of XLF and XRCC4. Cells overexpressing both XLF 

and XRCC4 proteins containing mutations in multiple phosphorylation sites in 

their CTRs displayed increased survival upon treatment with zeocin, a bleomycin 

family DSB inducing agent, compared to cells expressing WT XLF and mutant 

XRCC4. Moreover, DNA-PK activity was found to decrease DNA end-bridging by 
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XLF-XRCC4 in vitro, suggesting an overlapping role for phosphorylation of the 

CTRs of XLF and XRCC4 in end alignment (Roy et al, 2012). 

 

2.1.8  Aim  

Despite advancements in our understanding of the role of XLF in NHEJ, aside 

from the head domain of XLF that is important for interaction with XRCC4, there 

is little known about which regions of XLF are important for its function. Thus, the 

aim of this project was to identify functional domains in XLF. The guiding 

hypothesis was that interaction of XLF with DNA and other NHEJ factors would 

be important for NHEJ in vivo. To test this hypothesis, I identified regions of XLF 

that mediated interactions with DNA and the core NHEJ components: DNA-PKcs, 

Ku, XRCC4, and DNA ligase IV.  Finally, I tested the requirement of the XLF-Ku 

interaction for NHEJ in vivo. 

 

2.2 Materials and Methods 

2.2.1 Cloning 

2.2.1.1 Sequencing 

All vectors created in this study were confirmed by DNA sequencing at the 

University of Calgary core DNA sequencing facility. 

 

2.2.1.2 Bacterial vectors 

The coding sequence of human XLF (GenBank accession # NM_024782) was 

previously cloned from a HeLa cDNA library (Yu et al, 2003; 2008). Briefly, 
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mRNA was extracted from HeLa cells using a Quick Micro® mRNA Purification 

Kit (Amersham Biosciences, GE Healthcare, Piscataway, NJ, USA). mRNA was 

reverse-transcribed into cDNA using an Advantage® RT for PCR Kit (Clontech, 

Mountain View, CA, USA). Full-length XLF was amplified by PCR from the cDNA 

library using primers N-XLF and C-XLF (Table 2.1) (Yu et al, 2008). The PCR 

product was purified using a Qiagen PCR Purification Kit (Valencia, CA, USA), 

digested with BamHI and XmaI (Invitrogen, Carlsbad, CA, USA), and ligated into 

the multiple cloning site of the pGEX-6P1 vector (GenBank accession number 

U78872; GE Healthcare Life Sciences) to create the pGEX-XLF vector that 

allowed for bacterial expression of an N-terminal glutathione S-transferase 

(GST)-XLF fusion protein. XL-1 blue (Stratagene, La Jolla, CA, USA) competent 

cells were transformed with the plasmid, pGEX-XLF, using standard methods. 

The pGEX-XLF vector, created by Dr. Yaping Yu and Shujuan Fang (Yu et al, 

2008), was used as the template for all other XLF vectors that unless otherwise 

stated were created by myself in this study.  

N-terminal and C-terminal truncations of XLF were created by PCR 

amplification of the corresponding sequence of XLF using the pGEX-XLF vector 

as a template. pGEX-XLF 1-239 (amino acids 1-239) and pGEX-XLF 240-299 

were created by Dr. Yaping Yu and Shujuan Fang as described for pGEX-XLF 

using primers N-XLF/C-pGEX-XLF-1-239 and primers C-XLF/N-pGEX-XLF-240-

299, respectively (Yu et al, 2008). pGEX-XLF 1-287 was similarly created by 

myself using primers N-XLF and C-pGEX-XLF-1-287. 
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Table 2.1 PCR primers used in the study of XLF 
PRIMER SEQUENCE (5’-3’) 
N-XLF CGGGATCCATGGAAGAACTGGAGCAAGG 
C-XLF CCCCCCGGGTTAACTGAAGAGACCCCTTGG 
C-pGEX-XLF-1-239 CCCCCCGGGTTAATGAGGATCTCCAGCGCC 
N-pGEX-XLF-240-299 CGGGATCCACCTCAAACAGTGCTTCCCT 
C-pGEX-XLF-1-287 CCCCCCGGGTTATGACAGCTGAGGTCTCTG 
N-pEGFP-XLF GGAATTCATGGAAGAACTGGAGCAAGG 
C-pEGFP-XLF CGGGATCCTTAACTGAAGAGACCCCTTGG 
N-pEGFP-XLF-240-299 GGAATTCACCTCAAACAGTGCTTCCCTG 
C-pEGFP-XLF1-239 CGGGATCCTTAATGAGGATCTCCAGCGCC 
C-pEGFP-XLF-1-287 CGGGATCCTTATGACAGCTGAGGTCTCTG 
5'-pGEX-XLF-F298A GCCAAGGGGTCTCGCCAGTTAACCCGGGTC 
3'-pGEX-XLF-F298A GACCCGGGTTAACTGGCGAGACCCCTTGGC 
5’-pEGFP-XLF-F298A GCCAAGGGGTCTCGCCAGTTAAGGATCC 
3’-pEGFP-XLF-F298A GGATCCTTAACTGGCGAGACCCCTTGGC 
5'-XLF-S245D CAAACAGTGCTGACCTGCAAGGAATCG 
3'-XLF-S245D CGATTCCTTGCAGGTCAGCACTGTTTG 
5'-XLF-S251D GCAAGGAATCGATGACCAATGTGTAAACC 
3'-XLF-S251D GGTTTACACATTGGTCATCGATTCCTTGC 
5'-XLF-S203D CCAGAGGCATGCGACATTGGTGATGG 
3'-XLF-S203D CCATCACCAATGTCGCATGCCTCTGG 
5'-XLF-K290A CCTCAGCTGTCAAAGGTCGCGAGGAAGAAG

CCAAGGGGTC 
3'-XLF-K290A GACCCCTTGGCTTCTTCCTCGCGACCTTTGA

CAGCTGAGC 
5'-XLF-KR2A CAGCTGTCAAAGGTCGCGGCGAAGAAGCCA

AGGGGTCTC 
3'-XLF-KR2A GAGACCCCTTGGCTTCTTCGCCGCGACCTT

TGACAGCTG 
5'-XLF-KRK3A CTGTCAAAGGTCGCGGCGGCGAAGCCAAG

GGGTCTCTTC 
3'-XLF-KRK3A GAAGAGACCCCTTGGCTTCGCCGCCGCGAC

CTTTGACAG 
5'-XLF-LV/LA CAGCCAGAACAACTGGCCTCCTCAGCCCA 
3'-XLF-LV/LA TGGGGCTGAGGAGGCCAGTTGTTCTGGCTG 
N-PNK CGGGATCCATGGGCGAGGTGGAGCCCC 
C-PNK-100bp GAATTCCCCCGTCCGAGGGCAGGA 
C-PNK-200bp GAATTCCCTGTCCGGGTCTCAGGA 
C-PNK-300bp GAATTCCCAAATACAGTGTGTCCC 
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Mutations were introduced into the XLF sequence by site-directed 

mutagenesis. pGEX-XLF F298A was created using primers 5’-pGEX-XLF-F298A 

and 3’-pGEX-XLF-F298A. pGEX-XLF S245D and pGEX-XLF S251D were 

created using primers 5’-XLF-S245D/3’-XLF-S245D and primers 5’-XLF-

S251D/3’-XLF-S251D, respectively. pGEX-XLF 2D, containing both the S245D 

and S251D mutations, was created from pGEX-XLF S245D by a second round of 

mutagenesis. pGEX-XLF 3D, containing the mutations S245D/S251D/S203D, 

was created by a third round of mutagenesis using pGEX-XLF 2D as the 

template and primers 5’-XLF-S203D and 3’-XLF-S203D. pGEX-XLF K290A was 

created using primers 5’-XLF-K290A and 3’-XLF-K290A; pGEX-XLF 

K290A/R291A (XLF KR2A) was created from pGEX-XLF K290A using primers 

5’-XLF-KR2A and 3’-XLF-KR2A; and pGEX-XLF K290A/R291A/K292A (XLF 

KRK3A) was created from pGEX-XLF KR2A using primers 5’-XLF-KRK3A and 

3’-XLF-KRK3A. pGEX-XLF V261A (LV-LA) was created using the primers N-

XLF-LV/LA and C-XLF-LV/LA.  

 

2.2.1.3 Mammalian vectors 

The full-length coding sequence for human XLF was introduced into the pEGFP-

C2 vector to allow for overexpression of a GFP-XLF fusion protein in mammalian 

cells. The XLF coding sequence was amplified from vector pGEX-XLF using 

primers N-pEGFP-XLF and C-pEGFP-XLF (Dr. Yaping Yu and Shujuan Fang) 

(Yu et al, 2008). The PCR product was purified and digested with EcoRI and 

BamHI prior to ligation into the pEGFP-C2 vector (GenBank accession number 
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U57606; Clontech, Mountain View, CA, USA) to create pEGFP-XLF, as 

described above for pGEX-XLF. In general, truncations of XLF in the pEGFP 

vector were created as described previously for the pGEX vector. pEGFP-XLF 1-

239, pEGFP-XLF 1-287, and pEGFP-XLF 240-299 were created using the 

primers N-pEGFP-XLF/C-EGFP-XLF-1-239, N-EGFP-XLF/C-EGFP-XLF-1-287, 

and C-pEGFP-XLF/N-pEGFP-XLF-240-299 to amplify DNA from the pGEX-XLF 

vector. PCR products were gel purified using a Qiagen Gel Purification Kit, 

digested with BamHI and EcoRI and repurified using a Qiagen PCR Purification 

Kit prior to ligation into doubly digested (BamHI/EcoRI), calf intestine acid 

phosphatase-treated (Invitrogen), gel purified pEGFP. pEGFP-XLF F298A was 

created by site-directed mutagenesis of pEGFP-XLF using the primers 5’-

pEGFP-XLF-F298A and 3’-pEGFP-XLF-F298A.  

 

2.2.2 Bacterial protein expression and purification 

2.2.2.1 Recombinant protein expression and purification from E. coli  

Recombinant N-terminal GST-tagged proteins were expressed in E. coli BL21 

(DE3) cells (Stratagene). Competent BL21 cells were transformed with pGEX 

vectors using standard procedures. Transformed cells were grown in 2.5% (w/v) 

Luria Broth (Life Technologies, Painsley, Scotland, UK) containing 0.1 mg/mL 

ampicillin (Sigma-Aldrich, St. Louis, MO, USA). Typically, 5 mL overnight starter 

cultures were used to inoculate 1 L of media. Cells were then grown for 4 hr at 

37oC followed by approximately 4 hr at RT or until an OD600 of 1.0 was obtained. 

Protein expression was then induced for 4 hr (GST-XLF 240-299) or 12-16 hr 
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(GST-XLF, GST-XLF 1-287, GST-XLF 1-239) by addition of isopropylthio-β-

galactoside (IPTG; Invitrogen) to a final concentration of 0.2 mM. Cells were 

collected by centrifugation at 4500 x g for 15 min at 4oC and resuspended in 10-

20 mL of mouse-tonicity phosphate buffered saline (MTPBS) (150 mM NaCl, 16 

mM Na2HPO4, 4 mM NaH2PO4, pH 7.3) containing 2 mM dithiothreitol (DTT; 

Roche, Laval, QC, Canada), 1 mM phenylmethylsulfonyl fluoride (PMSF; Sigma-

Aldrich), 1 µg/mL pepstatin (Roche), and 2 µg/mL leupeptin (Roche). The 

resuspended pellet was subjected to sonication (10 x 10 sec, power setting 10; 

Fisher Scientific Sonic Dismembrator Model 100, Fisher Scientific, Pittsburgh, 

PA, USA), Triton X-100 was added to a final concentration of 1% (v/v), and the 

sample was centrifuged at 15,700 x g for 15 min at 4oC. The supernatant was 

incubated at 4oC with end-over-end rotation for 1 hr with 1 mL of Glutathione 4B 

SepharoseTM beads (GE Healthcare) that had previously been washed twice with 

10 mL of MTPBS and centrifuged at 110 x g at 4oC for 1 min. Following the 1 hr 

incubation, beads were centrifuged and the supernatant containing unbound 

protein was removed. The beads were washed 4 x 25 mL with ice-cold wash 

buffer (MTPBS containing 2 mM DTT and 1 mM PMSF). GST-proteins were then 

eluted from the beads by up to three successive incubations in 15 mL of elution 

buffer (40 mM glutathione (Sigma-Aldrich), 50 mM Tris-Cl pH 8.0, 2 mM DTT, 1 

mM PMSF, 1 µg/mL pepstatin, 2 µg/mL leupeptin) for 30-60 min at 4oC. The 

beads were centrifuged at 110 x g at 4oC for 1 min after each elution and the 

supernatants were combined. 
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 Alternatively, the recombinant proteins were released from the beads by 

cleavage of the GST-tag by PreScission Protease (GE Healthcare). Beads bound 

with GST-fusion proteins were washed 4 x 25 mL with PreScission Protease 

buffer (50 mM Tris-Cl pH 7.4, 150 mM NaCl, 1 mM PMSF) and then incubated 

overnight at 4oC with 80 units of PreScission Protease in 1 mL of Precision 

Protease buffer with end-over-end rotation. In the morning, beads were 

centrifuged at 110 x g and the supernatant was collected. The beads were 

washed with 500 µL PreScission Protease buffer and the wash buffer was 

combined with the supernatant. For biophysical studies, PreScission Protease-

treated proteins were further purified by fast protein liquid chromatography 

(FPLC) (Biologic Workstation, BioRad, Hercules, CA, USA) using a 1 mL Hi Trap 

heparin column (GE Healthcare) and a linear salt gradient from TB50 (50 mM 

Tris-Cl pH 8.0, 5% (v/v) glycerol, 50 mM KCl, 0.2 mM EDTA, 1 mM PMSF, 0.2 

µg/mL pepstatin, 2 µg/mL leupeptin) to TB750 (50 mM Tris-Cl pH 8.0, 750 mM 

KCl, 0.2 mM EDTA, 1 mM PMSF, 0.2 µg/mL pepstatin, 2 µg/mL leupeptin). All 

proteins were concentrated and stored in GST-dilution buffer (50 mM Tris-Cl pH 

8.0, 150 mM NaCl, 2 mM DTT, 1 mM PMSF, 0.2 µg/mL pepstatin, 2 µg/mL 

leupeptin) by centrifugation through an ultrafiltration concentration unit of 

appropriate molecular weight cut-off (Millipore, Billerica, MA, USA) at 4500 x g at 

4oC. Protein concentration was determined using the Bradford Protein Assay 

(BioRad) and a bovine serum albumin (BSA) standard curve. Absorbance 

readings were taken using a Beckman Coulter DU 640 spectrophotometer 
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(Beckman Coulter, Indianapolis, IN, USA). Proteins were flash frozen in aliquots 

using liquid nitrogen and stored at -80oC.  

 

2.2.3 Protein expression in mammalian cells 

2.2.3.1 Cell lines and tissue culture 

HeLa cells were grown in DMEM media (GIBCO, Carlsbad, CA, USA) containing 

5% (v/v) fetal bovine serum (FBS) (FetalClone III, Hyclone, Logan, UT, USA). 

2BN cells are TERT-immortalized XLF-deficient human fibroblast cells and a gift 

from Dr. Penny Jeggo (University of Sussex, Sussex, UK) (Dai et al, 2003; 

Ahnesorg et al, 2006). 2BN cells were cultured in MEM media (GIBCO) 

containing 10% (v/v) FBS. BT (C3ABR) cells are a normal human lymphoblastoid 

cell line obtained as a gift from Dr. Martin Lavin (Queensland Institute of Medical 

Research, Australia) (Kozlov et al, 2003). BT cells were cultured in RPMI 1640 

media (GIBCO) containing 10% (v/v) FBS. All cell culture media contained 100 

units/mL streptomycin (Invitrogen) and 100 units/mL penicillin (Invitrogen) except 

that used 24 hr prior to and 24 hr following transfection of 2BN cells and 24 hr 

following transfection of HeLa cells. All mammalian cell cultures were incubated 

at 37oC under 5% CO2.  

 

2.2.3.2 Purification of endogenous human Ku70/80 and DNA-PKcs 

Endogenous human Ku70/80 and DNA-PKcs were purified from HeLa cells by 

Dr. Yaping Yu as previously described (Goodarzi & Lees-Miller, 2004). 
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2.2.3.3 Transient protein expression in mammalian cells  

GFP-fusion proteins were transiently expressed in HeLa cells and 2BN cells. 

HeLa cells were transiently transfected with empty pEGFP vector or pEGFP 

vector containing XLF using LipofectamineTM 2000 reagent (Invitrogen). Plasmid 

DNA for transfections was prepared from transformed E. Coli using a PureLink® 

HiPure Plasmid Filter MaxiPrep Kit (Invitrogen) according to the manufacturer’s 

recommendations. Cells were seeded at 1.4 x 106 cells per 6 cm plate the day 

before transfection. Prior to transfection media containing antibiotic was replaced 

with DMEM without penicillin or streptomycin (DMEM-P/S). Transfection reagent 

contained 2 µg of plasmid DNA and 10 µL of LipofectamineTM 2000 in OPTI-MEM 

I reduced serum media (GIBCO). Transfection reagent was added to each 6 cm 

plate and cells were incubated for 4 hr at 37oC. Additional DMEM-P/S media was 

then added to each plate and transfected cells were incubated O/N. 

2BN cells were transfected by electroporation using Amaxa Nucleofector® 

solution R (Lonza, Basel, Switzerland) according to the manufacturer’s 

recommendations. Briefly, 2BN cells were split 2 days prior to transfection at 1:2. 

Antibiotic-free media (MEM-P/S) was added to the cells 24 hr prior to 

transfection. The next day 1 x 106 cells were resuspended in Amaxa reagent R 

(100 µL) containing plasmid DNA (2 µg) and transfected by electroporation using 

program A-24. Transfected cells were incubated overnight in MEM-P/S at 37oC. 

 



 

 71 

2.2.3.4 Preparation of whole cell extracts 

Whole cell extracts (WCEs) were prepared in 0.25%-1% NETN buffer (0.25%-1% 

NP-40 (v/v), 150 mM NaCl, 50 mM Tris-Cl pH 7.5, 0.2 mM EDTA, 1 mM 

microcystin-LR (Sigma-Aldrich), 2 mM PMSF, 2 µg/mL aprotinin (Roche), 2 

µg/mL leupeptin, 2 µg/mL pepstatin) as indicated. Adherent HeLa and 2BN cells 

were washed with PBS and removed from culture plates by treatment with 

trypsin/EDTA (Invitrogen). Suspension BT cells and trypsinized HeLa and 2BN 

cells were collected by centrifugation at 1500 x g for 5 min at 4oC. Cell pellets 

were washed with ice-cold PBS (2 x 10 mL). Pellets were resuspended in 0.25%-

1% NETN buffer and lysed on ice (10 min for 1% NETN, 30 min for 0.5% NETN 

and 45 min for 0.25% NETN). Cell lysates were subjected to sonication (3 x 5 

sec, power setting 4; Fisher Scientific Sonic Dismembrator Model 100) and 

centrifuged at 10,000 x g at 4oC for 10 min. The supernatant was taken as the 

soluble whole cell lysate and used in GST pull-down experiments, 

immunoprecipitations, and western blotting. Protein concentration was 

determined using the BioRad DCTM (detergent compatible) protein assay with 

BSA as a standard. 

 

2.2.4 Mass spectrometry 

Mass spectrometry (MS) analysis was performed at the Southern Alberta Mass 

Spectrometry Facility at the University of Calgary. Exact mass measurements of 

purified proteins were determined by matrix-assisted laser desorption-time-of-

flight (MALDI-TOF) MS. 
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2.2.5 SDS-PAGE and western blots 

2.2.5.1 SDS-PAGE 

Sodium dodecyl sulfate-PAGE (SDS-PAGE) was conducted according to 

standard procedures. Unless otherwise stated, resolving polyacrylamide gels 

contained the standard 29:1 ratio of acrylamide:bisacrylamide and 375 mM Tris-

Cl pH 8.8, 0.1% (w/v) SDS, 0.1% (w/v) ammonium persulfate (APS) and 0.04% 

(v/v) tetramethylethylenediamine (TEMED) (Sambrook et al, 1989). 8% low 

bisacrylamide resolving gels contained a 105:1 ratio of acrylamide:bisacrylamide 

and were used to resolve large proteins (i.e. DNA-PKcs). Stacking gels contained 

5% (w/v) acrylamide/bisacrylamide (4.84%/0.17%), 125 mM Tris-Cl pH 6.8, 0.1% 

(w/v) SDS, 0.1% (w/v) APS, and 0.1% (v/v) TEMED. SDS-PAGE was conducted 

in SDS running buffer containing 50 mM Tris-Cl, 384 mM glycine, and 0.1% (w/v) 

SDS, pH 8.3. Electrophoresis was conducted at 100 V for the stacking gel and 

130 V for the resolving gel. Samples were loaded onto gels using SDS-sample 

buffer (4X SDS-sample buffer: 320 mM Tris-Cl, pH 6.8, 8% (w/v) SDS, 20% (v/v) 

2-mercaptoethanol, 40% (v/v) glycerol, 0.4% (w/v) bromophenol blue). Typically 

a BioRad broad range marker (200 kDa (myosin), 116 kDa (β-galactosidase), 97 

kDa (phosphorylase b), 66 kDa (serum albumin), 45 kDa (ovalbumin), 31 kDa 

(carbonic anhydrase), 21.5 kDa (trypsin inhibitor), 14 kDa (lysozyme), 6.5 kDa 

(aprotinin) was used. In some instances a prestained lot specific molecular 

weight (MW) standard (Fermentas) was used. 
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2.2.5.2 Staining 

When indicated gels were stained with Coomassie blue stain (0.1% (w/v) 

Coomassie brilliant blue R-250 (BioRad), 4% (v/v) methanol and 1% (v/v) acetic 

acid) and destained with a mixture of 40% (v/v) methanol and 10% (v/v) acetic 

acid. 

 

2.2.5.3 Western blots 

Proteins were transferred to nitrocellulose by electrophoresis in electroblot buffer 

(48 mM Tris-Cl, 39 mM glycine, 20% (v/v) methanol) that contained SDS 

(0.036% (w/v)) for the transfer of DNA-PKcs as indicated. Transfers were 

conducted at 100 V for 1 hr unless otherwise stated. Membranes were stained 

with Ponceau S (BioRad) and blocked in Tris-buffered saline (TBS) (20 mM Tris 

base, 500 mM NaCl, pH 7.5) containing 0.1% (v/v) Tween 20 (TTBS) and 5% 

(w/v) skim milk powder for 1 hr at room temperature (RT). Membranes were 

washed with TTBS and incubated with primary antibody at the concentrations 

and times indicated. Primary antibodies were diluted in TTBS containing 0.1% 

(w/v) gelatin and 0.05% (w/v) sodium azide unless otherwise stated. Goat anti-

mouse or goat anti-rabbit secondary antibodies conjugated to horse radish 

peroxidase (BioRad) were generally used at a dilution of 1:3000 in TTBS 

containing 5% (w/v) skim milk powder and incubated with the membrane for 1 hr. 

Membranes were again washed with TTBS and incubated with Western 

Lightning Plus-ECL (Perkin Elmer, Waltham, MA, USA) and exposed to 

autoradiography film (Fuji Film, Tokyo, Japan). Nitrocellulose membranes were 
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stripped of antibody by incubation in stripping buffer (60 mM Tris-Cl, 2% (w/v) 

SDS, 0.7% (v/v) 2-mercaptoethanol) for 20 min at 60oC. Quantification of protein 

expression levels was determined using Quantity One software (BioRad). 

 

2.2.6 GST pull-down assays 

2.2.6.1 Whole cell extracts 

WCEs were made in 0.25% NETN as previously described in Section 2.2.3.4. 

GST-proteins (6 µg GST-XLF or molar equivalents) were bound to Glutathione 

SepharoseTM beads (30 µL 1:1 slurry in PBS) for 1 hr at 4oC on an end-over-end 

rotator. WCE were precleared with Glutathione SepharoseTM beads for 1 hr at 

4oC on an end-over-end rotator. Precleared WCE (2.4 mg) was added to GST-

protein bound GlutathioneTM beads and incubated end-over-end for 4 hr at 4oC. 

Where indicated ethidium bromide (EtBr) (Sigma-Aldrich) was added during this 

incubation at a concentration of 50 µg/mL. Beads were washed 7 x 1 mL with 

0.25% NETN. 2X SDS-sample buffer (160 mM Tris-Cl, pH 6.8, 4% (w/v) SDS, 

10% (v/v) 2-mercaptoethanol, 20% (v/v) glycerol, 0.2% (w/v) bromophenol blue) 

was added to the beads and heated for 5 min at 100oC. Samples were loaded 

onto a SDS-PAGE gel (5/6 onto a 8% acrylamide gel, 1/6 onto a 12% acrylamide 

gel for loading control) and transferred to nitrocellulose (100 V, 1 hr). Western 

blots were conducted as described in Section 2.2.5.3 using antibodies specific for 

GST (mouse monoclonal, Ab19585, Abcam, Cambridge, MA, USA; 1:2000, 1 hr, 

RT), XLF (rabbit polyclonal, in house; 1:4000, 1 hr, RT), Ku80 (mouse 

monoclonal, NA52, Calbiochem, Billerica, MA, USA; 1:5000, O/N, 4oC), DNA-
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PKcs (DPK1, rabbit polyclonal, in house; 1:10000, O/N, 4oC), XRCC4 (rabbit 

polyclonal, AHP387, Serotec, Raleigh, NC, USA; 1:10000, O/N 4oC); and DNA 

ligase IV (rabbit polyclonal, AHP554, Serotec; 1:2000, O/N 4oC). 

 

2.2.6.2 Purified proteins 

Purified GST, GST-XLF, GST-XLF 3D, or GST-XLF F298A (0.5 µg GST or molar 

equivalent) was incubated with 0.5 µg purified Ku70/80 in 25 µL of 0.5% NETN 

buffer for 1 hr at 4oC with shaking. Alternatively, GST or GST-XRCC4 (0.1 µg 

GST or molar equivalent) was incubated with a molar equivalent of either XLF or 

XLF F298A. Sonicated calf thymus DNA (ctDNA) (125 ng; Sigma-Aldrich) and/or 

EtBr (50 µg/mL) were added to the incubations as indicated. After the initial 

incubation, Glutathione SepharoseTM beads (12 µL, 1:1 slurry) were added to pull 

down the GST containing proteins and samples were incubated an additional 30 

min at 4oC. Beads were collected by centrifugation and washed 5 x 0.5 mL with 

0.5% NETN. For GST-XRCC4/XLF experiments, beads were washed 5 x 0.5 mL 

with 1% NETN containing 500 mM NaCl. Samples were analyzed as described 

for GST pull-downs using cell extracts. Membranes were probed for Ku80 

(mouse monoclonal, NA52, Calbiochem; 1:5000, O/N, 4oC) and GST (mouse 

monoclonal, Abcam; 1:2000, 1 hr, RT) or for XLF (rabbit polyclonal, in house; 

1:4000, 1 hr, RT) as indicated. 
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2.2.7 Immunoprecipitations 

WCEs from HeLa cells were prepared in 0.5% NETN. WCEs were precleared 

with Protein G SepharoseTM beads (GE Healthcare; 1:1 slurry in PBS). 

Precleared WCEs (2 mg) were incubated with 4.2 µg antibody (either GFP 

mouse monoclonal, Ab1218, Abcam; or IgG2A control, Abcam) for 4 hr at 4oC 

with end-over-end rotation. Protein G SepharoseTM (30 µL 1:1 slurry in PBS) was 

added and samples were incubated a further 30 min at 4oC. Beads were washed 

5 x 1 mL with 0.5% NETN. SDS-sample buffer (2X) was added and samples 

were heated for 5 min at 100oC before loading onto a 10% SDS-polyacrylamide 

gel. Immunoblotting was performed first using a Ku70/80 specific antibody (rabbit 

polyclonal, in house; 1:3000, O/N, RT); a XRCC4 specific antibody (rabbit 

polyclonal, AHP387, Serotec; 1:7000, O/N, 4oC); a DNA-PKcs specific antibody 

(DPK1, rabbit polyclonal, in house; 1:10000, O/N, 4oC). Nitrocellulose 

membranes were stripped for 40 min and reprobed for XLF (rabbit polyclonal, in 

house; 1:1000, 1 hr, RT) and DNA ligase IV (rabbit polyclonal, 12695-1-AP, 

ProteinTech, Chicago, IL, USA; 1:1000), followed by GFP (N-terminal region, 

G1544, rabbit polyclonal, Sigma-Aldrich; 1:2000, O/N, 4oC). 

 

2.2.8 Electrophoretic mobility shift assays 

2.2.8.1 Standard procedure 

The dsDNA fragments (100, 200, 300 bp) used in electrophoretic mobility shift 

assays (EMSAs) were amplified by PCR from a pGEX-6P1 vector containing the 

WT sequence of human PNKP using the following primer pairs: N-PNK/C-PNK-
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100bp, NPNK/C-PNK-200bp, N-PNK/C-PNK-300bp (Table 2.1). PCR amplified 

fragments were gel purified and end-labelled with 32P-γ-ATP using T4 

polynucleotide kinase (PNK) (Invitrogen) in T4 PNK reaction buffer (70 mM Tris-

Cl, pH 7.6, 10 mM MgCl2, 50 mM KCl, 1 mM 2-mercaptoethanol) for 30 min at 

37oC. End-labelled DNA was purified and unincorporated ATP was removed 

using a QIAquick® PCR purification kit (Qiagen). The amount of recovered end-

labelled DNA was estimated based on an 80% recovery rate for unlabelled DNA. 

GST alone, GST-XLF proteins and fragments, Ku70/80, or BSA, were incubated 

at varying concentrations as indicated with approximately 0.8 fmol of end-labelled 

DNA in 25 mM HEPES-NaOH (pH 7.4), 50 mM NaCl, 1 mM EDTA, 1 mM DTT, 

5% (v/v) glycerol containing 100 µg/mL BSA at RT for 30 min unless otherwise 

stated. Protein–DNA complexes were resolved by non-denaturing gel 

electrophoresis on Tris–glycine, 4.8% acrylamide gels at 100 V and visualized by 

autoradiography.  

 

2.2.8.2 Procedure for in vitro phosphorylated GST-XLF 240-299 

GST-XLF 240-299 was phosphorylated in vitro using DNA-PK (Dr. Yaping Yu). 

GST-XLF 240-299 (800 µg) was bound to Glutathione SepharoseTM beads and 

incubated with purified DNA-PKcs and Ku70/80 (170 µg) in the presence of 0.25 

mM ATP and ctDNA for 30 min at 30oC. Mock reactions did not contain ATP. 

Beads were washed with 50 mM Tris-Cl (pH 8.0) containing 250 mM NaCl and 

0.2 mM PMSF. The GST-XLF 240-299 was eluted from the beads using 50 mM 

Tris-Cl (pH 8.0) containing 20 mM glutathione, 2 mM DTT, 0.2 mM PMSF, 0.2 
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µg/mL leupeptin, and 0.2 µg/mL pepstatin and concentrated as previously 

described. Phosphorylation of XLF was detected with a phospho-S245 specific 

antibody (rabbit, in house, O/N, 4oC). 

Unphosphorylated, phosphorylated, or mock-phosphorylated GST-XLF 

240-299 was incubated with DNA as described above. Protein-DNA complexes 

containing phosphorylated GST-XLF 240-299 were detected by incubation with 

0.7 µg of an antibody specific to phosphorylated S251 (rabbit polyclonal, in 

house) for 30 min following the initial 30 min incubation containing protein and 

DNA. Alternatively, samples were incubated as indicated with an equal amount of 

control IgG (Abcam). Samples were analyzed as described above for the 

standard EMSAs. 

 

2.2.9 Fluorescence based DNA binding assays 

DNA binding constants for XLF were determined by Dr. Rajam Mani at the 

University of Alberta as previously described (Hammel et al, 2011), using a 

PerkinElmer Life Sciences LS-55 spectrofluorometer. XLF, purified as a single 

band by Glutathione SepharoseTM affinity purification followed by FPLC using a 

heparin column, was dialyzed into buffer containing 50 mM Tris-Cl, pH 7.5, 100 

mM NaCl, 1 mM DTT, and 5 mM MgCl2. XLF was excited at 295 nm, and 

fluorescence quenching upon titration of 40 bp dsDNA was monitored at 335 nm. 

Binding constants were calculated from a plot of the relative fluorescence 

intensity (fraction of DNA bound) vs. DNA concentration. 
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2.2.10 Circular dichroism 

XLF and XLF 3D were purified to homogeneity by Glutathione SepharoseTM 

affinity purification followed by FPLC on a heparin column. Purified proteins were 

dialyzed into buffer containing 50 mM Tris-Cl, pH 7.5, 100 mM NaCl, 1 mM DTT, 

and 5 mM MgCl2. Far-UV circular dichroism (CD) data was collected by Dr. 

Rajam Mani at the University of Alberta using an Olis DSM 17CD 

spectropolarimeter (Bogart, GA, USA).  

 

2.2.11 Immunofluorescence and γ-H2AX assays 

2.2.11.1 Polylysine-coated coverslips 

Coverslips (12 mm) were washed in 1 N HCl, rinsed 5 times with ddH2O, and 

dried briefly. Coverslips were soaked in 0.1 mg/mL polylysine (MW 70-150 kDa) 

(Sigma-Aldrich) for 30 min at RT, washed 3 times with ddH2O, and dried on 

Whatman paper. Polylysine-coated coverslips were autoclaved in petri dishes. 

 

2.2.11.2 γ-H2AX assay 

2BN cells were transfected with GFP and GFP-XLF constructs as previously 

described in Section 2.2.3.3. Transfected 2BN cells were grown on polylysine-

coated coverslips in 6 cm culture dishes. 24 hr after transfection cells were 

treated with 2 Gy IR and incubated for the indicated times. Coverslips were 

removed at each time point and prior to IR (Time 0). Coverslips were washed 

twice with PBS and fixed for 10 min at RT with 3.7% formaldehyde (Sigma-

Aldrich). Fixed coverslips were stored at 4oC until all time points were collected. 
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Following fixation, cells were permeabilized with 0.2% (v/v) Triton X-100 in PBS 

for 3 min at RT. Coverslips were washed 5 x 1 min with PBS and blocked with 

1% BSA in PBS for 30 min at RT. Coverslips were incubated with primary 

antibody (γ-H2AX, mouse monoclonal, 05-636, Upstate (Millipore); 1:1000 in 1% 

BSA (Sigma-Aldrich); 125 µl per coverslip) for 1 hr, washed 5 x 1 min with PBS, 

and incubated with secondary antibody (Alexa Fluor 594-conjugated goat anti-

mouse (Molecular Probes, Eugene, OR, USA); 1:500 in 1% BSA) for 30 min 

under dark conditions. Cells were washed 5 x 1 min with PBS and nuclei were 

counterstained with 4’,6-diamidino-2-phenylindole (DAPI; 1 µg/mL in 1x PBS) 

(Sigma-Aldrich) for 10 min at RT under dark conditions. Cells were washed 3 x 2 

min with PBS, followed by a single wash with ddH2O, and coverslips were 

mounted onto slides with Vectashield (Vector Laboratories Inc., Burlingame, CA). 

Cells were visualized on a Leica DMIRE2 fluorescent microscope and images 

were captured using Openlab software (PerkinElmer, Wellesley, MA, USA). 

Exposure times were kept constant between samples. Foci were counted in at 

least 30 transfected and 30 untransfected cells for each condition and time point. 

Transfected cells were determined based on the presence of GFP in the cell. 

 

2.2.11.3 Fluorescence-activated cell sorting 

Fluorescence-activated cell sorting (FACS) was performed at the University of 

Calgary Flow Cytometry facility on a FACScan flow cytometer (Becton Dickinson, 

Mississauga, ON, Canada). 2BN cells were transfected with either GFP-XLF or 

mock transfected. 24 hr after transfection 2BN cells were harvested by 
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trypsinization, washed with PBS, and resuspended in 500 µL PBS. Live cells 

were sorted based on GFP expression to obtain a measure of transfection 

efficiency. 

 

2.2.11.4 Live cell imaging and XLF recruitment studies 

Live cell imaging was performed on transiently-transfected U2OS cells 

expressing GFP-XLF by Dr. Kazi Fattah in Dr. David Chen’s lab at the University 

of Texas Southwestern as previously described (Yano et al, 2008; Yu et al, 

2008). DNA damage was created using a 365-nm pulsed nitrogen laser (Spectra-

Physics, Moutainview, CA, USA). 

 

2.3 Results 

2.3.1 The XLF-CTR is conserved and predicted to be unstructured 

Crystal structures of XLF were published shortly after I began my work on XLF. 

As discussed above, these structures demonstrated that XLF shares a similar 

overall structure with XRCC4 and contains an N-terminal globular head domain 

and a C-terminal coiled-coil “tail” domain (Figure 2.1 A, B). The primary 

difference between the structures of XLF and XRCC4 is found in the tail 

domains. Whereas the C-terminal tail of XRCC4 is extended, the C-terminal tail 

of XLF folds back unto itself (Figure 2.1 A, B). However, only the first 224 and 

230 amino acids of XLF were crystallized (Figure 2.1 A) (Andres et al, 2007; Li et 

al, 2008b). Although the structure of the XLF-CTR remained unknown, Andres et 

al. (2006) demonstrated a requirement for the CTR for end-joining in vitro.  
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To gain insight into how the XLF-CTR that was lacking in the crystal 

structure might function, I first performed secondary structure predictions using 

the primary amino acid sequence of XLF. Secondary structure predictions of the 

first 230 amino acids of XLF using the PSIPRED and DISOPRED algorithms 

were in close agreement with the published crystal structures of XLF (Andres et 

al, 2007; Li et al, 2008b) and consistently indicated that the XLF-CTR from amino 

acids 230-299 lacks secondary structure (Figure 2.2 A, B). This prediction is 

consistent with the inability of other groups to crystallize the full-length protein 

(Andres et al, 2007), and with SAXS data that indicated multiple possible spatial 

organizations and a high degree of flexibility for the XLF-CTR (Hammel et al, 

2010a). 

A primary sequence alignment of XLF homologs from several species 

indicated that the greatest conservation is found within the N-terminal portion of 

the protein (Figure 2.3 A). While the XLF-CTR is generally poorly conserved 

across species, the extreme CTR contains a highly conserved positive motif 

(amino acids 290-293) that is a putative NLS, as well as a conserved 

phenylalanine residue (Figure 2.3 B). The conserved positively charged motif in 

the yeast XLF homolog, Nej1, has been shown to be responsible for DNA binding 

(Sulek et al, 2007).  

 

2.3.2 Purification of GST-XLF 

To determine which regions of XLF mediated its interactions with DNA and other 

NHEJ factors, I used several truncated and mutated constructs of XLF bearing N-
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Figure 2.2 Secondary structure predictions for XLF 
Secondary structure was predicted using the (A) DISOPRED2 (Ward et al, 2004) 

and (B) PSIPRED prediction algorithms (Jones, 1999; Buchan et al, 2010). 
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Figure 2.3 Primary sequence alignment of XLF homologs 
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Figure 2.3 Primary sequence alignment of XLF homologs 

(A) Primary amino acid sequence alignment of XLF homologs and putative 

homologs in Homo sapiens (NP_079058.1), Saccharomyces cerevisiae 

(Q06148), Mus musculus (NP_083618.2), Bos taurus (NP_001068861), Rattus 

norvegicus (NP_001014239), Danio rerio (NP_999914), Xenopus laevis 

(Q6DDL8), Saccharomyces pombe (Q9P7J2), Gallus gallus (XP_422052), 

Monodelphis domestica (XP_001362897) and Canis lupus familiaris 

(XP_853192), Callithrix jacchus (XP_002749848), Pongo abelii (XP_002812928), 

Oryctolagus cuniculus (XP_002712530), Aspergillus nidulans (XP_662123), 

Aspergillus flavus NRRL3357 (XP_002379310), Penicillium chrysogenum 
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(XP_002562251), Neurospora crassa (XP_964845), Sordaria macrospora k-hell 

(XP_003343695), Podospora anserina S mat+ (XP_001912253.1), Drosophila 

melanogaster (AAF46103), Tetrahymena thermophila (XP_001013098), and 

Paracoccidioides brasiliensis Pb01 (XP_002791243.1). (B) Amino acid sequence 

alignment of the CTR of XLF homologs. Sequences were aligned using the CLC 

Protein Workbench 5.3 software (CLC Bio) with the restraints: gap open cost = 

10, gap extension cost = 1, end gap cost = cheap. The alignment file was edited 

and coloured using the Jalview software package version 2.4.0.b2 (The Barton 

Group, http://www.jalview.org). C-terminal sequences of XLF and its homologs 

are as described in (A). 

 

 

 

terminal GST tags (Figure 2.4). Most of these constructs were found to purify as 

two bands (Figure 2.5 A). However, C-terminal truncation of XLF at amino acid 

239 (GST-XLF 1-239) led to a single band, and removal of the last 12 amino 

acids (GST-XLF 1-287) markedly reduced the abundance of the second faster 

migrating band. The two bands appeared to differ by several kilodaltons when 

analysed by SDS-PAGE. MS analysis of the two bands obtained from the 

purification of GST-XLF and GST-XLF 240-299, indicated that in each case the 

difference in mass between the two copurifying fragments was 4 kDa (Figure 2.5 

B). Given that both bands were recognized by GST-specific antibodies and XLF-

specific antibodies, and that both bands persisted following removal of the GST-
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Figure 2.4 Cartoon of XLF constructs used in this study 
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XLF is shown schematically with the head domain in orange and the stalk 

domain in light blue, which correspond to the head and stalk domains in Figure 

2.1 A. The CTR (dark blue) containing a conserved basic (KRKK) motif was not 

present in the X-ray crystal structure. The region of XLF that interacts with 

XRCC4 (yellow) and the region involved in homodimerization are indicated. In 

vivo phosphorylation sites are indicated by red circles and as yellow circles when 

mutated to aspartic acid. All constructs were expressed as either N-terminal GST 

fusion proteins in E. coli or as N-terminal GFP fusion proteins in mammalian cells 

(HeLa and 2BN). 
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Figure 2.5 Expression and purification of GST-XLF constructs from E. coli  
(A) N-terminal GST-fusion proteins were expressed in E. coli and purified using 

Glutathione SepharoseTM. GST-XLF fusion proteins (GST-XLF (WT), GST-XLF 

1-287, GST-XLF 1-239, GST-XLF 240-299, GST-XLF F298A, GST-XLF 

S245/251D (2D), and GST-XLF S203/245/251D (3D)) or GST alone were eluted 

from the beads with glutathione, concentrated, analysed by SDS-PAGE, and 
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visualized by staining with Coomassie blue dye. (B) MALDI-TOF MS results for 

the two copurifying bands of GST-XLF and GST-XLF 240-299. The experimental 

mass of the two bands and the calculated theoretical mass of GST-XLF are 

shown. The molecular weight difference between the two bands is shown in the 

last column. (C) Purified GST-XLF was analyzed by western blot. Nitrocellulose 

membranes were probed with both anti-GST and anti-XLF antibodies. (D) The 

predicted proteolytic cleavage site in XLF. The primary amino acid sequence of 

XLF is shown. A 4 kDa C-terminal truncation is predicted to result from cleavage 

between L260 and V261 of XLF. 

 

 

 

tag by treatment with PreScission Protease, I concluded that the second faster 

migrating band corresponded to C-terminally truncated XLF (Figure 2.5 C). Using 

the MS data I determined that cleavage likely occurred following amino acid 261 

(Figure 2.5 D).  

A search for possible proteases with recognition sites corresponding to the 

amino acid sequence near the putative cleavage site – LV/SS – identified the 

DegP protease. This protease is a bacterial periplasmic protease, present in E. 

coli BL21 (DE3) cells amongst others, that is resistant to classical protease 

inhibitors including PMSF and others used during the purification of GST-XLF. 

DegP cleaves following paired hydrophobic residues such as the LV present near 

the cleavage site of GST-XLF (Kolmar et al, 1996; Jones et al, 2002). In addition, 
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DegP cleaves unstructured proteins (Kolmar et al, 1996). Given that the 

secondary structure predictions indicated a strong probability for disorder within

the CTR, I hypothesized that DegP was responsible for the cleavage of XLF. 

It has been shown that mutation of the paired hydrophobic motif that is 

recognized by DegP to serine can prevent cleavage (Jones et al, 2002). In an 

effort to prevent cleavage of XLF, I mutated the LVSS motif to LASS as 

numerous attempts to obtain the LSSS mutant were unsuccessful. In addition, 

due to the ongoing interest of the Lees-Miller lab in the phosphorylation of XLF, 

the introduction of a potential phosphorylation site was undesirable. Purification 

of the GST-XLF LASS mutant indicated that this mutation was not sufficient to 

prevent cleavage of XLF (Figure 2.6). 

As an alternative approach, I attempted to purify the two bands of GST-

XLF and GST-XLF 240-299 separately. Although, I was unsuccessful at 

separating the two fragments of GST-XLF by purification on a heparin column 

using a linear salt gradient (Figure 2.7 A), I was able to separate the two 

fragments of GST-XLF 240-299 by this method (Figure 2.7 B). However, given 

that both fragments in the GST-XLF preparation were found to be XLF and I 

could identify where the cleavage was occurring, I opted to use the preparations 

containing the two fragments to begin my qualitative in vitro studies. Later, Dr. 

Yaping Yu in our lab had success in purifying XLF lacking the GST tag using this 

method, and I too adopted this method to purify various full-length XLF mutants 

for use in biophysical experiments, such as CD and fluorescence quenching 

experiments to determine the DNA binding constants of XLF (Figure 2.8). 
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Figure 2.6 Purification of GST-XLF LV/LA (V251A) 
GST-XLF LV/LA (V251A) was purified as described in Figure 2.5 A. Purified 

GST-XLF analyzed on the same SDS-PAGE gel and stained with Coomassie 

blue is shown for comparison. 
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Figure 2.7 Purification of GST-XLF and GST-XLF 240-299 by FPLC 
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(A) GST-XLF purified using Glutathione SepharoseTM was subjected to FPLC 

using a heparin column and a linear salt gradient (50 mM – 750 mM). Top, The 

purification profile indicating the gradient profile, absorbance, and conductivity. 

Bottom, A SDS-PAGE of protein fractions eluted from the column and stained 

with Coomassie blue. (B) GST-XLF 240-299 was purified as described in (A).  

 

 

 

 

Figure 2.8 Purification of XLF and XLF mutants by FPLC 
GST-XLF and GST-XLF mutants were purified using Glutathione SepharoseTM 

and the GST tags were removed by treatment with PreScission Protease. The 

eluted XLF and XLF mutants were purified as described in Figure 2.7. Fractions 

containing the pure proteins were concentrated and analyzed by SDS-PAGE and 

visualized by Coomassie blue staining. 
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 I also attempted to purify XLF 240-299 by FPLC. While I did have some 

success in isolating a fragment of XLF 240-299 that was recognized by our in 

house anti-XLF antibody and appeared to migrate correctly on a SDS-PAGE gel 

after cleavage of the GST tag (Figure 2.9), due to the poor recovery of protein, 

difficulties in concentrating the fragment, and protein aggregation problems 

following dialysis, experiments were performed using GST-tagged XLF 240-299. 

 
2.3.3 The XLF-CTR mediates DNA binding 

XLF has been shown to bind DNA (Lu et al, 2007). To identify the DNA binding 

domain in XLF, I performed EMSAs using different truncation constructs of GST-

XLF (Figures 2.4 and 2.10). XLF has been shown to require surprisingly long 

lengths of DNA (> 60 bp) for binding in EMSAs (Lu et al, 2007), thus I used DNA 

fragments of 100 bp – 300 bp in length to ensure binding of the full-length 

protein. Similar to previous reports, I found that XLF bound DNA in both a length-

dependent and concentration-dependent manner (Figure 2.10). Interestingly, the 

XLF-CTR from amino acids 240-299 interacted with DNA better than the full-

length protein, however, it too interacted in a length-dependent and 

concentration-dependent manner (Figure 2.10). Although, the XLF-CTR 

appeared to be responsible for the majority of the DNA binding, GST-XLF 1-239 

also shifted the DNA but to a lesser extent, suggesting that it also contains a 

DNA binding activity (Figure 2.10). Interestingly, unlike the DNA-GST-XLF 240-

299 complex, the mobility of the DNA-GST-XLF 1-239 complex did not change 

with increasing amounts of protein.  
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Figure 2.9 Purification of XLF 240-299 by FPLC 
(A) Purification of XLF 240-299 from E. coli. GST-XLF 240-299 was purified on 

Glutathione SepharoseTM beads (beads) and treated with PreScission Protease 

to cleave the GST tag (beads + protease) and elute the XLF 240-299 (eluent). 

(B) Protein eluted in (A) was subjected to FPLC using a heparin column as 
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described in Figure 2.7. (C) Fractions eluted from the heparin column were 

analyzed by SDS-PAGE and protein was visualized by Coomassie blue staining. 

FT – flow through, W - wash (D) Fractions were analyzed by western blot using 

an anti-XLF antibody. GST-XLF 240-299 was used as a positive control to 

demonstrate the recognition of the XLF 240-299 region by our in house antibody. 

(E) Coomassie blue stained SDS-PAGE gel of purified and concentrated (fraction 

14) XLF 240-299. 
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Figure 2.10 DNA binding by GST-XLF 
EMSAs using GST-XLF constructs. Left, increasing amounts of purified Ku70/80 

protein (0, 0.012, 0.06, 0.3 pmol; lanes 1-4), BSA (0, 48 pmol; lanes 5-6) or GST 
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(0, 48 pmol; lanes 7-8) were incubated with approximately 0.8 fmol 32P end-

labelled (A) 100 bp, (B) 200 bp, or (C) 300 bp dsDNA. Right, increasing amounts 

(6, 12, 24, 48 pmol) of GST-XLF (full-length, fl; lanes 1-5), GST-XLF 1-239 (lanes 

6-9), or GST-XLF 240-299 (lanes 10-13) were incubated with 32P end-labelled 

(A) 100 bp, (B) 200 bp, or (C) 300 bp dsDNA. Protein-DNA complexes were 

analysed by non-denaturing gel electrophoresis followed by autoradiography. 

BSA was present at 100 µg/mL in all samples except where indicated (left panel, 

A-C, lane 5). This figure was reprinted from Yu et al. (2008), copyright (2008), 

with permission from Elsevier. Images are representative of three independent 

experiments. 

 

 

 

To determine the precise DNA binding constants for XLF and XLF 1-239, 

fluorescence quenching was used. Proteins possess an intrinsic fluorescence 

due to the presence of tryptophan and, to a lesser extent, tyrosine residues. 

Binding to DNA results in changes in the intrinsic fluorescence emitted by the 

proteins at 335 nm when they are excited at 295 nm and provides a quantitative 

measure of DNA binding (Lakowicz, 2009). DNA was titrated into the protein 

preparations and plots of fluorescence intensity, which is related to the fraction of 

DNA bound, versus the DNA concentration were constructed and allowed for the 

determination of DNA binding constants (Kd). Dr. Rajam Mani performed these 

experiments at the University of Alberta with proteins purified by myself in the 
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Lees-Miller lab, and our lab has previously published binding affinities of other 

XLF constructs using this method (Hammel et al, 2011). The proteins used were 

purified to homogeneity using Glutathione SepharoseTM affinity purification 

followed by separation of the full-length XLF from the C-terminally truncated XLF 

by FPLC on a heparin column as described previously and are shown in Figure 

2.8. 

Using fluorescence quenching, the DNA binding constants of XLF and 

XLF 1-239 were determined (Figure 2.11 and Table 2.2). This assay was more 

sensitive than the EMSAs as it was possible to detect binding of XLF to 40 bp 

dsDNA, however, the XLF-DNA interaction was relatively weak with a micromolar 

binding affinity (Figure 2.11 A and Table 2.2). Consistent with the EMSA results, 

XLF had a stronger affinity for DNA than did XLF 1-239. Although XLF 1-239 did 

bind to DNA, it had an approximately 2-fold weaker affinity for DNA compared to 

the full-length protein (Figure 2.11 B, Table 2.2). These affinities are in 

agreement with those previously published by our lab for XLF and XLF 1-248 

using this method (Hammel et al, 2011). These results suggest that the primary 

DNA binding motif of XLF lies within the last 60 amino acids. However, a second 

weaker binding site may exist within the head domain.  

 

2.3.4 The XLF-CTR mediates interactions between XLF and the DNA-PK 
complex 

Aside from the interaction between XLF and XRCC4, little is known about the

interaction of XLF with other NHEJ factors. Although it is known that the head 
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Figure 2.11 DNA binding affinities of XLF mutants 
DNA binding constants (Kd) for (A) XLF, (B) XLF 1-239, (C) XLF 3D, and (D) XLF 

F298A were determined by fluorescence quenching using a 40 bp dsDNA 

substrate. Experiments were performed by Dr. Rajam Mani at the University of 

Alberta. 

 

Table 2.2 DNA binding constants 
XLF construct DNA binding constant (Kd) 
XLF 1.5 ± 0.2 µM 
XLF 1-239 3.3 ± 0.3 µM 
XLF 3D 1.6 ±	 0.2 µM 
XLF F298A 1.6 ± 0.2 µM 
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domain is required for interaction with XRCC4 and that the stalk domain is 

required for the structural integrity of the XLF homodimer, the function of the

XLF-CTR has not been determined. Furthermore, this region of XLF is not 

present in the crystal structure.   

To determine which regions of XLF might be important for interactions 

between XLF and NHEJ factors, I performed GST pull-down experiments using 

several truncations and mutants of XLF (Figure 2.4). As expected, GST-XLF was 

able to pull down all of the core NHEJ factors (Figure 2.12). The XLF-CTR from 

amino acids 240-299 was sufficient for interaction with the DNA-PK complex 

(DNA-PKcs and Ku). EtBr has previously been shown to disrupt DNA-protein 

interactions (Lai & Herr, 1992; Mahajan, 1999). The interaction between GST-

XLF and the DNA-PK complex (DNA-PKcs and Ku) was abolished by treatment 

with EtBr. These results indicate that the XLF-CTR interacts with DNA-PK in a 

DNA-dependent manner.  

 

2.3.5 The function of XLF phosphorylation 

2.3.5.1 The effect of phosphorylation of XLF on DNA binding  

Dr. Yaping Yu in our lab has previously identified two in vitro DNA-PK 

phosphorylation sites, S245 and S251. In vivo, S245 and S251 are primarily 

phosphorylated by DNA-PK and ATM, respectively. In addition, S203 is a major 

in vivo phosphorylation site on XLF (Yu et al, 2008). Given that the CTR 

containing S245 and S251 mediated DNA-binding by XLF and that the interaction 

between XLF and the DNA-PK complex was DNA-dependent, I hypothesized 
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Figure 2.12 Interaction of XLF with NHEJ factors 
GST, GST-XLF, GST-XLF 1-287, GST-XLF 1-239, or GST-XLF 240-299 (8.6 

pmol) were bound to Glutathione SepharoseTM beads and incubated in the 

presence or absence of EtBr (50 µg/mL) with WCEs (2 mg) prepared from BT 

cells. Proteins bound to the Glutathione SepharoseTM beads as well as 50 µg of 

WCE (input) were analyzed by SDS-PAGE (8%) followed by western blot 

analysis using antibodies specific for DNA-PKcs, Ku80, XRCC4, and DNA ligase 

IV. A portion of each sample was analyzed by SDS-PAGE (12%) followed by 

western blot analysis using a GST-specific antibody. This image is representative 

of three independent experiments. 
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that phosphorylation of XLF at S245 and S251 (and perhaps S203) might

regulate DNA binding. This regulation might occur through the introduction of 

negative charge into the CTR or through effects on the conformation of the CTR. 

In addition, phosphorylation of XLF might also impact its interaction with NHEJ 

factors independent of effects on DNA binding.  

The XLF-CTR that bound DNA in EMSAs contains the conserved 

positively charged motif (K290/R291/K292/K293) that has been shown to 

mediate DNA binding by Nej1 in yeast (Sulek et al, 2007). To demonstrate that 

this positively charged motif mediates DNA binding by the XLF-CTR, I mutated 

K290, R291, and K293 to alanine residues (GST-XLF 240-299 KRK3A). DNA 

binding was abolished in this mutant, confirming that this motif is required for 

DNA binding by the XLF-CTR (Figure 2.13 A). This result supports the idea that 

XLF binds DNA through an electrostatic interaction. 

To investigate whether phosphorylation of XLF affects DNA binding by the 

XLF-CTR, I created a phosphomimetic mutant, GST-XLF 240-299 2D 

(S245/S251D), in which S245 and S251 were replaced with aspartic acid. 

Introduction of the phosphomimetic mutations did not result in a substantial 

difference in DNA binding compared to GST-XLF 240-299 in EMSAs (Figure 2.13 

A). This suggests that phosphorylation of the XLF-CTR does not affect DNA 

binding by reducing the positive charge in this region. However, phosphomimetic 

mutations do not always recapitulate phosphorylation. 

To further probe whether phosphorylation of the XLF-CTR might affect its 

ability to bind DNA, I used an in vitro phosphorylated form of GST-XLF 240-299 
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Figure 2.13 Phosphorylation of XLF does not affect DNA binding 
(A) EMSA using GST-XLF 240-299 mutant proteins. Increasing amounts of GST 

(0, 48 pmol; lanes 1 and 2), Ku (0, 0.6 pmol; lanes 3 and 4), GST-XLF 240-299 

KRK3A (6, 12, 24, 48 pmol; lanes 5-8), GST-XLF 240-299 2D (6, 12, 24, 48 

pmol; lanes 9-12), GST-XLF 240-299 (WT; 6, 12, 24, 48 pmol; lanes 13-16), or 

GST-XLF 240-299 F298A (6, 12, 24, 48 pmol; lanes 17-20) were incubated with 
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32P end-labelled 300 bp dsDNA. Protein-DNA complexes were analysed by non-

denaturing gel electrophoresis followed by autoradiography. (B) Coomassie 

stained SDS-PAGE gel of in vitro phosphorylated GST-XLF 240-299. GST-XLF 

240-299 bound to Glutathione SepharoseTM beads was left untreated (control) or 

was incubated with DNA-PKcs, Ku70/80, ctDNA, and either AMP-PNP (mock) or 

ATP (phos.). Beads were washed and GST-XLF 240-299 was eluted with 

glutathione. (C) Western blot of samples described in (B). (D) Control, mock 

phosphorylated, or in vitro phosphorylated GST-XLF 240-299 was incubated with 

32P end-labelled 300 bp dsDNA. Protein-DNA complexes were analysed by non-

denaturing gel electrophoresis followed by autoradiography. (E) Control (C; lane 

2), mock (M; lane 3), and phosphorylated (P; lane 4) GST-XLF 240-299 were 

incubated with 32P end-labelled 300 bp dsDNA and either a S251 

phosphospecific (lanes 2-4) or IgG control antibody (lane 5). Probe alone is 

shown in lane 1. Protein-DNA complexes were analyzed the same as in (A). (F) 

EMSAs of XLF, XLF 3D, XLF F298A, and XLF KRK3A. Ku (lanes 1-2; 0, 0.6 

pmol), XLF (WT; lanes 3-7; 6, 12, 24, 48 pmol), XLF 3D (lanes 8-9; 6, 48 pmol), 

XLF F298A (lanes 10-11; 6, 48 pmol), or XLF KRK3A (lanes 12-13; 6, 48 pmol) 

were incubated with 300 bp dsDNA and protein-DNA complexes were analyzed 

as described in (A). In vitro phosphorylation of GST-XLF 240-299 was performed 

by Dr. Yaping Yu (B, C). Panels B-E are reprinted from Yu et al. (2008), copyright 

(2008), with permission from Elsevier. EMSA images are representative of three 

independent experiments. 
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in EMSAs. Dr. Yaping Yu provided GST-XLF 240-299 that had been either 

phosphorylated or mock phosphorylated by DNA-PK in vitro (Figure 2.13 B, C). 

Phosphorylation of GST-XLF 240-299 by DNA-PK did not affect DNA binding in 

EMSAs (Figure 2.13 D). The in vitro phosphorylation reaction, however, was not 

100% efficient, as only a portion of the XLF protein shifted to a more slowly 

migrating form on a SDS-PAGE gel following phosphorylation (Figure 2.13 B). 

Thus, the in vitro phosphorylated GST-XLF 240-299 also contained 

unphosphorylated protein. To demonstrate that the phosphorylated form of GST-

XLF 240-299 could bind DNA, I used a phosphospecific antibody that recognizes 

the phosphorylated form of XLF S251. Incubation of this antibody with 

phosphorylated GST-XLF 240-299 and DNA led to a supershifted DNA-protein 

complex, whereas a non-specific control antibody did not, indicating that 

phosphorylated GST-XLF 240-299 was present in the protein-DNA complex 

(Figure 2.13 E). Thus, the phosphorylated form of the XLF-CTR is still capable of 

DNA binding in vitro.  

The previous experiments were conducted using the GST-XLF 240-299 

fragment and suggested that phosphorylation in this region does not affect DNA 

binding. However, because only the C-terminal fragment of XLF that is predicted 

to be unstructured was used, one could argue that these results only indicate that 

the introduction of negative charge does not affect DNA binding based solely on 

an electrostatic mode of binding. Given my previous results indicating that the 

XLF-CTR bound DNA better than the full-length protein (Figure 2.10), it was 

possible that phosphorylation of the XLF-CTR could affect DNA binding by 
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altering the conformation of the CTR, either blocking or exposing the DNA 

binding motif of XLF. Indeed, SAXS data has indicated that the XLF-CTR is likely 

located near the head domain of XLF and that DNA aligns near this region 

(Hammel et al, 2011). Thus, one could imagine how interaction between the 

extreme XLF-CTR containing the positively charged lysine residues and the head 

domain of XLF might actually block DNA binding in the full-length protein and 

how the CTR might be released from this interaction by phosphorylation. 

Although, CD experiments indicated that the secondary structure composition of 

XLF was unaltered in the presence of DNA (Figure 2.14 and Table 2.3), this 

technique is insensitive to more subtle conformational changes.  

To further investigate whether phosphorylation of XLF affects DNA binding of the 

full-length protein, I mutated S203, S245, and S251 in full-length XLF to the 

phosphomimetic aspartate to form the XLF 3D (XLF S203D/S245D/S251D) 

mutant. Consistent with the positively charged motif mediating DNA binding, XLF 

KRK3A did not bind 300 bp dsDNA in EMSAs (Figure 2.13 F). However, 

introduction of the negatively charged aspartic acid residues (XLF 3D) did not 

affect DNA binding in EMSAs (Figure 2.13 F). Moreover, the dissociation 

constant for XLF 3D bound to 40 bp dsDNA determined by fluorescence 

quenching was not significantly different from that of WT XLF (Figure 2.11 C and 

Table 2.2). Taken together, these results do not support my initial hypothesis that 

phosphorylation of the XLF-CTR affects DNA binding. However, in vivo, 

phosphorylation of XLF might indirectly affect DNA binding by regulating the 
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Figure 2.14 Far-UV-CD spectra of XLF in the presence and absence of DNA 
Purified XLF (0.47 mg/mL) in 50 mM Tris-Cl, pH 7.5, 100 mM NaCl, 5 mM MgCl2, 

and 1 mM DTT was incubated with and without 40 bp dsDNA. Far-UV-CD 

spectra of these samples were obtained by Dr. Rajam Mani at the University of 

Alberta.  

  

 

Table 2.3 Molar ellipticity of XLF in the presence and absence of DNA 

 XLF XLF + 40bp dsDNA 
Θ209 nm -12230 -12230 
Θ222 nm -13840 -13840 
α-helix 44% 44% 
β-structures 30% 30% 
Random structures 26% 26% 
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interaction of XLF with other factors important for its recruitment to DSBs or for 

its stable association with the NHEJ complex on DNA. 

 

2.3.5.2 Interaction of XLF and XLF 3D with NHEJ factors 

To determine whether phosphorylation of XLF at S203, S245, and S251 affected 

the interaction of XLF with other NHEJ components, I performed GST pull-downs 

using GST-XLF and GST-XLF 3D. As previously shown, GST-XLF was able to 

pull down all of the core NHEJ complex components: DNA-PKcs, Ku80, XRCC4, 

and DNA-ligase IV, and the interaction with the DNA-PK complex was especially 

sensitive to EtBr treatment (Figure 2.15 A). While introduction of the three 

phosphomimetic mutations reduced the interaction between GST-XLF 3D and 

the DNA-PK complex in the absence of EtBr, interactions with all of the core 

NHEJ factors, including XRCC4 and DNA ligase IV, showed a marked reduction 

in the presence of EtBr (Figure 2.15 A).  

The GST pull-down experiments were performed with GST-XLF 

preparations that contained both the full-length and the 4 kDa C-terminally 

truncated XLF fragments. Thus, to confirm the interaction of XLF and XLF 3D 

with the core NHEJ factors, and to rule out effects of the copurifying truncated 

fragment of XLF, I performed immunoprecipitations using HeLa cells transiently 

transfected with GFP-XLF that migrated as a single band under the conditions 

used in these experiments. The core NHEJ components – Ku, XRCC4, DNA 

ligase IV, and DNA-PKcs – coimmunoprecipitated at similar levels with both 

GFP-XLF and GFP-XLF 3D (Figure 2.15 B). Under the conditions used, DNA-
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Figure 2.15 Interaction of full-length XLF, XLF 3D, and XLF F298A with the 
core NHEJ complex 
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(A) GST pull-down using GST-XLF mutants and WCEs from BT cells. GST, 

GST-XLF, GST-XLF 3D, or GST-XLF F298A was bound to Glutathione 

SepharoseTM beads and incubated in the presence or absence of EtBr (50 

mg/mL) with WCEs (2 mg) prepared from BT cells. Proteins bound to the beads 

were analyzed by SDS-PAGE (8%) followed by western blot analysis. A portion 

(1/6) of each sample was analyzed by SDS-PAGE (12%) followed by western 

blot analysis using a GST-specific antibody. (B) Coimmunoprecipitation of GFP-

tagged XLF with NHEJ factors. HeLa WCEs (2 mg) were prepared from 

untransfected cells (-ve) or cells transiently transfected with GFP, GFP-XLF, 

GFP-XLF 3D, or GFP-XLF F298A. Immunoprecipitations were performed using 

anti-GFP antibody (anti-mouse, 5 µg) or isotype control antibody (IgG2A; 5 µg) 

and analyzed by SDS-PAGE (8%) followed by western blot analysis. HeLa WCE 

(50 µg) taken prior to the addition of antibody was used as input. (C) GST pull-

down using purified GST-XLF mutant proteins and purified Ku70/80. GST, GST-

XLF, GST-XLF 3D, or GST-XLF F298A (0.5 µg) was incubated with purified 

Ku70/80 protein (0.5 µg) with or without ctDNA (125 ng) and in the presence or 

absence of EtBr (50 µg/mL) as indicated. Glutathione SepharoseTM beads were 

used to capture protein complexes containing GST proteins. These complexes 

were analyzed by SDS-PAGE (12%) followed by western blot analysis using 

antibodies specific to Ku80 and GST. In addition, 0.5 µg of Ku70/80 was loaded 

directly onto the gel as input. Images are representative of three independent 

experiments. 
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PKcs interacted with the GFP tag alone, but did appear to immunoprecipitate at 

greater levels with GFP-XLF and GFP-XLF 3D. This suggests that the decreased 

interaction of GST-XLF 3D with DNA-PKcs, Ku80, XRCC4, and DNA ligase IV

that was observed in GST pull-down experiments in the absence of EtBr may 

have been due to the recombinant nature and/or purification of the GST-proteins. 

However, the possibility that the three phosphomimetic mutations did affect 

NHEJ complex stability was further investigated. 

 

2.3.5.3 Interaction of XLF and XLF 3D with Ku  

In the current model of NHEJ, Ku70/80 is thought to initiate complex formation 

through the recruitment of other core NHEJ components to DSBs. Thus, one 

possibility for the minor reduction in the interaction of GST-XLF 3D with the other 

NHEJ factors in GST pull-downs is that XLF 3D does not interact with Ku70/80 

as well as the WT protein and that this leads to defects in XLF recruitment to the 

NHEJ complex.  

I was particularly interested in the interaction between XLF and Ku, as this 

interaction had not previously been documented. To test whether XLF can 

interact directly with Ku70/80 and whether this interaction is affected by the 

introduction of phosphomimetic mutations into XLF, I performed GST pull-down 

experiments with purified proteins. GST-XLF and GST-XLF 3D were incubated 

with purified Ku70/80 obtained from HeLa cell extracts in the presence and 

absence of EtBr and/or ctDNA. While GST-XLF was able to pull down Ku70/80 in 

the absence of DNA, this interaction was reduced by the addition of EtBr (Figure 
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2.15 C). This suggests that the XLF-Ku interaction is DNA-dependent and that 

the protein preparations likely contained contaminating DNA. Consistent with the 

XLF-Ku interaction being DNA-mediated, addition of ctDNA enhanced the 

interaction. This result supports the model that Ku recruits XLF to DNA. Like 

GST-XLF, GST-XLF 3D was also able to pull down Ku. However, the interaction 

between Ku and GST-XLF 3D was more sensitive to EtBr, and addition of DNA 

did not enhance this interaction to the same extent as seen for the interaction 

between GST-XLF and Ku. 

 

2.3.5.4 The effect of phosphorylation of XLF on recruitment to DNA damage in 
vivo 

Chen and colleagues have since published similar data showing that Ku can 

recruit XLF to DNA both in vitro and in vivo (Yano et al, 2008). In Ku-null cells, 

XLF is not recruited to laser-induced DNA damage tracks. Thus, to determine 

whether the small defects I observed in vitro affected XLF recruitment to DSBs in 

vivo, we collaborated with Dr. David Chen at the University of Texas to perform 

these same laser recruitment experiments using GFP-XLF and GFP-XLF 3D. 

Consistent with the subtle defects in vitro, the intensity of GFP-XLF 3D recruited 

to DSBs in vivo was less than that of GFP-XLF (Figure 2.16 A). In addition, GFP-

XLF 3D exhibited slightly faster dissociation kinetics compared to GFP-XLF 

(Figure 2.16 B). Taken together, my data are consistent with phosphorylation of 

XLF having subtle effects on the interaction of XLF with Ku. 
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Figure 2.16 Recruitment of GFP-XLF to DSBs in vivo 
(A) Representative image showing recruitment of the GFP-XLF, GFP-XLF 3D, 

and GFP-XLF F298A to laser-induced DNA damage in transiently transfected 

U2OS cells. (B) Binding kinetics for GFP-XLF and GFP-XLF 3D at laser-induced 

DNA damage. (C) Kinetics of GFP-XLF and GFP-XLF F298A accumulation at 

laser-induced DNA damage. Intensity at laser strikes was determined relative to 

background intensity in 15-20 cells and error bars represent standard deviation 

(SD). These experiments were performed by Dr. Kazi Fattah in the laboratory of 

Dr. David Chen at the University of Texas Southwestern.  
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2.3.6 The function XLF F298 

2.3.6.1 XLF F298 is important for interaction with the NHEJ complex 

In addition to the DNA-PK/ATM phosphorylation sites and the conserved basic 

motif that mediates DNA binding, the XLF-CTR also contains a highly conserved 

phenylalanine at position 298 (Figure 2.3 B). To further characterize the function 

of the XLF-CTR and to determine whether this conserved residue might be 

important for the interaction of XLF with other NHEJ components, I constructed 

an XLF F298A mutant. GST-XLF F298A was severely impaired in its interactions 

with the NHEJ complex and did not interact with any of the core components 

even in the absence of EtBr (Figure 2.15 A).  

Again, to ensure that the results of the GST pull-downs were not due to 

the use of recombinant proteins or due to their purification, immunoprecipitations 

were performed using transiently transfected HeLa cells. Consistent with the 

results of the GST pull-down experiments, transiently transfected GFP-XLF was 

able to immunoprecipitate Ku80, XRCC4, and DNA-Ligase IV from HeLa cells 

while GFP-XLF F298A was not (Figure 2.15 B). Unfortunately, as previously 

discussed, DNA-PKcs interacted with the GFP-tag alone. Nevertheless, more 

DNA-PKcs was present in the GFP-XLF immunoprecipitation than in the GFP-

XLF F298A immunoprecipitation, suggesting that the interaction between XLF 

and DNA-PKcs was also reduced in the F298A mutant. 
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2.3.6.2 XLF F298A interacts with XRCC4 

As previously mentioned, the interaction between XLF and XRCC4 is mediated 

by the N-terminal head domains of these proteins (Andres et al, 2007; Hammel et 

al, 2011). Thus, it was extremely surprising that a single mutation in the second 

to last amino acid of XLF could have such a dramatic effect on the interaction 

between XLF and XRCC4. However, one could imagine a model in which a 

mutation in the XLF-CTR, that is predicted to be located near the head domain 

(Hammel et al, 2011), might affect the XLF-XRCC4 interaction. Indeed, the CTR 

of XLF was proposed by Hammel et al. (2011) to promote XLF-XRCC4 filament 

formation in the presence of DNA.  

To determine whether XLF F298A was still able to directly interact with 

XRCC4, I performed GST pull-downs with pure proteins. GST-XRCC4 was 

incubated with XLF or XLF F298A as previously described for GST-XLF and Ku. 

Consistent with the crystal structure of the XLF-XRCC4 complex and previously 

published mutagenesis experiments, XLF F298A was able to directly interact with 

XRCC4 in the absence of DNA (Figure 2.17). Although effects on XLF-XRCC4 

filament formation cannot be ruled out, this result suggested that XLF F298A was 

not grossly misfolded and that the loss of interaction between XLF F298A and 

XRCC4 in GST pull-downs and immunoprecipitations with cell extracts was 

indirect. 
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Figure 2.17 Interaction between purified recombinant XLF F298A and 
XRCC4 
GST pull-down using purified GST-XRCC4 purified GST-XLF or GST-XLF 

F298A. GST-XRCC4 (0.5 µg) or equimolar amounts of GST alone were 

incubated with purified XLF or XLF F298A protein (0.5 µg) with or without ctDNA 

(125 ng) and in the presence or absence of EtBr (50 µg/mL) as indicated. 

Glutathione SepharoseTM beads were used to pull down protein complexes 

containing GST proteins. These complexes were analyzed by SDS-PAGE (12%) 

followed by western blot analysis using antibodies specific to XLF and GST. In 

addition, 0.5 µg of XLF or XLF F298A was loaded directly onto the gel as input. 

This image is representative of three independent experiments. 
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2.3.6.3 XLF F298 is important for interaction with Ku70/80 

Another possible explanation for the loss of interaction between GST/GFP-XLF

F298A and all of the NHEJ core complex components in GST pull-downs and 

immunoprecipitations is that XLF F298A is not properly recruited to the complex. 

As previously demonstrated, GST-XLF directly interacts with Ku70/80 in a DNA-

dependent manner (Figure 2.15 C). Unlike GST-XLF, GST-XLF F298A was 

unable to interact with Ku even in the presence of DNA (Figure 2.15 C). This 

result indicates that XLF F298 is required for the DNA-dependent interaction with 

Ku and supports the model in which Ku recruits XLF to the NHEJ complex. 

 

2.3.6.4 XLF F298A binds DNA 

The inability of XLF F298A to interact with Ku70/80 in a DNA-dependent manner 

might be easily explained by a defect in DNA binding by XLF F298A, especially 

given that F298 lies near the positively charged DNA binding motif and 

phenylalanine residues are known to interact with DNA. For example, a 

phenylalanine residue in MutS stacks between mismatched DNA bases 

(Obmolova et al, 2000). However, a defect in DNA binding was not observed for 

XLF F298A in EMSAs (Figure 2.13 F). Moreover, XLF F298A displayed the same 

affinity for 40 bp dsDNA as did WT XLF (Figure 2.11 D and Table 2.2). Based on 

these results, I propose that XLF F298 mediates the DNA-dependent interaction 

between XLF and Ku through its involvement in protein-protein contacts between 

the DNA-bound proteins. 
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2.3.6.5 XLF F298A is not recruited to DSBs in vivo 

Having a separation of function mutant (XLF F298A) provided a tool to ask an 

important question that the field had previously been unable to answer. Although 

it had been suggested by Yano et al. (2008) that Ku recruits XLF to DSBs, these 

authors only showed that XLF was not recruited in Ku-null cells to laser-induced 

breaks in vivo. Based on the current model of NHEJ, Ku is the central component 

of the pathway and is thought to initiate complex formation through the 

recruitment of not only XLF but also DNA-PKcs and XRCC4 (Mari et al, 2006; 

Uematsu et al, 2007). Thus, Ku-null cells would be expected to exhibit a 

complete loss of recruitment of all NHEJ complex components, not only XLF. 

While Yano et al. (2008) showed that XLF recruitment is only slightly altered in 

XRCC4-deficient cells, this result does not eliminate the possibility that the loss 

of XLF recruitment in Ku-null cells was due to the loss of other Ku-dependent 

interactions and processes such as DNA-PKcs recruitment. More recently, Yano 

et al. (2011) showed that a C-terminally truncated protein, XLF 1-289, that does 

not interact with Ku is not recruited to laser-induced damage. However, this 

protein lacked the conserved positively charged motif that I have shown mediates 

the XLF-DNA interaction (Figure 2.13 F). Thus, a defect in DNA binding might 

also explain the loss of XLF recruitment.  

To directly demonstrate the role of the Ku-XLF interaction in vivo, laser-

induced recruitment experiments were performed, again in collaboration with Dr. 

David Chen’s lab. Compared with GFP-XLF, GFP-XLF F298A displayed a 

dramatic defect in recruitment to laser-induced damage (Figure 2.16 A, C). Thus, 
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the direct interaction between XLF and Ku is mediated by XLF F298 and is 

required for efficient recruitment of XLF to DNA damage in vivo. 

 

2.3.6.6 The XLF-CTR is not required for DSB repair in vivo 

A role for the XLF-CTR in NHEJ was first suggested by Andres et al. (2007). 

Similar to my results, they showed that a C-terminally truncated XLF, XLF 1-224, 

was unable to bind DNA. Moreover, they demonstrated that XLF 1-224 did not 

stimulate end-joining of non-cohesive ends in vitro (Andres et al, 2007). Although 

the XLF-CTR, and XLF F298 in particular, were required for XLF recruitment to 

damage in vivo (results presented above and Yano et al, 2011), a requirement 

for the XLF-CTR for repair in vivo had not been explicitly demonstrated. 

Furthermore, it had not been determined whether the loss of in vitro NHEJ 

activity upon truncation of XLF was due to the loss of DNA binding and/or the 

loss of interaction with Ku70/80. 

Having shown in vitro that the XLF-CTR mediated interaction of XLF with 

DNA and Ku, I sought to determine what the in vivo consequence of a loss of 

these interactions was in terms of repair. Based on the current model of NHEJ 

and the role of XLF in stimulating end-joining by XRCC4-DNA ligase IV, I 

hypothesized that recruitment of XLF to DSBs by Ku would be required for 

efficient repair of DSBs in vivo. To test whether the XLF-CTR, and specifically 

F298, was important for repair in vivo, I performed γ-H2AX foci assays in XLF-

deficient 2BN cells transiently transfected with GFP, GFP-XLF, GFP-XLF 1-239, 
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or GFP-XLF F298A. γ-H2AX foci are indirect markers of DSBs and this assay is a 

commonly used measure of DSBR in vivo (Dickey et al, 2009). 

Given that the DNA binding motif (amino acids 290-293) in the XLF-CTR 

is also a putative NLS, I first determined whether C-terminal truncation of this 

motif affected GFP-XLF localization to the nucleus. Immunofluorescence 

indicated that while GFP-XLF 1-239 localized to the nucleus, it had a more 

disperse distribution compared to GFP-XLF and was also present in the 

cytoplasm (Figure 2.18 A). However, under these experimental conditions, in 

which GFP proteins were overexpressed from a cytomegalovirus (CMV) 

promoter, significant levels of nuclear localization were achieved. Mutation of 

F298 (GFP-XLF F298A) did not appear to affect protein localization (Figure 2.18 

A).  

Protein expression was evident 12 hr after transfection of 2BN cells and 

was maintained as long as 72 hr post-transfection (Figure 2.18 B). Thus, 

transiently transfected cells were treated with 2 Gy IR 24 hr after transfection 

and γ-H2AX foci were counted in cells up to 12 hr post-irradiation. Transfection 

efficiency was approximately 20% as determined by immunofluorescence 

microscopy (Figure 2.18 A) and was consistent with a FACS analysis of GFP 

expressing cells that indicated a transfection efficiency of approximately 24% 

(Figure 2.18 C, D).  

Compared to XLF-proficient cells, untransfected 2BN cells are 

radiosensitive and display γ-H2AX foci for extended periods following IR 

(Ahnesorg et al, 2006; Yu et al, 2008). Indeed, γ-H2AX foci formed similarly in
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Figure 2.18 GFP-XLF expression in 2BN cells 
(A) GFP-XLF localization was observed in 2BN cells by immunofluorescence at 

40X magnification. 2BN cells were transiently transfected with GFP-XLF, GFP-

XLF F298A, or GFP-XLF 1-239. Nuclear staining was performed on 
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formaldehyde fixed cells 24 hr after transfection using DAPI. Cells were observed 

using fluorescence filters for DAPI and GFP. (B) Expression of transiently 

transfected GFP-XLF in 2BN cells over time. WCEs were prepared in duplicate 

from 2BN cells 0, 12, 24, 36, 48, and 72 hr after transfection with GFP-XLF (50 

µg) and from untreated HeLa cells (25 µg). Samples were analysed by SDS-

PAGE (12%) followed by western blot analysis using antibodies specific for XLF 

and Ku80. Expression levels were determined using Ku80 as a loading control. 

Relative expression levels relative to an equal amount (50 µg) of HeLa WCE are 

shown. (C) 2BN cells either mock transfected or (D) transiently transfected with 

GFP-XLF were analyzed by FACS for GFP expression (FL1-H). SSC-H – side 

scattered light, FSC-H – forward scattered light.  
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untransfected, GFP transfected, and GFP-XLF transfected cells following 

treatment with 2 Gy IR (Figure 2.19). However, compared to the GFP-XLF 

expressing cells, in which the majority of foci had disappeared by 8-12 hr post-

irradiation, the foci in untransfected and GFP expressing cells persisted, although 

some slow repair was observed over this period (Figure 2.19 A, B). Importantly, 

despite the drastic consequences of either deletion of the C-terminal 60 amino 

acids of XLF or mutation of F298 in vitro, no statistically significant difference was 

observed for the dissipation of γ-H2AX foci in cells transfected with GFP-XLF 1-

239 or GFP-XLF F298A compared to cells expressing GFP-XLF (Figure 2.19 A, 

B, C). These results indicate that although the XLF-CTR is required for DNA 

binding and interaction with Ku in vitro and for recruitment to laser-induced 

damage sites in vivo, these interactions may not be necessary for DNA repair in 

vivo, at least not as measured by the γ-H2AX foci assay using the conditions of 

this study. 

 

2.4 Conclusions 

In the work presented in this chapter, I identified regions of XLF responsible for 

DNA binding and interaction with the core NHEJ components. The XLF-CTR 

from amino acids 240-299 mediated both DNA binding and the DNA-dependent 

interaction with Ku70/80 in vitro.  Specifically, the conserved basic motif between 

amino acids 290 and 293 was required for DNA binding, and F298 was required 

for interaction with Ku. Interestingly, loss of the XLF-Ku interaction also indirectly 

affected the XLF-XRCC4 interaction in cell extracts. Introduction of 
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Figure 2.19 The XLF-CTR does not affect γ-H2AX foci resolution 
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(A) Representative immunofluorescence images of transiently transfected 2BN 

cells following 2 Gy IR. 2BN cells were transiently transfected with GFP, GFP-

XLF, GFP-XLF F298A, or GFP-XLF 1-239. 24 hr after transfection cells were 

exposed to 2 Gy IR. Cells were fixed and incubated with a γ-H2AX specific 

primary antibody followed by a red fluorescent (Alexa 594) secondary antibody 

and DAPI at the times indicated. Cells were observed using the appropriate 

fluorescence filters for DAPI, GFP, and Alexa 594 (γ-H2AX) at 100x 

magnification. (B) γ-H2AX foci assay for 2BN cells transiently transfected with 

GFP-XLF constructs. Cells were treated with 2 Gy IR. For each time point (0-12 

hr) following IR γ-H2AX foci in at least 30 transfected and 30 untransfected cells 

on the same coverslip. The average number or foci per cell was plotted. Error 

bars represent the standard error of the mean (SEM). For 0, 1, 2, and 4 hr N=3 

GFP-XLF and GFP-XLF 1-239 and N=2 for GFP-XLF F298A and untransfected 

cells. For 12 hr, N=2 for GFP-XLF and GFP-XLF 1-239 and N=1 for GFP-XLF 

F298A and untransfected cells. 
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phosphomimetic mutations in XLF had only subtle effects on the interaction of 

XLF with NHEJ factors and did not affect DNA binding or the overall 

conformation of XLF. In contrast, XLF F298 was particularly important for the 

DNA-dependent interaction with Ku70/80 and recruitment of XLF to DNA damage 

in vivo but not for DNA binding in vitro.  However, surprisingly, the XLF-CTR and 

F298 did not affect DNA repair in vivo, as measured in γ-H2AX foci assays. 

These results suggest that DNA binding, interaction with Ku, and recruitment of 

XLF to damage may not be essential for XLF function in NHEJ in vivo. However, 

overexpression of GFP-XLF proteins and recruitment of GFP-XLF F298A below 

the level of detection in the laser experiments may account for this discrepancy.  

 

2.5 Discussion and Future Directions 

2.5.1 Function of XLF phosphorylation 

The function of XLF phosphorylation by DNA-PK and ATM remains elusive. Our 

lab has previously reported a lack of radiosensitivity in XLF-deficient cells 

transiently expressing an alanine mutant form of XLF in which all of the identified 

in vitro phosphorylation sites were mutated to alanine. This mutant displayed only 

slightly slower dissociation from laser-induced damage sites in vivo (Yu et al, 

2008). Similarly, I have found that the phosphomimetic mutant, XLF 3D, has the 

opposite phenotype and dissociates slightly faster than WT XLF (Figure 2.16 B). 

In addition, XLF 3D has subtle defects in its interactions with other NHEJ factors 

(Figure 2.15). However, these small differences are unlikely to significantly affect 

NHEJ in vivo, and thus, the role of phosphorylation of XLF remains unknown.  
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Like XLF, XRCC4 is phosphorylated in its CTR by DNA-PK in vitro and in 

vivo (Yu et al, 2003; Lee et al, 2004). Interestingly, Roy et al. (2012) found that 

overexpression of a phosphomutant XLF, but not WT XLF, protected rodent cells 

expressing a phosphomutant form of XRCC4 from zeocin. They also found that 

DNA-PK-dependent phosphorylation resulted in loss of XRCC4 from an XLF-

DNA complex and impaired DNA end-bridging by XLF-XRCC4 in vitro (Roy et al, 

2012). Thus, a potential role for DNA-PK phosphorylation of XLF and XRCC4 in 

NHEJ has been uncovered. However, phosphorylation of the XRCC4 and XLF 

CTRs appears to be functionally redundant (Roy et al, 2012). Thus, future 

experiments to address the function of XLF phosphorylation should be performed 

in an XRCC4 phosphomutant background. 

 

2.5.2 Function of XLF-CTR in vitro 

I have identified functions for the XLF-CTR both in vitro and in vivo. My results 

indicate that the XLF-CTR contains a DNA binding activity in vitro that is 

dependent on the positively charged KRKK motif (290-293) (Figures 2.10 and 

2.13 A). This is consistent with results from Andres et al. (2012) that 

demonstrated a role for XLF K293 in DNA binding. However, from my results it 

appears that the N-terminal region of XLF from amino acids 1-239 also contains 

a second lower affinity binding site for DNA (Figures 2.10 and 2.11 B). This is 

consistent with hydrogen-deuterium MS experiments that identified residues in 

the head domain of XLF that are potentially involved in DNA binding (Hammel et 

al, 2011).  



 

 130 

In addition to mediating DNA binding, the XLF-CTR was required for a 

DNA-dependent interaction with Ku70/80 in vitro (Figure 2.12). Mutation of XLF 

F298 to alanine abolished the interaction with Ku70/80 (Figures 2.15). There are 

at least two possible models to explain this interaction. In the first, XLF F298 is 

required for a direct interaction between Ku and XLF, but this interaction requires 

additional stabilization. In this case, DNA would act as a scaffold to stabilize the 

Ku-XLF complex. An alternative model is that either, or both, XLF and Ku 

undergo a conformational change upon DNA binding that allows the two proteins 

to interact. Whether DNA binding by both Ku and XLF is required for the DNA-

dependent Ku-XLF interaction is not known. However, DNA binding by both Ku 

and XLF is not sufficient, as XLF F298A retains WT DNA binding activity yet 

does not interact with Ku in the presence of DNA (Figure 2.11 C and Table 2.2). 

This indicates that in addition to DNA binding by Ku and/or XLF, more extensive 

protein-protein interactions are also involved in the Ku-XLF interaction. It may be 

possible to determine in future studies whether DNA binding by XLF is required 

for interaction with Ku using the XLF KRK3A mutant. The use of short DNA 

substrates may also provide some insight into the requirement for XLF binding. 

Although XLF requires long lengths of DNA for binding in EMSAs, in the 

presence of Ku, XLF is able to bind to much shorter substrates (Yano et al, 

2008). Ku requires a minimum of 14-18 bp of dsDNA for binding (Yaneva, 1997; 

West et al, 1998; Yoo et al, 1999). Thus, binding of Ku to a 14 bp dsDNA 

substrate should preclude direct binding of XLF to DNA. Together, these 
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approaches should allow the question of whether DNA binding by Ku alone is 

sufficient for the Ku-XLF interaction to be addressed.  

Determining whether DNA binding by Ku is required may prove more 

challenging given the size and structure of the Ku70/80 heterodimer. The crystal 

structure of Ku70/80 indicates that DNA threads through the preformed donut 

shaped core domain of the heterodimer (Walker et al, 2001). Although, structural 

studies have indicated that Ku does not undergo a dramatic conformational 

change upon binding DNA, more subtle changes may occur that promote 

interaction with XLF (Walker et al, 2001; Hammel et al, 2010b). Indeed, the 

globular Ku80-CTR that is attached to the core Ku domain by a flexible linker 

exhibited subtle differences in its localization upon DNA binding in SAXS studies 

(Hammel et al, 2010b). Furthermore, limited proteolysis and N-

hydroxysuccinamide ester-biotin labelling of Ku70/80 in the presence and 

absence of DNA indicated that conformational changes in the Ku70-CTR occur 

upon DNA binding (Lehman et al, 2008). Perhaps the strongest evidence in 

support of a DNA-dependent conformational change in Ku is the fact that DNA 

binding by Ku is required for recruitment of DNA-PKcs to DNA and for DNA-PKcs 

autophosphorylation (Gottlieb & Jackson, 1993; Suwa et al, 1994; Yaneva, 1997; 

Gell & Jackson, 1999; Falck et al, 2005; Weterings et al, 2009). This may be due 

to a conformational change in the Ku80-CTR that is required for DNA-PKcs 

recruitment and kinase activity (Gell & Jackson, 1999; Singleton et al, 1999; 

Falck et al, 2005; Weterings et al, 2009). Although the CTRs of Ku70 and Ku80 

are not required for recruitment of XLF to DNA, the precise regions of Ku70/80 
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that are involved are unknown (Yano et al, 2011). Interestingly, a hydrophobic 

motif in APLF that is similar to the F298 containing motif at the extreme C-

terminus of XLF was recently shown to mediate an interaction between APLF 

and the vWa domain in the core of Ku80 (Grundy et al, 2013). Mapping the XLF 

interacting region on Ku70/80 by structural methods in combination with 

hydrogen-deuterium exchange MS may provide insight into how Ku is able to 

recruit multiple factors to DNA. 

 

2.5.3 Function of XLF-CTR in vivo 

Data presented here and by others indicates that in vivo the interaction of XLF 

with Ku70/80 is required for efficient XLF recruitment to DNA damage sites (Yano 

et al, 2011). However, defects in γ-H2AX foci resolution were not observed upon 

truncation of XLF or upon mutation of F298, which was required for interaction 

with Ku70/80 in vitro (Figure 2.19). Thus, the necessity for an interaction between 

XLF and Ku70/80 for repair in vivo remains unclear. Similar results have been 

published using a different patient-derived XLF-deficient cell line (Malivert et al, 

2009). In their study, Malivert et al. (2009) found no significant differences in the 

ability of full-length XLF and truncated XLF (1-230) to rescue cells in clonogenic 

survival assays and γ-H2AX foci assays after IR, or in chromosomal V(D)J 

recombination assays until more than 120 amino acids were removed from the 

C-terminus. Thus, together with my results, it would appear that the C-terminal 

60 amino acids of XLF are not absolutely required for NHEJ in vivo. Given that 

this region contains the DNA binding activity of XLF and is required for interaction 
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with Ku in vitro and recruitment of XLF to damage in vivo, it appears that these 

activities may not be required for XLF to promote DSB repair in vivo.  

The apparent lack of function for the XLF-CTR in DSBR in vivo is in 

contrast to the requirement of the XLF-CTR from amino acids 224-299 in end-

joining assays in vitro (Andres et al, 2007). The simplest explanation for this 

discrepancy is that amino acids between 224 and 230 are crucial for XLF 

function, as Andres et al. (2007) found that XLF 1-224 was not functional in vitro, 

while myself and Malivert et al. (2009) have shown that XLF 1-239 and XLF 1-

230 function as WT in vivo. 

Another explanation for the discrepancies may be that additional factors 

regulate XLF function or the formation and/or stability of the NHEJ complex in 

vivo. As previously discussed, the XRCC4-CTR may be functionally redundant 

with the XLF-CTR, at least in terms of phosphorylation (Roy et al, 2012). 

Recently, APLF has been shown to aid in XLF recruitment to DNA in vitro 

through an interaction with Ku80 that is mediated by a motif in APLF similar to 

the motif containing F298 in XLF (Grundy et al, 2013). In vitro end-joining assays 

performed by Andres et al. (2007) contained only the core NHEJ machinery – Ku, 

XLF, XRCC4, and DNA ligase IV. This raises the possibility that the XLF-CTR 

and APLF function redundantly. It will be interesting to test the effect of APLF in 

end-joining assays containing C-terminally truncated or mutated XLF. It will also 

be interesting to test whether other, yet to be identified, factors are important by 

determining whether cell extracts from XLF-deficient cells expressing different 

XLF constructs better recapitulate the in vivo results. Indeed, several recent 
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reports demonstrate functional redundancy of XLF with ATM, 53BP1, H2AX, and 

DNA-PKcs in NHEJ during CSR and V(D)J recombination, and during 

lymphocyte development (Zha et al, 2011; Liu et al, 2012; Oksenych et al, 2012; 

2013).  

Yet a third explanation for the lack of a repair defect in vivo could be the 

levels of GFP-XLF expressed in the cells. Compared to the level of XLF in a 

HeLa cell, the GFP-XLF proteins were very highly overexpressed in the 

transiently transfected 2BN cells (Figure 2.18 A). This is consistent with previous 

results from our lab in which we found that 24 hr after transfection of 2BN cells, 

GFP-XLF was expressed approximately 10 times higher than XLF in TERT-

immortalized normal patient fibroblasts (48BR), which in turn showed similar 

levels of XLF compared to HeLa, MCF7, and C3ABR cell lines (Yu et al, 2008). 

However, Malivert et al. (2009) used a retroviral transfection method and 

determined that the level of expression obtained in their cells was much closer to 

endogenous XLF levels. However, it is still possible that even slightly elevated 

levels of a partially functional XLF protein can allow for WT levels of repair. 

Moreover, GFP-XLF F298A recruitment below the limits of detection in the laser 

experiment may be sufficient to support repair. Alternatively, XLF may not need 

to be recruited to breaks to perform its function. Perhaps XLF stimulates XRCC4-

DNA ligase IV by affecting DNA ligase IV readenylation away from the DSB.  

Finally, it is possible that the function of XLF and its CTR varies in different 

cell types. Both my study and the study by Malivert et al. (2009) utilized patient- 

derived fibroblasts. Interestingly, in XLF knockout mice compensation for the lack 
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of XLF occurs in lymphocytes, whereas both MESs and MEFs are radiosensitive 

and deficient in V(D)J recombination (Li et al, 2008a).  

Regardless of which mechanism(s) might be at play, efforts to create a 

system for studying XLF at more physiological levels should be an important part 

of future studies. A XLF F298A or XLF C-terminally truncated mouse model 

would be ideal, as it would allow for investigation of the functional redundancy 

between the XLF-CTR and other known factors for which mouse models 

currently exist (such as 53BP1 and ATM), at endogenous expression levels and 

in different cell types. 

 

2.6 Summary 

Based on my data, DNA binding by XLF is not required for DNA repair, as GFP-

XLF 1-239 was still able to promote WT levels of DNA repair in vivo, as judged 

by γ-H2AX foci assays. However, DNA binding by the yeast XLF homolog, Nej1, 

does appear important for NHEJ in yeast (Sulek et al, 2007). Similarly, while the 

XLF-CTR from 224-299 seems to be necessary for NHEJ in vitro and my data 

indicates that F298 is required for interaction with Ku in vitro and recruitment to 

DNA damage in vivo, these functions do not appear to affect DSBR in vivo (data 

presented here and in Andres et al. (2007) and Malivert et al. (2009)). Thus, 

discrepancies between the in vitro and the in vivo data on XLF and between the 

human and the yeast XLF/Nej1 proteins remains a puzzle in the field and an area 

for future study. I have attempted to address some of these questions in Chapter 

3.  
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Chapter 3: The role of the Nej1-CTR in NHEJ 

3.1 Background 

3.1.1 NHEJ in yeast 

3.1.1.1 Pathway choice: HR vs. NHEJ 

The main pathways of DSBR, HR and NHEJ, are conserved in yeast (Daley et al, 

2005a; Lisby & Rothstein, 2009). However, unlike in mammalian cells where 

DSBs are predominately repaired by NHEJ, in S. cerevisiae HR is the dominant 

repair pathway. Moreover, while the template sequence for HR in mammalian 

cells is primarily restricted to the sister chromatid, in yeast the homologous 

chromosome or a homologous ectopic sequence can also be used (Aylon & 

Kupiec, 2004; Kass & Jasin, 2010). The predominance of HR in S. cerevisiae 

may be explained by several factors: 1) The increased time spent in S and G2 

phases where a homologous sister chromatid is available for repair, and 2) the 

decreased size of the yeast genome and nucleus, which makes finding a 

homologous sequence easier (Kass & Jasin, 2010). Moreover, small insertions 

and deletions that arise from NHEJ are, consequently, more likely to result in loss 

of genetic information compared to mammalian cells, where the majority of the 

genome is noncoding. In addition, NHEJ is downregulated in MATa/MATα 

diploids and in exponentially growing cells (Lee et al, 1999; Karathanasis & 

Wilson, 2002). This type of regulation may help to promote HR in diploid cells 

where a homologous chromosome is present for repair.  

Pathway choice in S. cerevisiae is controlled by Cdk1 activity (Ira et al, 

2004; Aylon & Kupiec, 2005; Huertas et al, 2008; Zierhut & Diffley, 2008; Zhang 
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et al, 2009; Symington & Gautier, 2011). In S and G2 phases of the cell cycle 

Cdk1 activity is high. This promotes the initiation of 5’-3’ DNA end resection by 

the MRX complex in conjunction with the CtIP homolog, Sae2, and allows for 

subsequent extensive resection by Exo1 and/or Sgs1-Top3-Rmi1 and Dna2 

(Huertas et al, 2008; Mimitou & Symington, 2008; Symington & Gautier, 2011). 

This resection allows for the initiation of HR by promoting the formation of Rad51 

filaments that are required for strand invasion (Dudás & Chovanec, 2004). In G1 

phase, Cdk1 activity is low. This prevents extensive end resection and allows for 

stable binding of Ku to DNA ends and initiation of NHEJ (Symington & Gautier, 

2011). 

 

3.1.1.2 Studying NHEJ in S. cerevisiae 

Due to the predominance of HR in S. cerevisiae, DNA damage sensitivity is only 

observed in NHEJ mutants upon short-term treatment with high doses of DNA 

damaging agents, unless HR is also impaired (Boulton & Jackson, 1996b; 

Ahnesorg & Jackson, 2007). Impairment of HR can be accomplished by deletion 

of either RAD51 or RAD52, which are critical components of the HR pathway, or 

by using assays in which a DNA sequence homologous to the substrate is 

absent.  

A commonly used system to study defined DSBs in S. cerevisiae takes 

advantage of the endogenous process of mating type switching (Lee et al, 1998; 

Valencia et al, 2001; Sugawara & Haber, 2006). S. cerevisiae haploid cells have 



 

 138 

one of two mating types: a or α (Figure 3.1 A). The genetic information that 

determines mating type resides at the mating type locus (MAT) on chromosome

III in the form of either the MATa or MATα allele (Haber, 1998). MATa encodes 

Mata2 whose function is unknown and the Mata1 corepressor that in diploid cells 

acts with Matα2 to repress haploid-specific genes. MATα encodes the Matα1 

coactivator, which functions with Mcm1 to activate α-specific genes, and the 

Matα2 corepressor, which acts with Mcm1 to repress a-specific genes. In diploid 

MATa/MATα cells, Mata1-Matα2 represses haploid-specific genes and MATα1 

expression, such that α-specific genes are also not active (Figure 3.1 A) (Haber, 

1998). 

During mating type switching in haploid cells the HO endonuclease, which 

is normally expressed only in G1 phase of mother cells, creates a DSB with 3’ 4 

bp overhanging ends at the MAT locus. Under normal circumstances this DSB is 

repaired by HR using the adjacent silenced HMRa or HMLα donor sequences in 

a regulated manner and can lead to mating type switching by gene conversion 

(Haber, 1998). This system has been engineered to allow for the expression of 

the HO endonuclease from a galactose-inducible promoter throughout the cell 

cycle and can be used to monitor NHEJ in strains in which the HMRa and HMLα 

sequences are deleted (i.e. JKM179), thereby preventing HR (Figure 3.1 B) (Lee 

et al, 1998; Valencia et al, 2001; Sugawara & Haber, 2006).  
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Figure 3.1 Mating type switching in S. cerevisiae 
(A) The mating type locus in haploid MATα (top), MATa (middle), and diploid 

MATa/MATα cells. The mating type locus is composed of several elements: W, 

X, Y, Z1, and Z2. The Y element differs based on mating type. The MATα locus 
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contains the MATα1 and MATα2 transcripts. The MATa locus contains the 

MATa1 and MATa2 transcripts. The protein products of these transcripts work in 

combination with the constitutively expressed Mcm1 protein to control gene 

expression in the different cell types as indicated. (B) The JKM179 strain for 

measuring NHEJ at the HO endonuclease cut site (Lee et al, 1998). HO 

endonuclease expression is controlled by a galactose-inducible promoter. The 

homologous donor sequences normally used to repair the HO endonuclease-

induced DSB at the MAT locus by HR are deleted. Consequently, repair occurs 

by NHEJ and can be monitored by plating cells on galactose-containing media. 

 

 

 

3.1.1.3 NHEJ factors in S. cerevisiae 

Although the core HR and NHEJ pathways are conserved in S. cerevisiae there 

are important differences, particularly in NHEJ, when compared to the 

mammalian pathways (Figure 3.2 and Table 3.1) (Daley et al, 2005a). The

Ku70/80 heterodimer is conserved in S. cerevisiae as the Yku70/Yku80 complex, 

however, there is no homolog of DNA-PKcs. Likewise, although S. cerevisiae 

utilizes the Rad27 (FEN1) flap endonuclease, an Artemis homolog is also lacking 

in the yeast genome. The XRCC4-DNA ligase IV complex is conserved as the 

Lif1 (ligase interacting factor)-Dnl4 complex, and the XLF homolog is Nej1 (Daley 

et al, 2005b; Hentges et al, 2006). Similar to mammalian cells, there are several 
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Figure 3.2 The NHEJ pathway in S. cerevisiae 
The major steps in NHEJ in S. cerevisiae are shown. (A) DSBs are detected and 

bound by the Yku70/80 heterodimer. (B) Yku70/80 recruits the MRX complex 

through an interaction between Mre11 and Yku80. MRX bridges the DNA ends. 

(C) Yku70/80 and MRX together recruit Lif1-Dnl4 through binding of the Xrs2 
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FHA domain to phosphorylated Lif1 and interaction of Yku80 with Dnl4. Nej1 

interacts with Lif1 and the Yku70/80 complex. (D) Dnl4 ligates DNA ends 

together to repair the DSB. Arrows indicate protein-protein interactions. 

 

 

 

Table 3.1 NHEJ factors in yeast and humans 
S. cerevisiae H. sapiens Function 
 DNA-PKcs unknown/end bridging/end 

protection 
MRX  end bridging 
Yku70/80 Ku70/80 end detection, repair factor 

recruitment 
Lif1 XRCC4 DNA ligase binding 
Dnl4 DNA ligase IV end ligation 
Nej1 XLF DNA ligase stimulation 
Pol4 Pol µ, Pol λ end processing, polymerases 
Rad27(FEN1), 
Exo1 

Artemis, FEN1 end processing, 
endo/exonucleases 
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DNA processing enzymes implicated in NHEJ in yeast, including the DNA 

polymerase Pol4 and the exonucleases Rad27 and Exo1 (Wu et al, 1999; Wilson 

& Lieber, 1999; Tseng & Tomkinson, 2002; 2004; Bahmed et al, 2011). However, 

unlike in mammalian cells where the MRN complex is primarily involved in DNA 

damage signalling and HR, in yeast the MRX complex is involved in both HR and 

NHEJ (Daley et al, 2005a). Mre11 interacts with Yku80, and Xrs2 binds Lif1 

(Chen et al, 2001; Palmbos et al, 2005). While Mre11 nuclease activity is 

involved in HR, it is dispensable for NHEJ, and the MRX complex is thought to 

play a more structural role with Mre11 bridging the DNA ends (Moreau et al, 

1999; Chen et al, 2001; Lewis et al, 2004; Zhang & Paull, 2005; Williams et al, 

2009). 

 

3.1.1.4 Recruitment of NHEJ factors to DSBs 

Similar to what has been observed using laser-induced DNA damage in 

mammalian cells, chromatin immunoprecipitation (ChIP) experiments have 

shown that Yku70/80 binds to HO endonuclease-created DSBs in vivo and it is 

thought to be the first component of the NHEJ complex recruited to DSBs (Wu et 

al, 2008a). Together with MRX, Yku70/80 aids in Dnl4 recruitment, which is also 

dependent on Lif1 but independent of Nej1 (Palmbos et al, 2008; Wu et al, 

2008a). Dnl4-Lif1 may also stabilize Yku70/80 at the DSB and aid in the 

recruitment of MRX (Zhang et al, 2007). In addition to regulating recruitment of 

Dnl4, MRX also appears to regulate dissociation of the NHEJ complex from 
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DSBs (Wu et al, 2008a). Thus, multiple interactions at the DSB cooperate in the 

recruitment of NHEJ factors (Figure 3.2). 

As discussed in Chapter 2, recruitment of XLF to DSBs in mammalian 

cells is dependent on Ku, with XRCC4 acting only to stabilize XLF at the damage 

sites (Yano et al, 2008; 2011). In contrast, recruitment of Nej1 to DSBs has been 

shown in some cases to be dependent on Dnl4 (Wu et al, 2008a). However, 

others have not detected a defect in Nej1 recruitment to DSBs in the absence of 

Dnl4 (Chen & Tomkinson, 2011), and a direct interaction between Nej1 and Dnl4 

has not been shown, save for a potential weak interaction observed in calmodulin 

binding protein (CBP) pull-down experiments using coexpressed CBP-Nej1 and 

FLAG-Dnl4 in yeast extracts (Deshpande & Wilson, 2007).  

Recruitment of Dnl4 requires both Yku80-Dnl4 and Xrs2-Lif1 interactions 

(Figure 3.2) (Palmbos et al, 2008). In S. cerevisiae, Dnl4 binds to the Yku80-CTR 

(Palmbos et al, 2005). Although Xrs2 and its mammalian homolog, Nbs1, are not 

closely conserved, both have an N-terminal FHA domain and BRCT domains and 

bind, via their CTRs, to Tel1/ATM (Nakada et al, 2003; Daley et al, 2005a; Falck 

et al, 2005; Becker et al, 2006). Interestingly, Palmbos et al. (2008) identified two 

conserved threonine residues in Lif1, T387 and T417, that are involved in the 

Lif1-Xrs2 FHA interaction, while Matsuzaki et al. (2008) identified another 

residue, S383, in the C-terminus of Lif1 required for Xrs2 binding. The sequence 

surrounding the threonine residues identified by Palmbos et al. (2008) is similar 

to that found near T233, the binding site for the FHA domain of PNKP, in XRCC4 

(Koch et al, 2004; Palmbos et al, 2008). However, phosphorylation on T387, 
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T417, or S383 of Lif1 has not been reported (Matsuzaki et al, 2008; Palmbos et 

al, 2008). Surprisingly, while elimination of either the Yku80-Dnl4 interaction or 

the Xrs2-Lif1 interaction has little effect on NHEJ, elimination of both interactions 

has a large effect on repair and suggests, similar to the model proposed for 

NHEJ complex formation in mammalian cells, that several different interactions 

act redundantly and/or cooperatively to maintain complex stability (Palmbos et al, 

2005; 2008).  

  

3.1.2 Nej1 

3.1.2.1 Cell type regulation of NEJ1 

In S. cerevisiae, NHEJ is highly repressed in MATa/MATα diploids that express 

the Mata1-Matα2 repressor (Lee et al, 1999; Kegel et al, 2001). The promoter of 

NEJ1 contains a binding site for this repressor complex, and the mating type 

specific repression of NHEJ observed in diploids is due to downregulation of 

NEJ1 transcription, as constitutive expression of NEJ1 in a MATa/MATα diploid 

can restore NHEJ levels to those observed in haploid cells (Kegel et al, 2001; 

Frank-Vaillant & Marcand, 2001; Valencia et al, 2001). 

 

3.1.2.2 Requirement for Nej1 in DSBR in vivo 

The repair of transformed linearized plasmid DNA and the repair of chromosomal 

DSBs created by the HO endonuclease at the mating type locus are as defective 

in nej1Δ cells as in yku70/80Δ or dnl4Δ cells (Kegel et al, 2001; Ooi et al, 2001; 

Valencia et al, 2001). In contrast, it has been shown that nej1Δ cells are only 
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partially defective in suicide-deletion assays in which the I-SceI endonuclease 

creates two DSBs that when repaired excise the I-SceI gene, thereby turning off 

its expression (Wilson, 2002). These differences may be due to differences in the 

nature of the chromatin surrounding the HO endonuclease and I-SceI cut sites or 

due to differences in the growth stage of the cells used in these assays. In the 

suicide-deletion assay early stationary cells are used, whereas in the plasmid 

rejoining assays exponentially growing cells are used, and as previously noted, 

NHEJ is downregulated in exponentially growing cells (Karathanasis & Wilson, 

2002; Wilson, 2002). 

 

3.1.2.3 Phosphorylation of Nej1 

Like XLF, Nej1 is phosphorylated in its CTR in response to DNA damage 

(Ahnesorg & Jackson, 2007). However, unlike phosphorylation of XLF, the 

function of Nej1 phosphorylation is known. In S. cerevisiae, DNA DSBs lead to 

activation of Mec1/Tel1. These kinases activate the Rad53 and Chk1 kinases. 

Rad53 in turn phosphorylates and activates the Dun1 kinase (Figure 3.3) (Chen 

& Sanchez, 2004; Harrison & Haber, 2006). Although Nej1 phosphorylation at 

S297/8 is mediated by Dun1, this event was shown to not be required for the 

DNA damage checkpoint. Instead, phosphorylation at S297/8 was required for 

efficient repair of linearized plasmid DNA in transformed cells and for cell survival 

upon acute exposure to phleomycin (Ahnesorg & Jackson, 2007). More recently, 

Nej1 phosphorylation by Dun1 was shown to mediate an interaction between 

Nej1 and Srs2 that is required for SSA (Figure 3.3) (Carter et al, 2009).
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Figure 3.3 DDR-induced phosphorylation of Nej1 
DNA damage activates the Mec1/Tel1 kinases that signal to downstream kinases 

Chk1 and Rad53.  Chk1 inhibits the cell cycle at anaphase. Rad53 signals to 

another kinase, Dun1. Dun1 affects transcription of DNA damage inducible 

genes, dNTP synthesis, and inhibits the cell cycle by preventing mitotic exit. 

Dun1 also phosphorylates the NHEJ factor Nej1. Nej1 recruits Srs2 to damage 

where it inhibits HR and promotes SSA. 
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 Srs2 is a DNA helicase involved in post-replication repair in yeast and was 

first identified as a factor capable of partially suppressing the UV sensitivity of

 rad6Δ and rad18Δ mutants (Lawrence & Christensen, 1979; Marini & Krejci, 

2010). Srs2 acts to dismantle Rad51 protein filaments assembled on ssDNA, 

thereby inhibiting the strand-invasion step of HR.  Srs2 promotes SSA in which 

direct repeats on either side of a DSB are annealed together leading to deletion 

of the intervening DNA sequence (Marini & Krejci, 2010). Srs2 recruitment to 

DSBs is mediated by its interaction with Dun1 phosphorylated Nej1. Mutation of 

Nej1 S297/8 to alanines abolished the Nej1-Srs2 interaction in Y2H experiments, 

as did deletion of DUN1, whereas mutation of S297/8 to phosphomimetic 

glutamic acids restored the interaction in a dun1Δ background. Although Lif1 also 

interacts with the Nej1-CTR, mutation of Nej1 S297/8 did not affect its interaction 

with Lif1 (Carter et al, 2009).  

Nej1 and Srs2 were both required for repair of linearized plasmid DNA 

containing 15 bp homologous 3’ overhangs that are reminiscent of substrates for 

the SSA pathway. In addition, the defects observed in nej1Δ and srs2Δ cells in 

this assay were rescued by deletion of RAD51. These results support the idea 

that Nej1 recruits Srs2 to DSBs where it functions to remove Rad51 filaments 

(Carter et al, 2009). However, in some assays Srs2 also had a modest effect on 

NHEJ. This may be an indirect effect due to the role of Srs2 in inhibiting HR and 

may partially explain the initial observation that phosphorylation of Nej1 S297/8 

was required for NHEJ (Ahnesorg & Jackson, 2007; Carter et al, 2009).  
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3.1.2.4 Physical interactions between Nej1 and other DNA repair factors 

Nej1 was identified in a Y2H screen as a factor interacting with Lif1 and was 

named Lif2 for Lif1 interacting factor (Frank-Vaillant & Marcand, 2001). Nej1 also 

interacts with Lif1 and Yku70/80 in pull-down experiments with purified proteins 

(Deshpande & Wilson, 2007; Chen & Tomkinson, 2011). The lack of interaction 

between Nej1 and either Yku70 or Yku80 in Y2H experiments might be explained 

by the fact that only one of the subunits of the heterodimer was expressed and 

interaction with Nej1 may require the assembled complex (Kegel et al, 2001). 

Although, XLF also interacts with XRCC4 (Lif1) and Ku70/80 (Yku70/80) the 

molecular basis for these interactions differs between mammalian cells and 

yeast. Whereas, XLF and XRCC4 interact through their N-terminal head domains 

(Figure 3.4 A) (Andres et al, 2007; Malivert et al, 2010; Hammel et al, 2011), 

CBP pull-down experiments with CBP and FLAG-tagged proteins coexpressed in 

yeast have shown that the N-terminal region of Lif1 (1-157) interacts with the C-

terminal half of Nej1 (173-342) (Figure 3.4 B) (Deshpande & Wilson, 2007). 

Taken together with results from Y2H experiments, the Nej1 binding domain can 

be narrowed down to the first 70 amino acids of Lif1 (Frank-Vaillant & Marcand, 

2001; Ooi et al, 2001; Deshpande & Wilson, 2007). Deletion of amino acids 243-

323 in Nej1 resulted in a NHEJ defect as severe as that observed for nej1Δ 

cells, possibly due to disruption of Nej1 phosphorylation or Lif1 binding 

(Ahnesorg & Jackson, 2007; Deshpande & Wilson, 2007). While I have shown 

that the XLF-CTR interacts with Ku70/80 (Figure 3.4 A) (Chapter 2), pull-down 

experiments with purified His-tagged Yku70/80 and V5-tagged Nej1 from yeast
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Figure 3.4 Physical interactions between XLF/Nej1 and other DNA repair 
factors.  
(A) The regions of XLF required for interaction with Ku70/80 (Chapter 2) and 

XRCC4 (Hammel et al, 2011). (B) The regions of Nej1 required for interactions 

with Yku70/80 (Chen & Tomkinson, 2011), Lif1 (Deshpande & Wilson, 2007) and 

Srs2 (Carter et al, 2009) and are shown. Domain boundaries based on the 

crystal structure of XLF and predicted Nej1 head and stalk domain boundaries 

are indicated (Andres et al, 2007; Deshpande & Wilson, 2007).  

  



 

 151 

 

extracts have mapped the Nej1-Yku70/80 interaction to the N-terminal region of 

Nej1 (1-223) (Figure 3.4 B) (Chen & Tomkinson, 2011). These differences may 

be explained by the poor sequence conservation of Nej1 and XLF. Indeed, XLF 

and Nej1 were not initially recognized as being homologs (Callebaut et al, 2006; 

Hentges et al, 2006).  

There are conflicting reports in the literature about the relationship between 

Nej1 and Lif1. Some groups report that Nej1 regulates the intracellular 

localization of Lif1, and that in the absence of Nej1, Lif1 is mislocalized to the 

cytoplasm (Valencia et al, 2001), whereas other groups do not observe an effect 

on Lif1 localization in nej1Δ cells (Kegel et al, 2001; Ahnesorg & Jackson, 2007). 

Although it is clear that Nej1 regulates NHEJ, its precise function and the function 

of its interaction with Lif1 remain unknown. 

 

3.1.3 Aim 

Despite the role of the XLF-CTR in DNA binding, interaction with Ku, and 

recruitment of XLF to laser-induced DSBs in mammalian cells (Chapter 2 and 

Yano et al, 2008; 2011), the XLF-CTR appears unnecessary for V(D)J 

recombination and both clonogenic survival and resolution of γ-H2AX foci 

following DSB induction (Chapter 2 and Malivert et al, 2009). Thus, the role of the 

XLF-CTR in vivo and the importance of the XLF-Ku interaction remain unclear. 

Contrarily, the Nej1-CTR has been shown to be important for DNA binding and 

repair of HO endonuclease-induced DSBs in vivo in S. cerevisiae (Sulek et al, 
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2007). Similar to my results with XLF, the conserved basic motif in the Nej1-CTR 

was shown to mediate DNA binding. Consequently, Sulek et al. (2007) concluded 

that the defect in repair observed in nej1Δ cells expressing C-terminally truncated 

Nej1 or Nej1 containing alanine mutations at the conserved basic motif (amino 

acids 331-334) from a plasmid was likely due to a defect in DNA binding. 

However, their results may also be explained by a defect in interaction with Lif1, 

which has been shown to interact with the C-terminal 60 amino acids of Nej1 

(Deshpande & Wilson, 2007), or by a defect in Nej1 nuclear localization given 

that the conserved basic motif is a putative NLS (Ahnesorg et al, 2006; Sulek et 

al, 2007). Sulek et al. (2007) did not address either of these possibilities 

experimentally.  

Here I have investigated the basis for the discrepancy between the 

mammalian data and the yeast data and have determined whether additional 

functions of the Nej1-CTR such as Lif1 binding and nuclear localization might 

explain the defect in NHEJ observed upon C-terminal truncation of Nej1. The 

overall aim of this chapter was to determine the function of the Nej1-CTR in 

NHEJ. 

 

3.2 Materials and Methods 

3.2.1 Yeast strains  

Yeast strains used in this study are listed in Table 3.2. Yeast strains were 

created using a high efficiency lithium acetate transformation protocol (Gietz & 

Woods, 2002). PCR products obtained from reactions using pFA6a PCR-based 
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Table 3.2 Yeast strains used to study Nej1 
Strain Genotype Source 
JC727 MATα; hml::ADE hmr::ADE ade3::GAL-HO 

ade1 leu2-3, 112 lys5 trp1::hisG ura3-52 
JKM179  
(Lee et al, 1998)  

JC1342 JC727 with nej1::kanMX MAV015  
(Valencia et al, 2001) 

JC1259 JC727 with nej1-6HA::TRP This study 
JC1687 JC727 with nej1-13Myc::TRP This study 
JC1691 JC727 with nej1-(1-330)-13Myc::TRP  This study 
JC2505 JC727 with nej1-(1-334)-13Myc::TRP This study 
JC2530 JC727 with nej1-(1-335)-13Myc::TRP This study 
JC2668 JC727 with nej1-(1-338)-13Myc::TRP This study 
JC2669 JC727 with nej1-(1-336)-13Myc::TRP  This study 
JC2648 JC1342 with nej1 F335A::URA3 This study 
JC2651 JC1342 with nej1 G336A::URA3 This study 
JC2655 JC1342 with nej1 K337A::URA3 This study 
JC2659 JC1342 with nej1 V338A::URA3 This study 
JC2650 JC1342 with nej1 1-334::URA3 This study 
JC2667 JC1342 with nej1 1-338::URA3 This study 
JC2789 JC1342 with NEJ1::URA3 This study 
JC2844 JC1342 with  

nej1 F335A/G336A/K337A/V338A::URA3 
This study 

JC1280 MATα leu2::proLEU2-lexAop6 his3 trp1  
ura3-52 

(Golemis et al, 2008) 

 

 

 

cassettes were transformed into yeast cells to create deletions of the 

endogenous genes or to C-terminally epitope tag the endogenous gene.  

 
3.2.2 Media 

YPAD media contained 1% (w/v) BactoTM yeast extract (BD, Sparks, MD, USA), 

2% (w/v) BactoTM peptone (BD), 2% (w/v) dextrose (EMD, Mississauga, ON, 

Canada), and 40 µg/mL adenine (Fisher). Solid media contained 2% (w/v) agar. 

For experiments with strains containing the galactose-inducible HO 
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endonuclease, cells were grown in YPLG media consisting of 1% (w/v) BactoTM 

yeast extract, 2% (w/v) BactoTM peptone (BD), 2% (v/v) lactic acid (Sigma-

Aldrich), 3% (v/v) glycerol (Sigma-Aldrich), and 0.05% (w/v) glucose (EMD). HO 

endonuclease expression was induced by the addition of galactose (Sigma-

Aldrich), or glucose (EMD) as a control, to a final concentration of 2% (w/v). Solid 

agar YPLG media contained either 2% (w/v) glucose or 2% (w/v) galactose. For 

experiments with cells overexpressing Nej1 from the Y2H vector, standard amino 

acid dropout media (Hartwell’s complete media) lacking tryptophan (SC-Trp) was 

instead used and supplemented with either 2% glucose or galactose. For Y2H 

experiments, cells were grown in standard amino acid dropout media lacking 

histidine, tryptophan, and uracil (SC-His/-Trp/-Ura) with 2% (w/v) raffinose as the 

carbon source. Protein expression was induced by the addition of galactose, or 

as a control, glucose to a final concentration of 2% (w/v). 

 

3.2.3 NEJ1 integration 

NEJ1 integration plasmids were created by ligation of the NEJ1 gene sequence 

along with its endogenous promoter and 3’ untranslated region (3’UTR) into the 

BamHI and XhoI restriction sites of a pRS306-derived plasmid carrying a URA3 

marker (p778). Primers used to amplify the NEJ1 genomic DNA are listed in 

Table 3.3. nej1 mutants in this vector were created by site-directed mutagenesis 

using primers listed in Table 3.3 and were confirmed by sequencing at the DNA 

sequencing facility at the University of Calgary. NEJ1 and nej1 mutants were 

integrated into the genome of JC1342 (nej1Δ) by transformation of EcoRV 
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(Invitrogen) digested plasmid DNA. Integrations were confirmed by PCR of 

genomic DNA and the presence of specific mutations was confirmed by 

sequencing of the PCR product. 

 

3.2.4 Nej1-Myc western blots 

WCEs were prepared by silica bead beating in lysis buffer (50 mM Hepes, 140 

mM NaCl, 1mM EDTA, 1% (v/v) triton X-100, 1 mM PMSF, and protease inhibitor 

cocktail (Complete pellet, Roche)). For Nej1-Myc detection, cell debris was 

removed by centrifugation at 800 x g for 5 min at 4oC. Lysates were subjected to 

SDS-PAGE on 12% acrylamide SDS gels and transferred to nitrocellulose by 

electroblotting as described in Section 2.2.5. Membranes were probed using an 

anti-Myc antibody (9E10, mouse, Santa Cruz; 1:1000, O/N, 4oC) and a 

secondary goat anti-mouse horse-radish peroxidase-conjugated antibody 

(Biorad; 1:3000, 1 hr, RT).  

 

3.2.5 Lambda phosphatase treatment  

WCEs (25 µg) were treated with 200 units of lambda phosphatase (New England 

Biolabs, Ipswitch, MA, USA) in the presence of 1 mM manganese chloride and 

phosphatase buffer (from manufacturer) for 1 hr at 30oC. 

 

3.2.6 Indirect immunofluorescence  

Overnight cultures were fixed with 3.7% (w/v) formaldehyde for 1 hr at RT and 

washed. Pellets were resuspended in SK solution (0.1M KPO4/1.2M sorbitol) and 
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treated with Zymolase (0.4 mg/mL; USBiological, Swampscott, MA, USA) at RT 

until spheroplasted. Spheroplasted cells were resuspended in 200 µL SK 

solution, pipetted onto poly-lysine coated coverslips prepared as described in 

section 2.2.11.1, and allowed to settle for 20 min. Slides were then treated with 

methanol followed by acetone at -20oC and air-dried. Slides were blocked with 

1% (w/v) BSA (Sigma-Aldrich) in PBS for 20 min at RT in a humidity chamber 

and then incubated with primary antibody (anti-Myc 9E10, mouse, Santa Cruz; 

1:200) in PBS/1% (w/v) BSA for 1 hr at RT and secondary antibody (Alexa 594 

conjugated goat anti-mouse, Molecular Clones, Eugene; 1:200) in PBS/1% BSA 

under dark conditions for 1 hr at RT. Coverslips were stained with DAPI (1 µg/mL 

in PBS) for 7 min and mounted on slides using Vectashield (Vector Laboratories). 

Images were obtained on a Leica DMIRE2 fluorescent microscope (Leica 

Microsystems Inc.) using Openlab software (PerkinElmer). 

 

3.2.7 HO endonuclease survival assays  

Cells were grown overnight in YPAD at 25oC. Cell pellets were collected by 

centrifugation at 1850 x g and were washed and resuspended in water. Cells 

were plated on YPLG containing either 2% (w/v) glucose or 2% (w/v) galactose 

and incubated at RT for 3-4 days. In overexpression assays, cells expressing the 

Y2H HA-Nej1 vectors (pJ64-6 derivatives) were grown overnight in SC–Trp 

selective media containing glucose and plated on SC–Trp media containing 

either 2% (w/v) glucose or 2% (w/v) galactose and incubated for 5 days as 
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described above. Survival upon HO endonuclease induction was calculated 

relative to survival of uninduced cells.  

In transient assays, cells were grown overnight in YPLG at 30oC and used 

to inoculate fresh YPLG media. Cultures were allowed to double and HO-

endonuclease expression was then induced by the addition of galactose to a final 

concentration of 2% (w/v). Cultures were incubated 3 hr at 30oC. Samples were 

removed and plated on YPAD at time 0 and after 3 hr of induction. Plates were 

incubated at 30oC for 2 days and survival was calculated relative to survival of 

uninduced cells.  

 

3.2.8 Plasmid repair assays 

Cells were transformed with either 10 ng of uncut plasmid (pRS414) to correct for 

transformation efficiency or 100 ng of XhoI (New England Biolabs) digested 

plasmid using the high efficiency lithium acetate transformation method 

described in Section 3.2.1 (Ahnesorg & Jackson, 2007; Sulek et al, 2007; Carter 

et al, 2009). Cells were plated on SC–Trp selective media and incubated at 30oC 

for 3 days.  

 

3.2.9 Chromatin immunoprecipitations  

ChIP was performed as described (Cobb & van Attikum, 2010). Cells were grown 

O/N in YPLG and used to inoculate 200 mL YPLG. Cultures were grown at 30oC 

until a cell density of 1.0 x 107 cells/mL was obtained. 100-mL aliquots were 

removed (Time 0), and fixed with formaldehyde (1% (w/v), Sigma-Aldrich) for 15 
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min at RT. Galactose was added at a final concentration of 2% (w/v) to the 

remaining 100 mL of culture and the induced culture was incubated for 3 hr at 

30oC at which time cells were fixed as described above. Fixed samples (2 x 50 

mL) were pelleted by centrifugation at 1850 x g and washed once with 25 mL ice-

cold PBS. Pellets were stored at -80oC until cell lysis. Cells were lysed in lysis 

buffer (50 mM Hepes, 140 mM NaCl, 1 mM EDTA, 1% (v/v) Triton, 0.1% (w/v) 

Na-deoxycholate, 1 mM PMSF, and protease pellet cocktail (Complete pellet, 

Roche) by silica bead beating. The chromatin fraction was obtained by 

centrifugation at 16,000 x g for 15 min. Samples were sonicated (9 x 30 sec) at 

4oC using a Bioruptor® Twin sonicator (Diagenode, Denville, NJ, USA) and Nej1-

Myc was immunoprecipitated with anti-mouse Dynabeads® (Invitrogen) coupled 

or uncoupled to anti-Myc antibody (9E10, mouse, Santa Cruz) for 2 hr at 4oC. 

Following crosslink reversal by heating O/N at 65oC in Tris-EDTA (10 mM Tris pH 

8.0, 1 mM EDTA pH 8.0; TE) containing 1% (w/v) SDS, DNA was obtained by 

phenol/chloroform extraction and precipitated with ethanol.  

Real-time PCR (RT-PCR) reactions were performed in triplicate on an ABI 

7900 sequence detector system (Applied Biosystems, Life Technologies Inc., 

Burlington, ON, Canada) and contained PerfeCTa® qPCR supermix (Quanta 

Biosciences Inc., Gaithersburg, MA, USA), primers, and 5’ FAM-labelled/3’ 

TAMRA labelled probes (Eurogentec) specific to either HO1 (1.6 kb away from 

cut site), HO2 (0.6 kb away from cut site), HO6 (at the cut site), or SMC2 

(control). Primer sequences are presented in Table 3.4. Enrichment was 

calculated as the difference in signal (cycle threshold; Ct value) obtained with
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Table 3.4 ChIP primers and probes 
Sequence (5’-3’) Description 
TTGCCCACTTCTAAGCTGATTTC HO2 primer 
GTACTTTTCTACATTGGGAAGCAATAAA HO2 primer 
FAM-ATGATGTCTGGGTTTTGTTTGGGATGCA-TAMRA HO2 probe 
GTTCTCATGCTGTCGAGGATTTT HO1 primer 
AGACGTCCTTCTACAACAATTCATAAGT HO1 primer 
FAM-TTTGGGACGATATTGTCATTATAGGGCAGTGTG-
TAMRA 

HO1 probe 

AATATGGGACTACTTCGCGCAACA HO6 primer 
CGTCACCACGTACTTCAGCATAA HO6 primer 
FAM-CCTGGTTTTGGTTTTGTAGAGTGGTTGACGA-TAMRA HO6 probe 
AATTGGATTTGGCTAAGCGTAATC SMC2 primer 
CTCCAATGTCCCTCAAAATTTCTT SMC2 primer 
FAM-CGACGCGAATCCATCTTCCCAAATAATT-TAMRA SMC2 probe 

  

 

 

antibody-coupled beads versus uncoupled beads using the equation 2(Ct(Ab)-

Ct(Beads)). Relative enrichment was calculated as the enrichment at HO1 or HO2

divided by the enrichment at SMC2 at 3 hr relative to the enrichment of HO1/HO2 

over SMC2 at Time 0. Enrichment was corrected for cut efficiency, which was 

determined as the loss of signal across the cut site (HO6). Cut efficiency was 

calculated from the Ct values obtained from reactions containing input DNA using 

the equation: 1-2(Ct(0 h)-Ct(3 h)) . 

 

3.2.10 Yeast two-hybrid assays 

A lacZ reporter plasmid, pSH18034, containing lexAgal1-lacZ, was used to 

monitor protein interactions quantitatively in Y2H experiments. Y2H bait and prey 

plasmids were created by ligation of Nej1 and Lif1 open reading frame (ORF) 
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sequences into the BamHI/EcoRI restriction sites of pJ64-6 (p1493; prey) and 

pGAL-lexA (p965; bait) derived vectors, respectively. Primers used to amplify 

Nej1 and Lif1 ORFs are listed in Table 3.3. Both vectors contained a galactose-

inducible promoter, allowing for the expression of HA-tagged Nej1 fused to the 

B42 activation domain (AD) and a LexA-Lif1 fusion protein. Site-directed 

mutagenesis using primers listed in Table 3.3 was performed to create Nej1 

F335A, Nej1 G336A, Nej1 K337A, Nej1 V338A, and Nej1 4A 

(F335A/G336A/K337A/V338A). Single mutants were created directly in the Y2H 

vector (p1493), while the Nej1 4A mutant was first created in the integration 

vector (p778) and then ligated into the p1493 Y2H vector. All plasmids were 

confirmed by sequencing at the University of Calgary DNA sequencing facility.  

Bait and prey plasmids and the reporter plasmid were transformed into 

JC1280. Transformed cells were grown in –His/-Trp/-Ura media containing 2% 

raffinose at 30oC O/N and used to inoculate fresh media containing either 2% 

glucose or 2% galactose. Cultures were grown for 6 hr at 30oC and protein 

expression was confirmed by western blot as described in Section 2.2.5 using 

WCEs prepared as described in Section 3.2.4. Membranes were probed using 

anti-LexA (2-12, mouse, Santa Cruz; 1:1000), anti-HA (HA-7, mouse, Sigma-

Aldrich; 1:1000), and anti-actin (A2066, rabbit, Sigma-Aldrich; 1:500). β-

galactosidase activity was measured in permeabilized cells from induced and 

uninduced cultures (Adams et al, 1997).  
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3.3 Results 

3.3.1 The Nej1-CTR is required for NHEJ in vivo 

While the XLF-CTR is not necessary for NHEJ in vivo, the CTR of the yeast 

homolog of XLF, Nej1, has been reported to be required for plasmid rejoining of 

an extra-chromosomal substrate in yeast (Sulek et al, 2007). Although, Nej1 and 

XLF share limited sequence similarity, a primary sequence alignment of 

XLF/Nej1 homologs indicated that the extreme C-termini of Nej1 and XLF are 

conserved and include a positively charged motif and a conserved phenylalanine 

residue, however, the exact position of the phenylalanine is slightly different in a 

subset of species (Figure 3.5 A). Furthermore, secondary structure predictions 

indicated that the overall topologies of Nej1 and XLF may be well conserved 

(Figure 3.5 B). 

To confirm the requirement of the Nej1-CTR for repair of an in-chromosome 

substrate rather than an extra-chromosomal plasmid substrate, I employed a well 

characterized S. cerevisiae DSB assay known as the HO endonuclease DSB 

assay (Moore & Haber, 1996; Lee et al, 1998; Valencia et al, 2001; Sugawara & 

Haber, 2006). The JKM179 strain used in this assay, contains a galactose-

inducible HO endonuclease and the donor sequences required for repair of the 

HO endonuclease-induced DSB at the mating type locus by HR have been 

deleted (Figure 3.1). Thus, repair of the HO endonuclease-induced DSB must 

occur via NHEJ. When grown on solid media containing galactose a WT strain 

has a survival of approximately 10-3, and NHEJ mutants such as yku70Δ, dnl4Δ, 

or nej1Δ exhibit a 100-fold reduction in survival (Valencia et al, 2001). This strain 
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Figure 3.5 The CTR of XLF/Nej1 
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 (A) Primary sequence alignment of the CTRs of Nej1 homologs and putative 

homologs. The amino acid sequences of Nej1/XLF from Homo sapiens 

(NP_079058.1), Saccharomyces cerevisiae (Q06148), Mus musculus 

(NP_083618.2), Bos taurus (NP_001068861), Rattus norvegicus 

(NP_001014239), Danio rerio (NP_999914), Xenopus laevis (Q6DDL8), 

Saccharomyces pombe (Q9P7J2), Gallus gallus (XP_422052), Monodelphis 

domestica (XP_001362897) and Canis lupus familiaris (XP_853192), Callithrix 

jacchus (XP_002749848), Pongo abelii (XP_002812928), Oryctolagus cuniculus 

(XP_002712530), Aspergillus nidulans (XP_662123), Aspergillus flavus 

NRRL3357 (XP_002379310), Penicillium chrysogenum (XP_002562251), 

Neurospora crassa (XP_964845), Sordaria macrospora k-hell (XP_003343695), 

Podospora anserina S mat+ (XP_001912253.1), Drosophila melanogaster 

(AAF46103), Tetrahymena thermophila (XP_001013098), and Paracoccidioides 

brasiliensis Pb01 (XP_002791243.1) were aligned using the CLC Protein 

Workbench 5.3 software (CLC Bio) with the restraints: gap open cost = 10, gap 

extension cost = 1, end gap cost = cheap. The alignment file was edited and 

coloured using the Jalview software package version 2.4.0.b2 (The Barton 

Group). This figure has been previously presented in Chapter 2 as Figure 2.3 B. 

(B) The secondary structures of XLF and Nej1 were predicted using the 

PSIPRED server (Jones, 1999; Buchan et al, 2010). The secondary structure of 

XLF has been previously presented in Chapter 2 as Figure 2.2 B. 
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background can also be used to observe recruitment of tagged proteins to the 

HO endonuclease-induced DSB by ChIP when cells are grown in liquid culture 

containing galactose (Sugawara & Haber, 2006; Cobb & van Attikum, 2010). 

Using the HO endonuclease survival assay, I tested the requirement of the 

last 12 amino acids of Nej1 that include the positively charged DNA binding motif 

for NHEJ. The activity of the endogenous C-terminally HA-tagged Nej1 was first 

tested as a control. Consistent with the important role of Nej1 in NHEJ, the nej1Δ 

strain displayed a 100-fold reduction in survival compared to the WT strain 

(Figure 3.6 A). However, the C-terminally HA-tagged Nej1 strain showed a 10-

fold reduction in survival. These results suggested that the Nej1-CTR was 

important for repair and that the HA-tag had created a hypomorphic allele.  

Unlike the C-terminal HA-tag, a C-terminal Myc tag did not alter the 

function of Nej1 (Nej1-Myc) and allowed the activity of the full-length and the C-

terminally truncated protein to be compared (Figure 3.6 A). To test the function of 

the Nej1-CTR, various truncations of the endogenous Nej1 protein were made, 

all bearing a C-terminal Myc tag (Figure 3.6 B). Truncation of the last 12 amino 

acids of Nej1 (Nej1-330-Myc) led to a defect as great as deletion of the entire 

protein (Figure 3.6 C). This result confirms the importance of the extreme CTR of 

Nej1 for NHEJ in yeast.  

 

3.3.2 The Nej1-CTR regulates phosphorylation 

To rule out differences in protein expression levels of the Nej1-Myc tagged 

constructs as a cause of the NHEJ repair defect observed for Nej1-330-Myc, I 



 

 167 

 

Figure 3.6 Survival of cells containing C-terminally tagged and truncated 
Nej1 upon continuous induction of HO endonuclease.  
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(A) Survival of WT (JC727; black bar), nej1Δ (JC1342; hatched bar), Nej1-HA 

(JC1259, colonies 1-10; dark grey bars), and Nej1-Myc (JC1687, colonies 1-8; 

light grey bars) tagged strains upon continuous induction of the HO 

endonuclease. Cells were plated on solid media containing either glucose or 

galactose and surviving colonies were counted after 3-4 days. Data presented 

are the average relative survivals (± SD) from three independent experiments of 

10 different Nej1-HA and 8 different Nej1-Myc strains isolated as single colonies 

following transformation. (B) A cartoon of the CTR of Nej1-Myc interrogated in 

this study. (C) Survival of WT (JC727), Nej1-Myc (JC1687), Nej1-330-Myc 

(JC1691), Nej1-334-Myc (JC2505), Nej1-335-Myc (JC2530), Nej1-336-Myc 

(JC2669), and Nej1-338-Myc (JC2668) upon continuous induction of the HO 

endonuclease. Data presented represent the average relative survival (± SEM) of 

each strain determined in triplicate in three independent experiments. 

  



 

 169 

performed western blots. Nej1-Myc and Nej1-330-Myc were expressed at similar 

levels, but Nej1-Myc showed an electrophoretic mobility shift (Figure 3.7 A). This 

shift was phosphorylation-dependent as it was eliminated by treatment with 

protein phosphatase (Figure 3.7 B). There are no phosphorylatable amino acids 

between amino acids 330 and 342 of Nej1, thus the defect in phosphorylation of 

Nej1-330-Myc is most likely indirect.  

Nej1-Myc has previously been shown to exhibit a similar electrophoretic 

mobility shift due to phosphorylation of Nej1 by Dun1 (Ahnesorg & Jackson, 

2007). Dun1 phosphorylation sites in Nej1 are important for NHEJ and SSA 

(Ahnesorg & Jackson, 2007; Carter et al, 2009). Unlike Ahnesorg et al. (2007) 

who only observed a mobility shift in Nej1-Myc following treatment with DNA 

damaging agents or upon deletion of RAD52, under the conditions used here I 

consistently observed a mobility shift in the absence of exogenous damage. This 

may be due to differences in the strains used or in the lysis procedure. 

Alternatively, the phosphorylation observed here may differ from that mediated 

by Dun1. To precisely demonstrate that the phosphorylation observed in my 

hands is dependent on Dun1 it will be necessary to delete Dun1 in the Nej1-Myc 

strain. Nevertheless, defects in Nej1 phosphorylation may be responsible for the 

NHEJ defect observed in cells expressing Nej1-330-Myc.  

 

3.3.3 The Nej1-CTR regulates nuclear localization 

The conserved positively charged motif between amino acids 331 and 334 of 

Nej1 is a putative NLS. Thus, the defect in NHEJ and in Nej1 phosphorylation 
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Figure 3.7 Phosphorylation and expression of Nej1-Myc constructs. 
(A) Western blot of Nej1-Myc constructs. WCEs (25 µg), prepared from WT cells 

(JC727) and cells expressing Nej1-Myc (JC1687), Nej1-330-Myc (JC1691), Nej1-

334-Myc (JC2505), Nej1-335-Myc (JC2530), Nej1-336-Myc (JC2669), and Nej1-

338-Myc (JC2668), were run on a 12% SDS-PAGE gel and transferred to 

nitrocellulose. The membrane was probed with an anti-Myc specific antibody. (B) 

WCEs prepared as described in (A) were treated with lambda phosphatase as 

indicated and analyzed by western blot as described in (A). Images are 

representative of three independent experiments. 
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observed when the last 12 amino acids of Nej1 are removed might both be 

explained by a defect in Nej1 localization. Unlike in the mammalian system in 

which GFP-XLF was overexpressed from a CMV promoter (Chapter 2), the yeast 

proteins used in this study were expressed at endogenous levels. Indirect 

immunofluorescence performed using an anti-Myc antibody in strains containing 

C-terminally Myc-tagged Nej1 showed a striking contrast in the localization of 

Nej1-330-Myc compared to the full-length protein (Nej1-Myc) (Figure 3.8). 

Whereas Nej1-Myc colocalized with DAPI, the truncated protein stained in a 

disperse pattern with minimal colocalization with DAPI, indicating that the 

positively charged motif does function as a NLS. Thus, my results strongly argue 

that the previously published data supporting a role for the Nej1-CTR in NHEJ in 

vivo may at least be partially due to Nej1 mislocalization and/or defects in Nej1 

phosphorylation (Sulek et al, 2007).  

 To test whether mislocalization and/or defects in the phosphorylation of 

Nej1 could fully explain the NHEJ defect observed for Nej1-330-Myc, I created a 

slightly smaller truncation in which the putative NLS was left intact (Nej1-334-

Myc) (Figure 3.6 B). Indeed, amino acids 331-334 of Nej1 appear to function as a 

NLS, as nuclear localization was mostly restored for Nej1-334-Myc (Figure 3.8). 

Furthermore, the Nej1-334-Myc exhibited a mobility shift similar to that observed 

for Nej1-Myc, suggesting that phosphorylation of Nej1-334-Myc had also been 

restored (Figure 3.7 A). Surprisingly, restoration of nuclear localization and 

phosphorylation was not sufficient to restore NHEJ. Although Nej1-334-Myc was 

expressed at levels similar to that of the full-length Nej1-Myc, it was as defective 
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Figure 3.8 The Nej1-CTR contains a NLS. 
Indirect immunofluorescence of Nej1 in S. cerevisiae. WT cells (JC727) and cells 

expressing Nej1-Myc (JC1687), Nej1-330-Myc (JC1691), Nej1-334-Myc 



 

 173 

(JC2505), Nej1-335-Myc (JC2530), Nej1-336-Myc (JC2669), and Nej1-338-Myc 

(JC2668) at their endogenous loci were fixed and stained with an anti-Myc 

antibody and DAPI. Images were obtained at 100X magnification and resized 

post acquisition. Images are representative of the total cell population as 

observed in three independent experiments. 

 

 

 

in NHEJ as either Nej1-330-Myc or nej1Δ cells (Figure 3.4 D). These results 

illustrate that although the defect previously reported by Junop and colleagues is 

likely due to mislocalization of Nej1 (Sulek et al, 2007), amino acids 335-338 in 

the Nej1-CTR are critical for NHEJ even when Nej1 is properly localized. 

 

3.3.4 Amino acids 335-338 are important for Nej1 function in NHEJ 

Based on my results in the mammalian system where XLF F298 was important 

for interaction with Ku and recruitment to DSBs (Chapter 2), I hypothesized that 

Nej1 F335 might be important for NHEJ in yeast, as this residue is somewhat 

conserved between yeast and mammals and is the most highly conserved 

residue between amino acids 335-342 in a subset of species (Figure 3.5 B). Like 

Nej1-334-Myc, Nej1-335-Myc was localized in the nucleus, phosphorylated, and 

expressed at similar levels compared to the full-length Nej1-Myc (Figure 3.7 A 

and 3.8 A). However, Nej1-335-Myc did not support WT levels of NHEJ (Figure 

3.6 C). This result indicates that additional residues in the Nej1-CTR are required 
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for its function in NHEJ. To identify these residues I created additional truncation 

mutants of Nej1 (Figure 3.4 B). Similar to Nej1-334-Myc and Nej1-335-Myc, 

Nej1-336-Myc and Nej1-338-Myc were nuclear (Figure 3.8), phosphorylated, and 

expressed at similar levels compared to Nej1-Myc (Figure 3.7 A). While Nej1-

336-Myc did not support WT levels of NHEJ in vivo, Nej1-338-Myc did (Figure 

3.6 C). An overview of the nuclear localization, phosphorylation status, and NHEJ 

activity of all Nej1 truncations is shown in Table 3.5. 

 The most obvious interpretation of these results is that at a minimum 

either, or both, amino acids K337 and V338 are important for NEJ1 function in 

NHEJ. However, the importance of residues F335 and G336 could not be ruled 

out. Furthermore, although the C-terminal Myc tag did not affect the function of 

the full-length protein, the presence of the C-terminal tag may have affected the 

function of this region (335-338) and complicated the interpretation of these 

results. 

 

Table 3.5 Overview of phenotypes observed for Nej1-Myc truncations 
 NHEJ 

activity 
Nuclear 

Localization Phosphorylation 

Nej1-Myc +++ +++ +++ 

Nej1-330-Myc --- --- --- 

Nej1-334-Myc --- +/- +++ 

Nej1-335-Myc -- +/- +++ 

Nej1-336-Myc -- +++ +++ 

Nej1-338-Myc +++ +++ +++ 
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3.3.5 Nej1 F335, G336, K337, and V338 are each important for Nej1 function 
in NHEJ 

3.3.5.1 Survival upon continuous HO endonuclease expression 

To eliminate any effects that the C-terminal Myc tag may have had on the 

function of the Nej1-CTR, and to specifically test the importance of all residues 

between 335-338, I integrated untagged point mutants of NEJ1 under the control 

of the endogenous NEJ1 promoter into the genome of nej1Δ cells. I created 

alanine point mutants of each residue between amino acids 335-338 (nej1 

F335A, nej1 G336A, nej1 K337A, nej1 V338A), as well as a nej1-338 truncation. 

Integration of WT Nej1 (NEJ1) rescued survival of nej1Δ cells to WT levels upon 

continuous expression of the HO endonuclease (Figure 3.9 A). This indicated 

that the Nej1 protein was adequately expressed from its endogenous promoter 

and functional when integrated at the URA3 locus. Mutation of each of the four 

residues between amino acids 335-338 of Nej1 resulted in reduced survival 

relative to the WT strain or the NEJ1 strain (Figure 3.9 A). Mutation of

G336, K337, or V338 to alanine resulted in an intermediate phenotype and an 

approximate 10-fold reduction in survival, while mutation of F335 to alanine had a 

more drastic effect and decreased survival to levels similar to those observed for 

nej1Δ cells (Figure 3.9 B). Surprisingly, truncation of the last four amino acids of 

Nej1 (nej1-338) also led to a 10-fold reduction in survival (Figure 3.9 B). This 

result was in contrast to the result obtained with the corresponding C-terminally 

Myc-tagged truncation of Nej1 (Nej1-338-Myc) (Figure 3.6 C) and suggested that 

the C-terminal Myc tag did affect Nej1 function, in this case positively. 
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Figure 3.9 NHEJ activity in nej1 mutants. 
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(A) Survival of nej1 mutants upon continuous induction of the HO endonuclease. 

Relative survival of WT (WT; JC727), nej1Δ (JC1342), and nej1Δ cells 

expressing WT Nej1 (NEJ1; JC2789) or nej1 mutants (F335A, JC2648; G336A, 

JC2651; K337A, JC2655; V338A, JC2659; 1-338, JC2667). Survival was 

measured in triplicate in three independent experiments and presented as the 

average survival (±	 SEM) (left) and the average survival relative to nej1Δ cells 

expressing WT Nej1 (NEJ1; JC2789) (right). (B) Survival of nej1 mutants 

described in (A) and nej1-334 (JC2650) upon transient induction of the HO 

endonuclease. Relative survival following 3 hr of HO endonuclease induction is 

presented as described in (A). Data presented represent the average relative 

survival (±	 SEM) of each strain determined in triplicate in three independent 

experiments. (C) Plasmid repair assay with nej1 mutants described in (A) and 

nej1 4A (JC2844). Cells were transformed in duplicate with uncut or XhoI 

digested pRS414. Colonies arising from cells transformed with digested plasmid 

were normalized to those arising from cells transformed with uncut plasmid and 

to NEJ1 (JC2789). Data presented represent the average relative survival (±	 SD) 

of each strain determined in duplicate in three independent experiments. 
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Examination of the amino acid sequence of the linker used to C-terminally Myc-

tag Nej1, indicated that the first two amino acids of the linker sequence were 

identical to amino acids 339 (arginine) and 340 (isoleucine) of Nej1. Thus, in 

addition to amino acids 335-338, amino acids 339-340 may also be important for 

Nej1 function in vivo. 

 

3.3.5.2 Survival upon transient HO endonuclease expression 

Survivors upon continuous induction of the HO endonuclease have either 

mutations in the HO endonuclease cut site that prevent DSB formation or no 

longer express the HO endonuclease due to mutations elsewhere in the genome. 

Mutations at the HO endonuclease cut site arise from small insertions and 

deletions that occur upon repair of the break by NHEJ (Moore & Haber, 1996). In 

contrast, survivors upon transient induction of HO endonuclease retain the HO 

endonuclease cut site, having precisely repaired the break. Furthermore, survival 

following a 3 hr induction of HO endonuclease is approximately 100 times greater 

for WT cells than when the endonuclease is continuously expressed (Lee et al, 

1999). Thus, the transient survival assay may be better able to detect small 

differences in survival that are independent of secondary effects on HO 

endonuclease expression. In addition, this assay may provide some insight into 

whether the Nej1-CTR has a larger role in imprecise repair (measured by the 

continuous HO induction survival assay) compared to precise repair (measure by 

the transient HO induction survival assay).  

 In an attempt to differentiate the activity of the Nej1 F335A mutant from
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nej1Δ, I performed transient survival assays. I measured survival of WT cells, 

nej1Δ cells (nej1), and nej1Δ cells in which WT Nej1 (NEJ1), nej1-338, or the 

various alanine point mutants (nej1 F335A, nej1 G336A, nej1 K337A, or nej1 

V338A) were integrated following a 3 hr induction of HO endonuclease 

expression, at which time cut efficiency is typically greater than 95%. All 

survivors tested maintained a mating type alpha phenotype that is indicative of 

precise repair in this assay (Lee et al, 1999). Survival of WT and NEJ1 cells was 

approximately 15%, again indicating that the integrated Nej1 was fully functional 

(Figure 3.9 B). Similar to the results of the continuous induction assay, 

integration of nej1 G336A or nej1 K337A resulted in an intermediate phenotype 

and approximately 10% survival (Figure 3.9 B). This correlated to a 20-30% 

decrease in survival relative to the WT Nej1 expressing cells (NEJ1). Cells 

expressing Nej1 F335A showed no survival advantage compared to nej1Δ cells. 

Furthermore, truncation of amino acids 335-342 (nej1-334) did not result in a 

further reduction in survival. This result further supports the conclusion that F335 

is critical for Nej1 function and that mutation of F335 to alanine results in a 

complete loss of Nej1 function in NHEJ.  

In contrast to the results obtained in the continuous induction assay, both 

nej1-338 and nej1 V338A cells displayed survival similar to that of nej1Δ cells 

(Figure 3.9 B). The more severe phenotype of these mutants in the transient 

induction assay compared to the continuous induction assay may be the result of 

a higher frequency of suppressor mutations and loss of HO endonuclease 
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expression compared to the nej1Δ strain in the continuous induction assay. 

Alternatively, it may reflect a role for the Nej1-CTR from amino acid 338-342 in 

precise NHEJ. Nevertheless, overall the results obtained upon transient induction 

of HO endonuclease were in good agreement with those obtained upon 

continuous induction. Together, these results indicate that all residues between 

335-338, and F335 in particular, are important for Nej1 function in NHEJ. 

 

3.3.5.3 In vivo plasmid repair 

To further characterize the NHEJ repair defects of the Nej1 C-terminal mutants, I 

performed transient plasmid rejoining assays. In these assays linearized plasmid 

DNA is transformed into cells. Survival of cells in selective media is dependent 

on religation of the plasmid DNA. In this assay, survival of the nej1 F335A mutant 

was severely impaired at 27% of the NEJ1 level, but was greater than that 

observed for nej1Δ, which survived at only 2% of the NEJ1 level (Figure 3.9 

C). This allowed me to determine whether combining the F335A, G336A, K337A, 

and V338A mutations to form a nej1 4A mutant would have an additive effect on 

NHEJ. Survival of the nej1 4A mutant was similar to the nej1 F335A mutant at 

33% of the NEJ1 level, again indicating that F335 is particularly important for 

Nej1 function and that residues 335-338 likely disrupt the same function in Nej1 

(Figure 3.9 C). The defects observed for all of the mutants in this assay were less 

severe than in the HO endonuclease assays when compared to nej1Δ (Figure 

3.9). This may indicate that repair of a plasmid substrate is less dependent on 
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the function of the Nej1-CTR compared to the repair of a reoccurring DSB in the 

presence of chromatin.  

 

3.3.5.4 Types of repair events in nej1 mutants 

To determine whether defects in overall NHEJ were associated with changes in 

the types of repair events that occur in nej1 mutants, I assessed the spectrum of 

repair events occurring in nej1Δ and nej1Δ cells expressing either WT Nej1 or 

Nej1 mutants. The mating type locus can be used as a type of reporter gene to 

determine the types of repair events that occur upon continuous HO 

endonuclease induction. As previously mentioned, survival of cells requires either 

loss of HO endonuclease expression or mutation of the HO endonuclease cut 

site (Moore & Haber, 1996). Cells that survive due to loss of endonuclease 

expression maintain their original mating type, alpha (Figure 3.10). In contrast, 

survivors that arise due to small insertions or deletions at the repair site, which 

disrupt the MATα gene, have a sterile phenotype. If these deletions become 

large (> 700 bp) they extend into the adjacent MATα2 repressor gene and lead to 

derepression of the mating type a genes and result in an “a-like” phenotype 

(Figure 3.10) (Moore & Haber, 1996). Surviving WT cells have been shown to be 

either sterile or MATα, while “a-like” survivors arise in NHEJ-deficient strains 

such as nej1Δ  (Moore & Haber, 1996; Kegel et al, 2001). 

 Mating type tests of survivors indicated that the 76% of nej1Δ survivors 

had the alpha mating type and 18% had the “a-like” phenotype that is indicative
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Figure 3.10 Mating type phenotypes of survivors 
(A) The mating type locus of MATα cells is shown. MATα1 and MATα2 

transcripts are indicated below the mating type locus. The HO endonuclease 

creates a DSB at the Yα/Z1 junction. Loss of HO endonuclease expression leads 

a mating type alpha phenotype (top). Small insertions and deletions disrupt 
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MATα2 and give rise to a sterile mating type (center). Large range deletions 

disrupt both MATα1 and MATα2 transcripts and lead to survivors with an “a-like” 

mating type. Figure adapted from (Moore & Haber, 1996). (B) Mating types of 

survivors upon continuous HO endonuclease induction. Mating types of surviving 

colonies of strains described in Figure 3.7 C were determined. Data presented 

are averages (±	 SEM) of at least 100 survivors from each of three independent 

cultures of each strain. 

 

 

 

of large deletions at the repair site. The remaining 6% of survivors were sterile 

(Figure 3.10 B). Expression of WT Nej1 in these cells (NEJ1) essentially 

eliminated survivors with the “a-like” phenotype (0.1%; 2/789). In contrast, 

expression of Nej1 F335A (nej1 F335A) reduced the rate of “a-like” survivors 

(8%) but did not eliminate them. Similarly, expression of Nej1 G336A, K337A, 

V338A, or the Nej1 4A mutant also reduced the rate of “a-like” survivors. 

Consistent with the repair defect observed for nej1 4A that was as severe as that 

observed for nej1 F335A, the nej1 4A and nej1 F335A mutants had similar levels 

of “a-like” survivors (8%). Furthermore, nej1 V338A, which had a more severe 

repair defect than either nej1 G336A or nej1 K337A, displayed a higher level of 

“a-like” survivors (4%) than either of those mutants (1% and 0.6% respectively) 

but a lower rate than nej1 F335A. Interestingly, introduction of any of the mutants 

into the nej1Δ strain drastically reduced the rate of survivors with the alpha 
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mating type and increased the rate of sterile survivors (Figure 3.10 B). This result 

suggests that each of the nej1 mutants retains partial function, but that nej1 

F335A is particularly impaired in NHEJ.  

 

3.3.6 The Nej1-CTR is not required for Nej1 recruitment to HO 
endonuclease-induced DSBs in vivo 

Junop and colleagues proposed that the critical function of the Nej1-CTR was 

DNA binding, and they identified residues 331-334 as being important for this 

function (Sulek et al, 2007). However, I have shown that in addition to a potential 

role in DNA binding, these same residues regulate Nej1 nuclear localization. 

While my data demonstrates a crucial role for residues 335-338 in NHEJ in vivo, 

the precise function of this region remains unclear. 

One explanation for the defect in NHEJ observed upon mutation of 

residues 335-338 of Nej1 is that the protein is no longer recruited to the damage. 

Consistent with this hypothesis, the XLF-CTR is required for its recruitment to 

laser-induced DNA damage in vivo (Section 2.3.6.5 and Yano et al, 2011). To 

determine whether the Nej1-CTR is also required for its recruitment to the HO 

endonuclease-induced DSB in vivo in the yeast system, I performed ChIP 

experiments using strains expressing either Nej1-Myc or C-terminally truncated 

Nej1 proteins (Nej1-330-Myc and Nej1-334-Myc). Previous work has shown that 

Nej1 expressed from a plasmid is recruited to an HO endonuclease-induced DSB 

using this technique (Wu et al, 2008a; Chen & Tomkinson, 2011). Using 

endogenously expressed proteins, I observed 4.5-fold enrichment of Nej1-Myc at 
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0.6 kb (HO2) away from the cut site and 4.8-fold enrichment at 1.6 kb (HO1) 

away (Figure 3.11 B) relative to a control locus (SMC2) after 3 hr of induction. 

Residues 335-342 of Nej1 were not required for Nej1 recruitment to the DSB as 

Nej1-334-Myc showed similar levels of enrichment (4.4 and 4.9-fold at HO1 and 

HO2, respectively) (Figure 3.11 B). Surprisingly, the Nej1-330-Myc truncation 

that appeared primarily cytoplasmic by indirect immunofluorescence (Figure 3.8) 

was also recruited to the HO endonuclease-induced DSB (Figure 3.11 B). This 

result suggests that although the majority of Nej1-330-Myc may be mislocalized 

and not present in the nucleus, there must still be a nuclear fraction that can be 

recruited to the DSB. Thus, the defect in NHEJ observed in Nej1-330-Myc 

expressing cells may not simply be explained by mislocalization of the protein. 

Taken together, these results indicate that the defect in Nej1 function observed 

upon truncation of the last 8-12 amino acids, or by extension mutation of amino 

acids 335-338, is not due to loss of Nej1 recruitment to sites of DNA damage. 

 
3.3.7 Amino acids 335-338 of Nej1 are important for interaction with Lif1 

Although myself and others have shown in mammalian cells that the region of 

XLF corresponding to Nej1 330-342 mediates a DNA-dependent interaction with 

Ku70/80 (Chapter 2 and Yano et al, 2011), it has been shown in S. cerevisiae 

that Yku70/80 interacts with the N-terminal region of Nej1 (Chen & Tomkinson, 

2011) and that the C-terminal 169 amino acids of Nej1 interact with Lif1 (Figure 

3.4) (Deshpande & Wilson, 2007). Ku is required for recruitment of both XLF and 

Nej1 to DSBs in vivo (Wu et al, 2008a; Yano et al, 2008; 2011; Chen Tomkinson, 
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Figure 3.11 Recruitment of Nej1-Myc to HO endonuclease-induced DSBs in 
vivo 
(A) Schematic diagram of the mating type locus on chromosome III showing the 

site of HO endonuclease cleavage and RT-PCR probes, HO2 and HO1. 

Enrichment of Nej1-Myc at either HO1 or HO2 was compared to enrichment at 

the SMC2 control locus on chromosome VI. (B) Enrichment of Nej1-Myc 

(JC1687), and Nej1-334-Myc (JC2505), and Nej1-330-Myc (JC1691) at HO1 and 

HO2 relative to SMC2 before (0 hr) and after (3 hr) induction of HO 

endonuclease for 3 hr. The results presented are averages (± SD) of three 

independent experiments. 
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2011), and I have shown that the interaction between Ku and XLF is required for 

this recruitment. Taken together with my data showing recruitment of Nej1-330-

Myc and Nej1-334-Myc to a HO endonuclease-induced DSB (Figure 3.11 B), it 

appears unlikely that the defect in NHEJ upon truncation or mutation of the Nej1-

CTR is due to a defect in the Nej1-Ku interaction. Similarly, although Srs2 also 

interacts with the Nej1-CTR, the defect in NHEJ observed upon truncation of 

Nej1 is unlikely to be explained by a loss of Srs2 interaction since srs2Δ and 

dun1Δ cells have only modest defects in NHEJ compared to 

nej1Δ cells. Moreover, the interaction between Nej1 and Srs2 appears more 

important for SSA (Carter et al, 2009). Thus, given the importance of the XLF-

XRCC4 interaction for NHEJ in mammalian cells (Andres et al, 2007; Malivert et 

al, 2010; Roy et al, 2012), and the fact that the Nej1-Lif1 interaction had been 

mapped to the C-terminal half of Nej1 (Deshpande & Wilson, 2007), I 

hypothesized that the most probable function of amino acids 335-338 of Nej1 in 

NHEJ is to mediate the interaction with Lif1. To determine whether amino acids 

335-338 of Nej1 mediate the interaction with Lif1, I performed 

coimmunoprecipitations between Lif1-HA and Nej1-Myc or Nej1-334-Myc. 

Unfortunately, these experiments were inconclusive and I was unable to observe 

a consistent interaction between Nej1-Myc and Lif1-HA. Likewise, other 

researchers have reported difficulty observing the interaction between 

endogenously tagged forms of Nej1 and Lif1, perhaps due to disruption of the 

interaction in the dually tagged strains (Frank-Vaillant & Marcand, 2001). The 

interaction between Nej1 and Lif1, however, has been reported multiple times 
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using a Y2H approach (Kegel et al, 2001; Ooi et al, 2001; Deshpande & Wilson, 

2007; Carter et al, 2009). Thus, to test whether amino acids 335-338 of Nej1 are 

important for the interaction between Nej1 and Lif1, I performed quantitative Y2H 

experiments using N-terminally HA-tagged Nej1 mutants (prey) and LexA-Lif1 

fusion proteins (bait) (Figure 3.12 A). All constructs expressed at least as well as 

the WT HA-Nej1 when induced with galactose (Figure 3.12 B). Compared to WT 

Nej1, all Nej1 single mutants (F335A, G336A, K337A, V338A) showed a reduced 

level of interaction with Lif1, as did the quadruple mutant (4A; 

F335A/G336A/K337A/V338A) and a C-terminally truncated Nej1 protein (1-338) 

(Figure 3.12 C). Similar to the results of the transient HO endonuclease induction 

survival assay (Figure 3.9 B), of the mutants tested, Nej1 G336A and Nej1 

K337A showed the highest levels of interaction with Lif1 (60-70% of WT Nej1), 

and Nej1 F335A and Nej1 V337A showed the lowest levels of interaction (~20% 

of WT Nej1) (Figure 3.12 C). Furthermore, truncation of the last 4 amino acids of 

Nej1 (1-338) resulted in an approximate 90% decrease in interaction, consistent 

with additional residues between 338-342, and likely R338 and I339, also being 

important for interaction with Lif1. Mutation of all four residues between 335-338 

to alanine (Nej1 4A; FGKV/AAAA) resulted in the greatest reduction in the 

interaction with Lif1 (~5% of WT Nej1) (Figure 3.12 C). Moreover, the relative 

level of interaction with Lif1 mirrored the relative survival of strains expressing 

these mutants in the transient HO induction survival assay (Figure 3.9 B and 

Figure 3.12 C). This result shows for the first time, that similar to the XLF-XRCC4 
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Figure 3.12 Interaction of Nej1 mutants with Lif1 
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(A) Schematic of the Y2H system. Lif1 is fused to LexA, which binds to the LexA 

operator. HA-Nej1 is fused to the activation domain (AD). Interaction between 

Lif1 and Nej1 allows for transcription of the LacZ reporter gene. (B) Western blot 

of WCEs from cells expressing Nej1 or Nej1 mutants as HA-tagged prey and Lif1 

as a LexA-tagged bait with (galactose) and without (glucose) a 6 hr induction of 

expression. (C) The Nej1-Lif1 interaction was measured by β-galactosidase 

activity in a Y2H analysis. The level of β-galactosidase activity obtained in 

galactose-induced cells is shown on the left and the level of interaction between 

Nej1 mutants and Lif1 relative to the interaction between WT Nej1 and Lif1 is 

shown on the right. β-galatosidase activity was not observed in cells grown in 

glucose containing media. The results presented are averages (±	 SD) of 

measurements obtained for three separate colonies in each of three independent 

experiments.  
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interaction in mammalian cells, the level of interaction between Nej1 and Lif1 

directly correlates with NHEJ activity. 

 

3.3.8 Mutations in residues 335-338 of Nej1 are hypomorphic 

Consistent with the level of interaction between Nej1 and Lif1 being important for 

NHEJ in vivo, overexpression of each of the Nej1 mutants, which were able to 

support some level of interaction with Lif1 in Y2H experiments, mostly rescued 

the repair defect observed for nej1Δ cells (Figure 3.13). This result indicates that 

the defect in NHEJ that results from truncation or mutation of the Nej1-CTR is not 

due to a dominant-negative effect. However, none of these mutants were as 

effective as WT Nej1 in supporting NHEJ. Moreover, the level of NHEJ in cells 

overexpressing the Nej1 mutants correlated with the level of interaction between 

Nej1 and Lif1 and with the level of NHEJ in cells expressing endogenous levels 

of the mutants (Figure 3.12 C and Figure 3.9). The ability of the Nej1 mutants to 

restore NHEJ when expressed at high levels is consistent with the mating type 

analysis of survivors, which suggested that each of the Nej1 mutants retained 

some activity (Figure 3.10 B).  

 

3.4 Conclusions 

The results presented in this chapter indicate a critical function for the Nej1-CTR 

in NHEJ. The Nej1-CTR from 331-334 was required for Nej1 nuclear localization 

and for Nej1 phosphorylation. Amino acids 335-338 in the Nej1-CTR, as well as 

additional residues beyond 338 (i.e. R339 and I340), were required for NHEJ and 
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Figure 3.13 NHEJ activity in nej1Δ cells overexpressing nej1 mutants.  
Survival of nej1Δ (JC1342) cells overexpressing WT HA-Nej1 (Nej1), HA-Nej1 

F335A, or HA-Nej1 F335A/G336A/K337A/V338A (Nej1 4A) from the Y2H prey 

vectors. Cells were plated on SC–Trp selective media containing either glucose 

or galactose allowing for the plasmid selection and continuous expression of both 

the HO endonuclease and the HA-tagged Nej1 proteins. Average survival (left) 

and survival relative to the WT HA-Nej1 expressing cells (right) are presented. 

Data represent average survivals (±	 SD) determined in three independent 

experiments with two different colonies expressing each plasmid tested in each 

experiment. 
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interaction with Lif1. Nej1 F335 was particularly important for interaction with Lif1 

and NHEJ, and when expressed at endogenous levels Nej1 F335A was 

essentially a null allele, except in plasmid rejoining assays. However, all mutants 

tested (Nej1 F335A, Nej1 G336A, Nej1 K337A, Nej1 V338A, Nej1 4A, and Nej 1-

338) interacted with Lif1 to some degree. Furthermore, the alanine mutants 

retained partial function as observed by the reduced rate of “a-like” survivors 

obtained upon their expression at endogenous levels in nej1Δ cells and by their 

ability to rescue nej1Δ cells when overexpressed.  

Taken together my data indicates that amino acids 335-338 of Nej1 are 

important for Nej1 function in NHEJ. Furthermore, my data suggests that 

mutation of these residues results in hypomorphic alleles that when expressed at 

endogenous levels are unable to interact with Lif1 at a level that is sufficient to 

support efficient NHEJ. Altogether, these results support the hypothesis that in 

both mammals and S. cerevisiae the critical function of XLF/Nej1 in NHEJ is 

dependent on its interaction with XRCC4/Lif1. 

 

3.5 Discussion and Future Directions 

The apparent discrepancy between the mammalian data that suggests the XLF-

CTR is not necessary for NHEJ in vivo (Chapter 2 and Malivert et al, 2009) and 

yeast data that supports a role for amino acids 331-334 of Nej1 in NHEJ in vivo 

may be partially explained by mislocalization of the mutant and truncated forms 

of Nej1 previously used to study the Nej1-CTR (Sulek et al, 2007). Yet, 

surprisingly, restoration of Nej1 localization, its DNA binding motif, and 
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phosphorylation was not sufficient for restoration of NHEJ activity (Figures 3.6 C, 

3.7 A and 3.8). This suggests that the Nej1-CTR has additional functions 

important for NHEJ. However, to truly determine whether the DNA binding 

activity of the NLS is important for NHEJ in vivo a Nej1 construct lacking the 

endogenous NLS and bearing a NLS at another location or on a tag will be 

required.  

While truncation of the Nej1-CTR or mutation of F335 to alanine resulted 

in null-like phenotypes in HO endonuclease survival assays (Figures 3.6 C and 

3.9 A, B), the mutants displayed partial activity in a plasmid rejoining assay 

(Figure 3.9 C). It is interesting to speculate that the relaxed requirement for the 

Nej1-CTR in the plasmid repair assay might reflect a role for Nej1 in the context 

of chromatin. Alternatively, it may indicate a greater dependence for Nej1 in the 

repair of reoccurring breaks created by the HO endonuclease (even during a 3 hr 

induction) compared to ligation of a single break. The latter scenario is appealing 

given that Nej1 has been shown to promote enzymatic turnover of Dnl4 that 

allows for multiple ligation reactions to occur (Chen & Tomkinson, 2011). The fact 

that mutation of the Nej1-CTR resulted in a less severe defect than did deletion 

of Nej1 in the plasmid assay supports the idea that Nej1 might have two possible 

and separable functions, one that is dependent on its CTR and its interaction with 

Lif1 and stimulation of Dnl4 activity, and one that is independent of ligase activity 

and perhaps involved in DNA end alignment. 

 The identification of precise amino acids in Nej1 that are required for its 

interaction with Lif1 provides a useful tool to further study the role of this 



 

 195 

interaction in NHEJ. Although my data indicates that the level of this interaction 

directly correlates with NHEJ activity, the mechanism by which interaction of Nej1 

with Lif1 affects NHEJ remains unknown. From in vitro studies and based on 

mammalian data for XLF, it is thought that Nej1 affects NHEJ by stimulating Dnl4 

activity through its effect on Dnl4 adenylation (Riballo et al, 2009; Chen & 

Tomkinson, 2011). This effect is presumed to be dependent on the interaction of 

Nej1 with Lif1, however this has not been directly demonstrated either in yeast or 

in mammalian cells. It will now be possible to test this hypothesis using the 

mutants I have described in this study. This can be done using either purified 

recombinant proteins in in vitro ligase and adenylation assays. It may also be 

done in a more in vivo setting by immunoprecipitating Dnl4 and performing 

adenylation assays in the presence of cell extracts from nej1 mutant cells. 

Structural studies comparing the interaction of Nej1 with Lif1 to that of XLF with 

XRCC4 may provide insight into how Nej1/XLF stimulates Dnl4/DNA ligase IV 

activity. 

Finally, XLF and XRCC4 have been proposed to align DNA ends for 

ligation. Moreover, XLF has been shown to be redundant with factors involved in 

DNA end alignment in mice (Zha et al, 2011; Liu et al, 2012; Oksenych et al, 

2012; 2013). Similarly, MRX has been proposed as an end-bridging complex in 

yeast (Chen et al, 2001; Zhang & Paull, 2005). It will be interesting to test the 

hypothesis that Nej1 also functions to align DNA ends. The increased rates of “a-

like” survivors in Nej1-CTR mutants may indicate a defect in end alignment or 

end protection in addition to a general defect in NHEJ. Experiments to probe the 
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genetic relationship between MRX and Nej1 may provide some insight into this 

question and demonstrate whether some redundancy exists between Nej1 and 

MRX in NHEJ. It is also possible that Nej1 promotes MRX function. Although 

Nej1 is not known to directly bind any of the MRX components, a weakened 

Nej1-Lif1 interaction may indirectly destabilize the NHEJ complex containing 

MRX, as Lif1 interacts with Xrs2 (Chen et al, 2001; Palmbos et al, 2005). To test 

whether the Nej1-Lif1 interaction affects recruitment of the MRX complex to 

DSBs, coimmunoprecipitations between Lif1 and Xrs2 could be performed in 

nej1Δ or nej1 F335A cells. Likewise, ChIP of Lif1 and Xrs2 at the HO 

endonuclease-induced DSB in these same mutant cells could be performed.  

 

3.6 Summary and Discussion of Chapters 2 and 3 

One advantage of the experiments conducted in S. cerevisiae was the use of 

endogenously expressed proteins. Given my data showing that even mutants 

with a 80% reduction in Lif1 interaction (i.e. Nej1 F335A and Nej1 V338A) are 

able to almost completely restore NHEJ in a nej1Δ strain when overexpressed, it 

is possible that overexpression of XLF in the mammalian system may have 

masked subtle defects in XLF function. Indeed it appears that the conserved 

positively charged motif in XLF might also function as a NLS, as GFP-XLF 1-239 

appeared to have a more disperse localization pattern compared to GFP-XLF. 

However, compared to the defect in localization observed for Nej1-330-Myc this 

defect was much less pronounced. This may have been due to the 

overexpression of GFP-XLF 1-239. Likewise, overexpression of GFP-XLF 1-239 



 

 197 

and GFP-XLF F298A may have compensated for a defect in XLF function in γ-

H2AX foci assays.  

It is also possible that other interactions can compensate for a loss of the 

XLF-CTR. For example, disruption of the Yku80-Dnl4 or the Xrs2-Lif1 interaction 

alone produces very little phenotype, but when disrupted in combination a 

pronounced defect in NHEJ is observed (Palmbos et al, 2005; 2008). 

Redundancy has also been uncovered in the phosphorylation of the XLF and 

XRCC4 CTRs (Roy et al, 2012). Thus, disruption of the XLF-CTR that mediates 

the XLF-Ku interaction in combination with the XRCC4-CTR or some other 

redundant/compensatory interaction, perhaps APLF, may be necessary to 

observe a defect in NHEJ in vivo. Finally it is possible that XLF has a novel, yet 

to be identified, function for which the CTR plays an important role that is not 

measured in the classic NHEJ assays. 

Regardless of the caveats and other possible interpretations of the XLF 

study, my data provides a potential simple explanation for why the XLF-CTR is 

unnecessary for NHEJ in vivo while the Nej1-CTR is essential: these regions 

perform different functions. Although the XLF-CTR is required for interaction with 

Ku and recruitment to DSBs in vivo (data presented here and in Yano et al, 

2011), and both the XLF and Nej1 CTRs are required for DNA binding (Andres et 

al, 2007; Sulek et al, 2007; Yu et al, 2008), these functions do not appear to be 

essential. Rather I find that similar to XLF, the essential function of Nej1 is 

dependent on its interaction with Lif1 (Andres et al, 2007; Malivert et al, 2010). 

While the Nej1-Lif1 interaction is mediated by the Nej1-CTR, the XLF-XRCC4 
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interaction depends on the N-terminal head domain of XLF (Andres et al, 2007; 

Malivert et al, 2010; Hammel et al, 2011). Thus, discrepancies between the roles 

of the XLF and Nej1 CTRs in NHEJ in vivo may be explained by differences in 

the geometry of the XLF/Nej1-XRCC4/Lif1 interaction. 
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Chapter 4: Genetic interactions involving NHEJ factors and MTC5 

4.1 Rationale and Aim 

Based on the results presented in Chapter 2, I hypothesized that XLF may have 

additional functions in the cell beyond the repair measured by γ-H2AX, 

clonogenic, and V(D)J recombination assays and/or that redundant factors exist. 

Indeed, as previously discussed in Chapter 2, XLF has been shown to have 

functional redundancies with 53BP1, ATM, DNA-PKcs, and H2AX (Zha et al, 

2011; Liu et al, 2012; Oksenych et al, 2012; 2013).  

To identify novel functions for XLF/Nej1 and other NHEJ factors, and to 

uncover pathways and factors that regulate or function in parallel with the NHEJ 

pathway, I conducted a genome-wide SGA analysis using S. cerevisiae in which 

genes displaying genetic interactions with NHEJ factors were identified 

(Appendix C). One of the genes identified in the SGA analysis was MTC5. The 

goal of the study presented in this chapter was to characterize the basis of the 

genetic interactions between MTC5, NHEJ factors, and RAD52.   

The following study of MTC5 is presented in two parts. In the first part, 

genetic interactions between MTC5 and DSBR factors were confirmed and the 

effects of MTC5 on NHEJ and telomere maintenance were investigated. In the 

second part (Appendix B), the function of MTC5 in intracellular trafficking was 

characterized. The role of MTC5 in regulating amino acid uptake through its 

effects on intracellular trafficking was linked to its effects on telomere 

maintenance and its genetic interactions with DNA repair factors.  
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4.2 Background 

4.2.1 MTC5 

I identified MTC5 by SGA analysis (Appendix C) as a gene that displayed a 

negative genetic interaction with RAD52. Moreover, stronger negative 

interactions were observed with the additional disruption of NHEJ factors in a 

rad52Δ background. Although the genetic interaction scores for MTC5 were not 

the strongest observed in the screen, preliminary literature and database 

searches for MTC5 indicated that this uncharacterized gene, named 

maintenance of telomere capping 5 for its genetic interaction with cdc13-1 

(Addinall et al, 2008), might be involved in DNA repair and telomere 

maintenance. 

Mtc5 was found, in a large-scale MS screen mapping protein-protein 

interactions, to be present in a protein complex containing multiple DNA repair 

factors including Yku80 (Ho et al, 2002). Interaction with Yku80 occurred in the 

absence of DNA damage. However, following methyl methanesulfonate (MMS) 

treatment, Mtc5 interacted with Rfa3 (Ho et al, 2002), a subunit of the RPA 

complex, which like Yku70/80 is involved in DNA repair and telomere 

maintenance (Longhese et al, 1994; Schramke et al, 2004). The protein complex 

containing Mtc5 also contained the protein product of the uncharacterized gene 

YHR033W, which interacted with the DNA repair methyltransferase Mgt1; the 

DNA repair factors Rad1, Rad55, and Yku80; and the uncharacterized gene 

YOR093C, putatively named CMR2 for changed mutation rate 2 (Ho et al, 2002). 
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YHRO33W was also found to negatively interact with YKU70, further linking it to 

DNA repair and telomere maintenance (Addinall et al, 2011). 

Mtc5 was found to physically interact with Srs2 in a Y2H screen (Chiolo et 

al, 2005). Srs2, as discussed in Chapter 3, is involved in SSA and physically 

interacts with Nej1 (Carter et al, 2009; Marini & Krejci, 2010). In addition, physical 

interactions between Mtc5 and the nuclear pore components Sec13 (Uetz et al, 

2000) and Seh1 (Ho et al, 2002) have been validated (Dokudovskaya et al, 

2011). In yeast, proper telomere function is tightly linked to telomere localization 

and clustering at the nuclear periphery (Gotta et al, 1996; Gasser et al, 2004). 

Consistent with a role for MTC5 in telomere maintenance, negative genetic 

interactions between MTC5 and the telomere capping factor cdc13-1 and the 

telomerase component EST1 have been reported (Addinall et al, 2008; Costanzo 

et al, 2010). Telomere maintenance involves many DNA repair factors such as 

Yku70/80 and is tightly connected to the DDR, suggesting that the function of 

MTC5 in telomere regulation might be related to DNA repair (d'Adda di Fagagna 

et al, 2004; Longhese, 2008).  

In addition to putative physical interactions with DNA repair and telomere 

proteins, MTC5 was also reported to be sensitive to 7-chlorotetrazolo[5,1-

c]benzo[1,2,4]triazine (CTBT), which causes oxidative damage. Other genes 

sensitive to CTBT included factors involved in DNA repair, mitochondrial function, 

and stress responses (Batova et al, 2010). Moreover, Mtc5 was found to be 

phosphorylated at S417 (Albuquerque et al, 2008), a SQ site and the preferred 

motif of DNA damage kinases Mec1/Tel1 (Harrison & Haber, 2006). Taken 
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together, the available data supported the hypothesis that MTC5 was involved in 

DNA repair and telomere maintenance.  

 

4.2.1.1 WDR59 

MTC5 has a mammalian homolog, WDR59, that remains uncharacterized 

(Dokudovskaya & Rout, 2011). WDR59 was one of five genes that were found to 

be expressed in normal cervical tissue but not in cervical cancer epithelial cells 

(Sun de et al, 2007). This suggested a potential role for WDR59 in 

tumorigenesis. WDR59 was also shown to interact with DDB1-Cul4A/B E3 ligase 

complexes (Higa et al, 2006). The DDB1-Cul4A ubiquitin ligase is thought to 

ubiquitinate histones at sites of UV damage and may also ubiquitinate p53 in 

response to radiation and during replication (Guerrero-Santoro et al, 2008; 

Stoyanova et al, 2008). Thus, it seemed that WDR59 and MTC5 might both 

function in DNA repair, and that the study of MTC5 in S. cerevisiae might 

improve our understanding of the role of WDR59 in tumorigenesis in mammalian 

cells. 

 

4.2.2 Telomeres 

4.2.2.1 Telomere maintenance 

Telomeres are highly repetitive sequences present at the ends of chromosomes 

(Blasco, 2007; Wellinger & Zakian, 2012). In S. cerevisiae telomeres contain    

C1-3A/TG1-3 repeats (Wellinger & Zakian, 2012). Maintenance of telomere length 

and function is important for ensuring genome stability and is highly correlated to 
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RLS and organismal lifespan in mammals (Blasco, 2007). In addition, improper 

telomere maintenance contributes to oncogenesis (Hanahan & Weinberg, 2011). 

Consequently, understanding telomere homeostasis in yeast has important 

implications for cancer and aging in mammals. 

The canonical DNA replication machinery is unable to replicate DNA at the 

very ends of chromosomes. To solve this “end-replication” problem, cells utilize 

an additional enzyme, telomerase, to maintain telomere length. Telomerase is a 

reverse transcriptase that adds a guanine-rich sequence to the 3’-ends of 

telomeres. In S. cerevisiae, Cdc13 binds to the ssDNA at the 3’ end of telomeres 

and aids in telomerase recruitment (Longhese, 2008; Wellinger & Zakian, 2012).  

Telomerase is not expressed in most mammalian somatic cells. 

Consequently, telomeres in these cells shorten with each cell division, eventually 

resulting in a permanent cell cycle arrest known as senescence. However, 

telomerase is expressed in mammalian stem cells and telomerase activity is 

often re-established in cancer cells, allowing them to bypass their replicative limit 

(Blasco, 2007). In S. cerevisiae, telomerase is constitutively expressed 

(Wellinger & Zakian, 2012). Thus, while telomere length correlates with RLS in 

mammalian cells, it does not correlate with RLS in yeast, and mutants with 

shortened telomeres have been found that have increased replicative longevity 

(Kaeberlein, 2010). However, in yeast where telomerase has been deleted, 

telomeres shorten and cells undergo senescence (Wellinger & Zakian, 2012).  

Both yeast and mammalian cells can escape telomere shortening in the 

absence of telomerase by using recombination-dependent pathways to elongate 
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their telomeres (Blasco, 2007; Wellinger & Zakian, 2012). In S. cerevisiae, RLS is 

decreased in telomerase-deficient cells that use HR to maintain their telomeres 

(Chen et al, 2009), and in humans, the alternative lengthening of telomeres (ALT) 

pathway has been implicated in telomere elongation in cancer cells that lack 

telomerase activity (Bryan et al, 1997). Thus, while telomere length maintenance 

is important for proper cellular functioning, how cells maintain telomere length 

also appears to be important. 

 

4.2.2.2 Telomere capping 

Telomere length is determined not only by the rate of telomere addition, but also 

by the rate of telomere erosion. Telomeres are “capped” to protect them from 

telomere erosion and from being recognized as DSBs. Telomere capping is 

accomplished by the binding of several proteins, including Yku70/80, Rap1, 

Cdc13, Rif1, and Rif2 (d'Adda di Fagagna et al, 2004; Longhese, 2008). When 

telomeres become uncapped they can be degraded by nucleases. yku70/80 

mutants have critically short telomeres due in part to the role of Yku70/80 in 

protecting telomere ends from nucleases (Longhese, 2008). Uncapped telomeres 

can also be fused together by the NHEJ or alt-NHEJ machinery to form dicentric 

chromosomes, or subjected to HR that leads to telomere elongation and the 

formation of extra-chromosomal telomeric circular DNA (Longhese, 2008; Rai et 

al, 2010; Wellinger & Zakian, 2012). Consequently, the maintenance of 

telomeres is essential for the maintenance of genomic stability. 
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4.2.2.3 Measures of telomere function 

Telomere function in S. cerevisiae can be assessed by telomere length, by 

silencing of subtelomeric genes, and by clustering of telomeres at the nuclear 

periphery. Transcriptional silencing of genes in the subtelomeric region is known 

as the telomere position effect (TPE). Sir2, Sir3, and Sir4 maintain telomeres in a 

transcriptionally repressed heterochromatic state. The recruitment of Sir proteins 

is in part mediated by the interaction of Sir4 with Yku70/80 (Gasser et al, 2004; 

Wellinger & Zakian, 2012).  

 Functional telomeres cluster at the nuclear periphery (Gotta et al, 1996; 

Wellinger & Zakian, 2012). Clustering of telomeres requires Mps3 and is in part 

mediated by an interaction between Yku80 and the telomerase component Tlc1 

(Schober et al, 2009). Interactions between Sir4 and Esc1 also contribute to 

clustering, as does sumoylation of Yku80 and Sir4 (Gartenberg, 2009; Wellinger 

& Zakian, 2012). Localization of telomeres to the nuclear periphery is important 

for proper telomere function and defects in localization lead to senescence-like 

phenotypes in mutants that already have partially impaired telomere function 

(Gartenberg, 2009).  

It has been speculated that telomere clustering at the nuclear periphery 

may prevent illegitimate HR between telomeres and other regions of the genome 

(Gartenberg, 2009). Clustering may also function to sequester silencing proteins, 

thereby allowing the maintenance of proper gene expression patterns (Wellinger 

& Zakian, 2012). Interestingly, persistent DSBs are also localized at the nuclear 

periphery (Nagai et al, 2008). This suggests that localization to the nuclear 
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periphery is a general mechanism for sequestration of dsDNA ends and 

safeguards the genome by ensuring proper processing of telomeres and DSBs 

(Gartenberg, 2009). 

Loss of proper telomere structure together with defects in telomerase 

recruitment in yku70/80 mutants disrupts all three aspects of telomere function: 

telomere length, telomere clustering, and the TPE (Boulton & Jackson, 1996b; 

Porter et al, 1996; Laroche et al, 1998; Nugent et al, 1998; Longhese, 2008). 

However, these aspects of telomere biology are not necessarily dependent on 

each other (Wellinger & Zakian, 2012). Although localization of telomeres at the 

nuclear periphery promotes subtelomeric silencing, it is not sufficient for the TPE 

(Tham et al, 2001; Gasser et al, 2004). Furthermore, mutations in the MRX 

complex, telomerase components, or CDC13 cause telomere shortening but do 

not affect the TPE (Nugent et al, 1998).  

 

4.2.2.4 Telomeres and DNA damage  

Telomere function and DNA damage are tightly linked. Telomeres share several 

important characteristics with DSBs including 3’ overhanging ssDNA, and 

uncapped telomeres are subject to many of the same processes as DSBs 

(Longhese, 2008). In both yeast and mammalian cells, many DDR and repair 

proteins are found at telomeres and are important for telomere function. These 

include Yku70/80, MRX, Tel1, and RPA (Longhese, 2008).  

It has been proposed that telomeres are a reservoir of DNA repair proteins 

(Tham & Zakian, 2002). For example, when DSBs form elsewhere in the 
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genome, Yku70/80 migrates from telomeres to sites of damage (Martin et al, 

1999). Based on this model, factors that affect telomere function might be 

expected to also indirectly affect NHEJ.  

 

4.2.3 dNTPs 

4.2.3.1 dNTPs and genomic stability 

Maintenance of dNTPs is crucial for the maintenance of genomic stability. 

Decreased dNTP levels impede DNA replication and result in increased ssDNA 

at replication forks. This can lead to replication fork collapse and DSB formation 

(Herrick & Sclavi, 2007; Sabatinos & Forsburg, 2013). However, elevated dNTP 

levels are also problematic and can lead to mutagenesis (Reichard, 1988; 

Chabes et al, 2003; Davidson et al, 2012). 

 

4.2.3.2 dNTP levels and telomere maintenance 

Telomeres are particularly sensitive to perturbations in dNTP levels. Mutations in 

the genes encoding thymidylate kinase and thymidylate synthase, which are 

required for conversion of dUMP to dTTP during nucleotide biosynthesis, result in 

telomere shortening, as do mutations in the ribonucleotide reductase genes 

RNR1 and RNR2 (Adams & Holm, 1996; Toussiant et al, 2005). More recently, 

intracellular dNTP levels were directly shown to affect telomere length (Gupta et 

al, 2013). Finally, cells with mutations in MEC1 or RAD53, which are required for 

upregulation of RNR activity upon DNA damage (Zhao et al, 2001), have been 

shown to have slightly shorter telomeres than WT (Longhese et al, 2000). This 
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defect could be rescued by increasing RNR activity, further indicating that dNTP 

levels regulate telomere length (Longhese et al, 2000).  

Telomere shortening can result from defects in telomere replication, 

telomerase activity, or telomere structure. Replication of telomeres is difficult 

given their repetitive nature, their propensity to form secondary DNA structures, 

and the presence of protein-DNA complexes (Wellinger & Zakian, 2012). Thus, 

observations that RNR activity and dNTP levels regulate telomere length may be 

explained by the difficulty in replicating telomeric sequences together with their 

replication in late S phase when dNTP levels are likely reduced (Yamashita et al, 

1997; Raghuraman et al, 2001).   

 

4.2.3.3 RNR regulation 

Nucleotides can be synthesized de novo from amino acids and sugars, or from 

precursors present in the growth media or obtained by catabolic processes 

(Ljungdahl & Daignan-Fornier, 2012). RNR catalyzes the conversion of 

ribonucleotides to deoxyribonucleotides, which is the rate-limiting step in the 

production of dNTPs. RNR is composed of a large subunit and a small subunit 

(Kolberg et al, 2004). The large subunit typically contains Rnr1, but upon DNA 

damage another gene, RNR3, is highly induced and Rnr3 can substitute for Rnr1 

in a small fraction of RNR complexes (Elledge & Davis, 1990; Shen et al, 2007). 

The small subunit is composed of Rnr2 and Rnr4 (Kolberg et al, 2004). 

RNR activity is tightly regulated. RNR genes are transcriptionally regulated 

by Crt1, which represses RNR2-4 expression, and by Ixr1, which induces RNR1 
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expression in G1/S. RNR is also subject to allosteric regulation by dATP and to 

direct inhibition by Sml1. In addition, formation of the RNR holoenzyme is 

controlled by Dif1, which promotes translocation of the RNR small subunit into 

the nucleus where it is anchored by Wtm1 (Figure 4.1) (Sanvisens et al, 2013). 

 

4.2.3.4 RNR regulation by the DDR and TOR 

Although excess or unbalanced dNTPs can be mutagenic, elevated dNTP levels 

are important for survival following DNA damage (Reichard, 1988; Chabes et al, 

2003; Davidson et al, 2012). Consequently, the DDR regulates RNR through 

multiple mechanisms. Dun1 inhibits Crt1 to induce RNR2-4 expression, while 

Rad53 activates Ixr1 to induce RNR1 expression. Phosphorylation of Sml1 and 

Dif1 by Dun1 results in their degradation. DNA damage also relieves Wtm1-

dependent anchoring of Rnr2/4 in the nucleus through an unknown mechanism 

(Sanvisens et al, 2013).  

In response to MMS, target of rapamycin (TOR) complex 1 (TORC1) 

activity was shown to be important for cell survival by promoting the upregulation 

of RNR1 and RNR3 (Shen et al, 2007). Upon DNA damage increased dNTP 

levels are thought to allow error-prone TLS polymerases to function (Chabes et 

al, 2003; Ciccia & Elledge, 2010). Consequently, it was proposed that TORC1 

activity promotes cell survival by increasing DNA repair through the TLS 

pathway, the by-product of which is increased mutagenesis (Shen et al, 2007). In 

addition to the regulation of RNR expression, TOR signalling regulates the
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Figure 4.1 RNR regulation by the DDR and TORC1 
RNR transcription is upregulated upon DNA damage by Rad53-dependent 

activation of Ixr1 and inactivation of Crt1. Sml1 inhibits RNR and Dif1 promotes 

Rnr2/4 translocation to the nucleus. Phosphorylation of Sml1 and Dif1 by Dun1 

causes their degradation. DNA damage also causes release of Rnr2/4 from 

Wtm1 through an unknown mechanism. TORC1 activity promotes the 

upregulation of RNR1 and RNR3 and represses Gln3-dependent upregulation of 

Wtm1. 
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expression of WTM1 (Kwan et al, 2011). Thus, like the DDR, the TOR pathway 

appears to regulate RNR activity through multiple mechanisms. 

 

4.3 Materials and Methods 

4.3.1 Strains 

Strains used is this study are listed in Table 4.1 and Appendix C. Deletion strains 

were obtained from the yeast deletion library (Invitrogen) or created by 

transformation of PCR-amplified DNA, with the exception of natMX marked 

deletions that originated from strains obtained from the Boone Lab at the 

University of Toronto. Strains used in the telomeric silencing assay were 

derivatives of a strain originally obtained from the Gasser lab at the University of 

Basel, and deletion of MTC5 and YKU70 in this strain was performed by 

transformation. Strains used in NHEJ assays were created by transformation of 

JKM179-derived strains obtained from the Haber lab at Brandeis University. All 

other mutants were obtained by random sporulation and selection of the 

appropriate gene markers. 

 

4.3.2 Media 

YPAD, YPLG, and SC media were as described in Section 3.2.2. YPD was 

YPAD without adenine. For drug selection during random sporulation, YPAD 

media contained 0.3 mg/L hygromycin (Invitrogen), 0.1 mg/L nouresothricin 

(NAT) (Jena Bioscience, Jena, Germany), and/or 0.3 mg/L geneticin (G418) 

(Invitrogen). 
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Table 4.1 Strains used to study MTC5 
Strain Genotype Source 
JC834 his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 BY4741 

(Brachmann et 
al, 1998) 

JC1677 mtc5::kanMX in JC834 Deletion library 
JC1727 nej1::natMX This study 
JC1736 rad52::URA3 in JC834 This study 
JC1738 lif1::natMX in JC834 This study 
JC1740 dnl4::natMX in JC834 This study 
JC1760 mtc5::kanMX rad52::URA3 in JC834 This study 
JC1762 mtc5::kanMX nej1::natMX in JC834 This study 
JC1764 mtc5::kanMX lif1::natMX in JC834 This study 
JC1765 mtc5::kanMX yku70::natMX in JC834 This study 
JC1767 mtc5::kanMX dnl4::natMX in JC834 This study 
JC1780 mtc5::kanMX nej1::natMX rad52::URA3 in JC834 This study 
JC1782 mtc5::kanMX lif1:: natMX rad52::URA3 in JC834 This study 
JC1784 mtc5::kanMX yku70::natMX rad52::URA3 in JC834 This study 
JC1786 mtc5::kanMX dnl4::natMX rad52::URA3 in JC834 This study 
JC1788 nej1::natMX rad52::URA3 in JC834 This study 
JC1790 dnl4::natMX rad52::URA3 in JC834 This study 
JC1792 lif1::natMX rad52::URA3 in JC834 This study 
JC1793 yku70::natMX rad52::URA3 in JC834 This study 
JC1800 yku70::natMX in JC834 This study 
JC727 MATα; hml::ADE hmr::ADE ade3::GAL-HO ade1 

leu2-3, 112 lys5 trp1::hisG ura3-52 
JKM179 (Lee et 
al, 1998) 

JC1343 lif1::kanMX in JC727 MAV025; Jim 
Haber 

JC1904 yku70::kanMX in JC727 JKM181 (Lee et 
al, 1998) 

JC1905 mtc5::URA3 in JC727 This study 
JC1906 mtc5::URA3 lif1::kanMX in JC727 This study 
JC1940 mtc5::URA3 yku70::kanMX in JC727 This study 
JC1991 ade2-1 trp1-1 his3-11 his3-15 ura3-1 leu2-3 leu2-

112 RAD5+ TelVII::URA3 lys2::HMLEI::ADE2 
W303 RAD5+; 
Sarah Moradi 
Fard 

JC2242 mtc5::kanMX in JC1991 This study 
JC2243 yku70::HIS in JC1991 This study 
JC2274 mtc5::kanMX yku70::HIS in JC2242 This study 
JC1925 mtc5-6HA::kanMX in JC834 This study 
JC2150 yku70-13Myc::HIS in JC834 This study 
JC2151 mtc5-6HA::kanMX yku70-13Myc::HIS in JC834 This study 
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Final selection (FS) media used in the SGA analysis was a variation of SC 

media lacking histidine, arginine, lysine, and uracil and contained 1 g/L L-

glutamic acid sodium salt hydrate (MSG) (Sigma-Aldrich), 25 µg/L canavanine 

(Sigma-Aldrich), 25 µg/L thialysine (Sigma-Aldrich), 0.2 mg/L G418 (Invitrogen), 

and 0.1 mg/L NAT (Costanzo & Boone, 2009). Hydroxyurea (HU) (US Biological) 

and phleomycin (InvivoGen, San Diego, CA, USA) were added after autoclaving 

as indicated.  

SC media used in telomere silencing assays was prepared according to 

standard protocols with the exception that uracil was present at a final 

concentration of 0.006%. 5’-fluoroorotic acid (5’-FOA) (US Biological) was added 

to autoclaved SC media to a final concentration of 0.01%.  

 

4.3.3 Doubling times  

Liquid cultures were grown at 25oC. Growth was monitored by OD600 using a 

Beckman Coulter DU640 spectrophotometer. Doubling times were determined 

for the linear growth phase as the inverse slope of the log2(OD600) vs. time plot. 

 

4.3.4 Random sporulation 

Diploid yeast strains were created by standard mating procedures and sporulated 

in 2% potassium acetate solution. Sporulated cultures were washed with water 

and treated with Zymolase (0.5 mg/mL in 10 mM NaPO4, 120 mM sorbitol, 4% 

glycerol) for 30 min – 1 hr. Digested spores were washed with water, 

resuspended in 100 µL of water in Eppendorf tubes, and vortexed for 2 min. 
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Tubes were washed twice with water before the addition of 0.01% NP-40 and 

sonication for 2 min on ice using a Fisher Sonic Dismembranator set at 16% 

output. Sonicated solutions were diluted and plated on YPAD. Plates were 

incubated at 30oC for 2-3 days. Single colonies were selected and tested for the 

relevant gene markers. 

 

4.3.5 Serial dilutions 

Cell concentrations of O/N cultures grown at 25oC were adjusted to 107-108 

cells/mL and serially diluted as indicated. Each serial dilution (4 µL) was spotted 

onto solid media and plates were incubated as described. Images were obtained 

using a Fuji LAS-4000 imager (Fujifilm) 

 

4.3.6 Immunoprecipitations 

Logarithmically growing cells (5 x 106 cells per sample) (30oC in YPAD) were 

lysed in lysis buffer (50 mM Hepes, 140 mM NaCl, 1 mM EDTA, 0.5% Triton X-

100, 1 mM PMSF, and Roche complete protease tablet) by bead beating with 

silica beads. Cell lysates were incubated with anti-Myc (9E10, mouse, Santa 

Cruz) or anti-HA (12CA5, mouse, gift from Dr. Susan Gasser, University of Basel, 

Basel, Switzerland) coupled sheep anti-mouse Dynabeads® (Invitrogen) for 4 hr 

with end-over-end agitation. Beads were washed once with lysis buffer (5 min, 

end-over-end) and twice with wash buffer (100 mM Tris-Cl pH 8, 150 mM NaCl, 

0.5% NP-40, 1 mM EDTA, 1 mM PMSF) (5 min). Beads were resuspended in 20 

mL of lysis buffer and heated for 5 min in 1 x SDS sample buffer. Samples were 
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analysed on an 8% SDS-PAGE gel and western blotted as described in Section 

2.2.5 using anti-HA (F-7, mouse, Santa Cruz, 1:1000, O/N, 4oC) and anti-Myc 

(9E10, mouse, Santa Cruz, 1:500, O/N, 4oC) antibodies. 

 

4.3.7 HO DSB survival assay 

The HO DSB survival assay was performed as described in Section 3.2.7. 

 

4.3.8 Telomere length assays 

Cells were cultured to saturation in YPAD at 25oC or 22oC as indicated. Cells 

were treated with Zymolase and genomic DNA was prepared by treatment with 

SDS followed by potassium acetate precipitation of proteins. DNA was 

precipitated with isopropanol, treated with RNAse, and again precipitated with 

isopropanol and washed with 70% ethanol. Genomic DNA (5-6 µg) was digested 

with XhoI and subjected to electrophoresis at 50 V for at least 18 hr at 4oC on 0.8 

or 1% agarose gels in 0.5 X Tris-borate-EDTA (TBE) buffer (1X TBE: 89 mM Tris 

base, 89 mM boric acid, 2 mM EDTA). DNA was transferred to Hybond-XL 

membranes (Amersham, GE Healthcare) by capillary transfer and crosslinked 

with 120 mJ using a UV Stratalinker® 1800 (Stratagene). Membranes were 

probed for subtelomeric regions by incubation at 65oC O/N in hybridization buffer 

(500 mM Na2HPO4, 7% SDS, 1 mM EDTA, 10g/L BSA) containing a 32P dCTP 

(PerkinElmer) labelled dGT/dCA probe (25 ng) (Amersham, GE Healthcare) 

(Grossi et al, 2004) prepared using a Rediprime Random Prime Labelling Kit 

(Amersham, GE Healthcare) and purified using a PCR cleanup kit (Qiagen). 
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Membranes were washed 4 x 25 mL with 0.1% SDS in 2x SSC (0.3 M NaCl, 0.03 

M sodium citrate, pH 7). Images were obtained using a phosphoimager screen 

(Fujifilm) and a Cyclone Plus Phosphor Imager system (PerkinElmer) 

  

4.3.9 Telomere silencing RT-PCR  

RT-PCR from mRNA obtained from logarithmically growing cells at 30oC was 

performed by Grace Leung in the laboratory of Dr. Michael Kobor at the 

University of British Columbia as previously described (Wang et al, 2011). Briefly, 

RNA was purified from cells using a Qiagen RNeasy® mini kit (Qiagen) and 

cDNA was produced using a SuperScript® III first-strand synthesis system for 

RT-PCR (Invitrogen) and oligo(dT). Expression levels of genes within the 

subtelomeric regions of chromosomes VII and IX were determined from reactions 

containing primers listed in Table 4.2 and PerfeCTaTM SYBR® green FastMix 

(Quanta Biosciences) using a Rotor-GeneTM 6000 (Corbett Research, Concorde, 

NSW, Australia). Expression levels were normalized to the expression of ACT1.  

 

Table 4.2 Primers used for RT-PCR 
Primer Sequence (5’-3’) 
ACT-For TGTCCTTGTACTCTTCCGGT 
ACT-Rev CCGGCCAAATCGATTCTCAA 
YGL263W-For GGATCGACAAATTCAGGTTCA 
YGL263W-Rev TTGGCGAATTCCAAATTTTC 
YGL262W-For TTGGAGATGAAAATGCTGTCC 
YGL262W-Rev CATAATCGCAGATGGCCTTT 
YPS6-For TACTGTCCGTCGACTTTGGA 
YPS6-Rev TATGCGTCGACAAGGAAAGC 
YIR042C-For TGCGGGACCATTCACTAAC 
YIR042C-Rev AGTGAACCGTTGGCTTCATC 
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4.3.10 dNTP measurements  

Intracellular dNTP levels were determined for logarithmically growing cell cultures 

at 22oC by high-pressure liquid chromatography (HPLC) analysis by Daniil 

Andreychuk and Yulia Andreichuck in in the laboratory of Dr. Andrei Chabes at 

the University of Umeå in Umeå, Sweden as previously described (Rossmann et 

al, 2011). Cell cycle distribution determined by FACS was similar in all strains 

analysed. 

 

4.4 Results  

4.4.1 SGA Results  

MTC5 was identified in a SGA analysis (Appendix C) as a gene displaying 

negative genetic interactions with RAD52, and with NEJ1 and LIF1 when HR was 

impaired by deletion of RAD52 (i.e. nej1Δrad52Δ) (Table 4.3 and Figure 4.2 A). 

The genetic interaction between MTC5 and RAD52 was evident in the absence 

of exogenous DNA damage, as was the interaction between MTC5 and NEJ1 

when RAD52 was deleted. A statistically significant genetic interaction between 

MTC5 and LIF1 was only observed when both RAD52 was deleted and DNA 

damage was induced by growth on media containing phleomycin (Table 4.3). 

Consistently, the strongest scores were obtained on the highest concentration of 

phleomycin. This suggests that the interactions observed for mtc5Δrad52ΔHOΔ, 

mtc5Δlif1Δrad52Δ, and mtc5Δnej1Δrad52Δ strains are exacerbated in the 

presence of DNA damage. Additionally, the genetic interactions involving MTC5 

occurred only with a subset of NHEJ factors, as statistically significant genetic
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Table 4.3 Statistically significant SGA scores for MTC5 

Strain Media (+ phleomycin) Score P-value 

mtc5Δrad52ΔHOΔ YPD -0.11 4.183e-3 

YPD + 0.05 µg/mL -0.097 3.634e-6 

YPD + 0.25 µg/mL -0.133 2.283e-4 

YPD + 0.75 µg/mL -0.232 9.758e-9 

mtc5Δnej1Δrad52Δ FS -0.253 1.122e-3 

YPD + 0.05 µg/mL -0.264 0 

YPD + 0.25 µg/mL -0.184 1.845e-2 

YPD + 0.75 µg/mL -0.301 1.565e-4 

mtc5Δlif1Δrad52Δ  YPD + 0.05 µg/mL -0.086 1.491e-3 

YPD +0.75 µg/mL -0.145 1.783e-2 
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Figure 4.2 Genetic interactions between MTC5, NHEJ factors, and RAD52 
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(A) SGA images of mtc5 mutants on YPD without phleomycin (-phleomycin) or 

containing 0.75 µg/mL phleomycin (all others). Quadruplicate pinnings of each of 

the indicated strains are shown in red boxes. (B) Serial dilutions (1:5) of WT 

(JC834), mtc5Δ (JC1677), lif1Δ (JC1738), nej1Δ (JC1727), yku70Δ (JC1800), 

dnl4Δ (JC1740), rad52Δ (JC1736), mtc5Δlif1Δ (JC1764), mtc5Δnej1Δ (JC1762), 

mtc5Δyku70Δ (JC1765), mtc5Δdnl4Δ (JC1767), mtc5Δrad52Δ (JC1760), 

lif1Δrad52Δ (JC1792), nej1Δrad52Δ (JC1788), yku70Δrad52Δ (JC1793), 

dnl4Δrad52Δ (JC1790), mtc5Δlif1Δrad52Δ (JC1782), 

mtc5Δnej1Δrad52Δ (JC1780), mtc5Δyku70Δrad52Δ (JC1784), and 

mtc5Δdnl4Δrad52Δ (JC1786) cells were spotted onto YPAD with or without 2 

µg/mL phleomycin. Plates were incubated at RT for 3 days. (C) The indicated 

strains were plated as described in (B) on YPAD and YPAD containing 5 µg/mL 

phleomycin. (D) Doubling times of the strains described in (B) were determined 

for liquid cultures grown at 25oC. Growth was measured by determination of the 

OD600 and doubling times were calculated as described in Section 4.2.3. Data 

presented are the averages (±SD) of three independent experiments. A one-way 

ANOVA using a Tukey post test for comparison of all combinations of strains was 

performed and statistically significant differences in doubling times are indicated 

by asterisks (p value < 0.05). Images in (B) and (C) are representative of three 

independent experiments. 
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interactions with YKU70 were not observed. However, visual inspection of the 

screen indicated a potential genetic interaction between YKU70 and MTC5 when 

RAD52 was deleted (Figure 4.2 A). 

 

4.4.2 Confirmation of SGA results 

Given the evidence suggesting a link between MTC5 and DNA repair, I decided 

to manually confirm the results of the SGA analysis for MTC5. To confirm the 

results of the screen, triple mutants were recreated by crossing the 

NHEJΔrad52Δ strains to the mtc5Δ strain (JC1677) obtained from the yeast 

deletion library. The resulting spores were analyzed by random spore analysis 

and growth of the single, double, and triple mutants in the presence and absence 

of phleomycin at RT was determined in drop assays (Figure 4.2 B). By this 

method, mtc5Δrad52Δ did not exhibit a growth defect when grown on YPAD or 

on YPAD containing phleomycin. However, all of the triple mutants 

(mtc5Δnej1Δrad52Δ, mtc5Δlif1Δrad52Δ, mtc5Δdnl4Δrad52, and 

mtc5Δdnl4Δyku70Δ) displayed negative genetic interactions compared to the 

double mutants when grown on media containing phleomycin (Figure 4.2 B). This 

suggests that the negative scores in the SGA analysis were false negatives that 

may have resulted from the rigorous algorithms used to score strain fitness, as 

well as from the frequent appearance of suppressor mutations.  

The concentration of phleomycin (2 µg/mL) used in the previous 

experiments was optimized to observe additive defects in strains containing 
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deletions in the NHEJ factors, RAD52, and MTC5.  Since the deletion of RAD52 

results in severe hypersensitivity to phleomycin, at this concentration cells 

containing RAD52 (i.e. mtc5Δ, lif1Δ, nej1Δ, yku70Δ, mtc5Δnej1Δ etc.) did not 

exhibit greater sensitivity to phleomycin than WT (Figure 4.2 B).  

To better determine whether mtc5Δ cells were sensitive to phleomycin, I 

performed drop assays with mtc5Δ and yku70Δ cells on media containing high 

concentrations of phleomycin (5 µg/mL) (Figure 4.2 C). At this concentration of 

phleomycin, even WT cells displayed a growth defect, however, deletion of 

MTC5, YKU70, or MTC5 and YKU70 together did not affect survival compared to 

WT. Taken together with the previous data that showed mtc5Δrad52Δ cells were 

more sensitive to phleomycin than rad52Δ or mtc5Δ cells (Figure 4.2 B), my data 

indicates that MTC5 is required for survival in the presence of phleomycin-

induced DNA damage only when HR is impaired. It also suggests that loss of 

MTC5 may result in increased endogenous DNA damage, that when combined 

with additional exogenous DNA damage, requires RAD52 for repair and survival. 

To more quantitatively determine whether MTC5 genetically interacted with 

RAD52 and NHEJ factors in the absence of phleomycin, as suggested by the 

SGA results (Table 4.3), I determined the doubling times of mtc5, rad52, and 

NHEJ mutants grown in liquid YPAD media (Figure 4.2 D). The doubling times of 

mtc5Δ, yku70Δ, and nej1Δ cells were not significantly different than WT. 

However, rad52Δ displayed a statistically significant increase of approximately 20 

min in doubling time compared to WT. The mtc5Δnej1Δ and mtc5Δyku70Δ cells 
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grew essentially the same as WT and the corresponding single mutants. 

Likewise, nej1Δrad52Δ cells grew at the same rate as rad52Δ cells, however, 

both yku70Δrad52Δ and mtc5Δrad52Δ cells showed statistically significant 

increases in doubling times compared to rad52Δ cells. This indicates that YKU70 

and MTC5 both genetically interact with RAD52 in the absence of exogenous 

damage. Finally, a small increase in doubling time was observed for 

mtc5Δyku70Δrad52Δ and mtc5Δnej1Δrad52Δ cells compared to mtc5Δrad52Δ 

cells, but this increase was not statistically significant (Figure 4.2 D). Taken 

together, my results indicate that MTC5 negatively interacts with RAD52 in the 

absence of exogenous damage and with NHEJ factors in the presence of DNA 

damage.  

 

4.4.3 Physical interaction between Mtc5 and Yku70/80 

Physical interactions are often informative of protein function. Mtc5 was reported 

to interact with Yku80 and Srs2 in large scale studies, but these interactions had 

not been validated (Ho et al, 2002; Chiolo et al, 2005). To confirm whether Mtc5 

interacted with Yku70/80 in vivo, I C-terminally tagged Mtc5 and Yku70 at their 

endogenous loci with a 6HA-tag and a 13Myc-tag, respectively, and performed 

reciprocal coimmunoprecipitations. Using this approach I was unable to confirm 

the physical interaction between Mtc5 and Yku70/80 (Figure 4.3 A). I was also 

unable to detect a physical interaction between Mtc5 and Srs2 using similar 

methods (data not shown). Unfortunately, Mtc5 is expressed at low levels in S. 

cerevisiae (Dokudovskaya et al, 2011). Consequently, I cannot rule out that a 
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Figure 4.3 Mtc5-HA and Yku70-Myc do not coimmunoprecipitate 
Reciprocal coimmunoprecipitations were performed using strains expressing 

Mtc5-HA (JC1925), Yku70-Myc (JC2150), or both Mtc5-HA and Yku70-Myc 

(JC2151). Immunoprecipitations were performed using WCEs from 5 x 106 cells 

lysed in buffer containing 50 mM Hepes, 140 mM NaCl, 1mM EDTA, 0.5% Triton 

X-100, and protease inhibitors. Proteins were immunoprecipitated with 

Dynabeads coupled to an anti-HA or anti-Myc antibody. Beads were washed 

twice with buffer containing 100 mM Tris-Cl pH 8, 150 mM NaCl, 0.5% NP40, 

1mM EDTA, and 1mM PMSF. Inputs were 5% of the WCE. Images are 

representative of three independent experiments. (B) Survival upon continuous 

HO endonuclease induction. Survival of WT (JC727), mtc5Δ (JC1905), lif1Δ 

(JC1343), yku70Δ (JC1904), mtc5Δlif1Δ (JC1906), and mtc5Δyku70Δ (JC1940) 
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cells was determined relative to uninduced cells. Data represent the average 

survival (±SEM) of three independent experiments.  

 

 

 

small amount of Mtc5 and Yku70 do interact, but that the interaction was below 

the limits of detection under the conditions used in these experiments. 

 

4.4.4 MTC5 does not affect NHEJ 

MTC5 displayed genetic interactions with RAD52, and with NHEJ factors in the 

absence of HR (Figure 4.2 B). This suggested that MTC5 might function in a 

pathway parallel to HR. The primary pathway involved in the repair of DNA DSBs 

in the absence of HR is NHEJ. Although the genetic interactions observed 

between MTC5 and NHEJ factors in the absence of HR suggested that MTC5 

might function in a third pathway, genetic interactions can also occur within a 

pathway (Boone et al, 2007; Baryshnikova et al, 2010). Thus, to investigate the 

possibility that MTC5 has a role in the repair of DSBs by NHEJ, I performed in 

vivo NHEJ repair assays using the JKM179 strain described in Section 3.1.1.2.  

As previously discussed, deletion of core components of the NHEJ 

pathway in the JKM179 background results in a 100-fold reduction in survival 

compared to WT cells upon continuous induction of the HO endonuclease 

(Valencia et al, 2001). However, survivors are still observed at a low frequency, 

suggesting the presence of another pathway (Moore & Haber, 1996). Deletion of 
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MTC5 in this strain did not affect the survival of cells upon continuous HO 

endonuclease induction, whereas deletion of YKU70 or LIF1 resulted in a 100-

fold decrease in survival (Figure 4.3 B). This suggested that MTC5 was not 

directly involved in NHEJ. However, MTC5 might function in a parallel pathway, 

perhaps alt-NHEJ/MMEJ, that is only evident in the absence of NHEJ. Deletion of 

MTC5 in either the yku70Δ or the lif1Δ strain did not affect survival compared to 

the yku70Δ or the lif1Δ strain, though (Figure 4.3 B). Thus, I concluded that Mtc5 

was unlikely to be involved in NHEJ or in a pathway parallel to NHEJ in the repair 

of DSBs. This left the possibility that loss of MTC5 resulted in increased 

endogenous DNA damage that required HR, and NHEJ when HR was impaired, 

for its repair. 

 

4.4.5 MTC5 affects telomere length  

The genetic interaction between MTC5 and cdc13-1 suggested that MTC5 might 

exacerbate the telomere defect in cdc13-1 cells by potentially regulating telomere 

length and/or structure itself (Addinall et al, 2008). Indeed, I found that mtc5Δ 

cells had slightly shorter telomeres than WT (Figure 4.4) and that the decrease in 

telomere length was additive with the severe decrease observed in yku70Δ cells 

(Figure 4.4). Together with the genetic interaction between MTC5 and cdc13-1 

(Addinall et al, 2008), this result suggests that MTC5 regulates telomere length 

via a pathway separate from the canonical telomere capping pathways that 

involve YKU70/80 and CDC13.  
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Figure 4.4 Effects of MTC5 on telomeres 
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(A) Telomeres were visualized by southern blotting XhoI digested genomic DNA 

from WT (JC834), mtc5Δ (JC1677), yku70Δ (JC1800), rad52Δ (JC1736), 

mtc5Δyku70Δ (JC1765), and mtc5Δrad52Δ (JC1760) cells grown at 25oC using a 

probe specific to subtelomeric DNA. (B) Telomere silencing was determined in 

WT (JC1991), mtc5Δ (JC2242), yku70Δ (JC2243), and mtc5Δyku70Δ (JC2274) 

cells based on the expression of a subtelomeric URA3 marker. Cells were 

serially diluted (1:5) and plated on either SC media or SC media containing 5-

FOA. Plates were incubated at RT for 2 days (SC) or 5 days (SC + 5-FOA). (C) 

Gene silencing at loci in the subtelomeric regions of chromosome VII and IX was 

determined based on mRNA expression. mRNA levels in WT (JC834), mtc5Δ 

(JC1677), yku70Δ (JC1800), and mtc5Δyku70Δ (JC1765) were measured by RT-

PCR. Data represent average mRNA abundance relative to the control gene 

ACT1 and normalized to WT cells from three independent experiments (±SD) 

(N=2 for YPS6). RT-PCR was performed by Grace Leung in the laboratory of Dr. 

Michael Kobor at the University of B.C. Images in (A) and (B) are representative 

of three independent experiments. 
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Although, RAD52 is involved in recombination-dependent telomere 

elongation in the absence of telomerase, RAD52 mutants were found to have 

slightly longer telomeres (Figure 4.4). This counterintuitive result could be due to 

defects in telomere replication and fork slippage that result in small insertions in 

rad52Δ cells. This model has been proposed for telomere elongation in 

rrm3Δ cells (Ivessa, 2002). Consistent with this model and my results, rad52Δ 

cells have been shown to have slightly longer telomeres in Candida albicans 

(Ciudad et al, 2004). Deletion of MTC5 also resulted in telomere shortening in 

rad52Δ cells. These results suggest that MTC5 affects telomere length via a 

RAD52-independent pathway (Figure 4.4). 

 

4.4.6 MTC5 does not affect telomeric silencing 

To uncover the mechanism by which MTC5 affects telomere length, I 

investigated whether other aspects of telomere function were also perturbed in 

mtc5Δ cells. Telomeric silencing is closely related to proper telomere 

maintenance and yku70/80 mutants, which have severely shortened telomeres, 

show defects in the silencing of subtelomeric genes (Boulton & Jackson, 1998; 

Nugent et al, 1998). To determine whether the defect in telomere length 

observed in mtc5Δ cells might 1) cause a defect in telomeric silencing or 2) be an 

indirect consequence of a more general defect in telomere maintenance, I 

monitored the expression of a URA3 marker integrated at the subtelomeric 

region of the left arm of chromosome VIII (Gottschling et al, 1990). 5’FOA is 
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converted to the toxic 5’fluoruracil by the URA3 gene product, OMP 

decarboxylase. If proper silencing is maintained, URA3 is not expressed. 

Consequently, WT cells will grow in the presence of 5’FOA, whereas cells 

defective in silencing are sensitive to 5’FOA.  

Although, mtc5Δ cells displayed slightly shortened telomeres (Figure 4.4 A), 

they did not appear to have a defect in telomeric silencing (Figure 4.4 B). 

Similarly, the TPE defect observed for the yku70Δ strain was not enhanced by 

loss of MTC5 (Figure 4.4 B). While this plating assay is a convenient measure of 

telomeric silencing, recent reports have shown that this assay can be influenced 

by differences in metabolism (Rossmann et al, 2011; Takahashi et al, 2011). 

Furthermore, this assay measures silencing of only a single locus that has been 

integrated into the genome. A better and more specific measure of gene 

silencing in the subtelomeric region is RT-PCR of mRNA produced from several 

different genes in the subtelomeric regions of different chromosomes.  

In collaboration with Grace Leung, a graduate student in Dr. Michael 

Kobor’s lab, mRNA expression of several genes in the subtelomeric regions of 

two different chromosomes was determined (Figure 4.4 C). Consistent with the 

plating assay, deletion of MTC5 had little effect on the expression of YGL263W 

or YGL262W on chromosome VII, or on YPS6 or YIR042C on chromosome IX, 

whereas deletion of YKU70 led to a drastic increase in expression of all of these 

genes with the exception of YPS6 (Figure 4.4 C). I reasoned that a TPE defect in 

mtc5Δ cells might only be observed when telomeres are already compromised, 

such as in a yku70 mutant. However, mRNA levels for YGL262W and YIR042C 
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were only slightly elevated in mtc5Δyku70Δ cells, and it is likely that the defect in 

silencing observed in yku70Δ was complete.  

 

4.4.7 MTC5 regulates dNTP levels 

Because dNTPs are important for telomere length maintenance, DNA repair, and 

genomic maintenance, I asked whether a decrease in dNTP levels could explain 

the telomere shortening in mtc5Δ cells and the genetic interactions observed with 

HR and NHEJ factors. I reasoned that cells with reduced dNTP levels should be 

more sensitive to disruptions in dNTP production and, consequently, display 

sensitivity to the RNR inhibitor HU. Indeed, mtc5Δ cells showed increased 

sensitivity to HU. The relatively high doses of HU that were required to observe 

sensitivity in mtc5Δ cells are consistent with MTC5 not being directly involved in 

DNA repair, as DNA repair mutants are typically much more sensitive. To directly 

determine whether dNTP levels were reduced, dNTP levels were measured in 

the laboratory of Dr. Andrei Chabes, who has extensive expertise in the area of 

dNTPs and their regulation. Direct measurement of dNTP levels in mtc5Δ cells 

indicated a decrease in dNTPs, especially dTTP (Figure 4.5 B).  

 

4.5 Conclusions 

In this chapter genetic interactions between MTC5 and both RAD52 and NHEJ 

factors were confirmed. MTC5 genetically interacted with NHEJ factors but only 

in the absence of HR. In addition, these interactions were dependent on the 
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Figure 4.5 dNTPs levels in mtc5Δ  cells 
(A) Cells were serially diluted (1:10) and plated on YPAD with or without 150 mM 

HU. Plates were incubated for 4 days at RT. Strains are the same as in Figure 

4.2. The image presented is representative of three independent experiments. 

(B) dNTP levels were measured in WT (JC834) and mtc5Δ (JC1677) cells grown 

at 22oC. Data represent the average (±SD) of two independent experiments 

performed by Daniil Andreychuk and Yulia Andreychuk in the laboratory of Dr. 

Andrei Chabes at Umeå University in Sweden. Differences were not statistically 

significant (p value > 0.05) when analyzed by a one-way ANOVA followed by 

post test analysis. 
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presence of phleomycin. In contrast, MTC5 genetically interacted with RAD52 in 

the absence of exogenous DNA damage. While Mtc5 has been found to 

physically interact with Yku70 by MS, I was unable to detect this interaction by 

immunoprecipitation and western blotting. Moreover, MTC5 did not affect NHEJ 

at HO endonuclease-induced DSBs. While MTC5 did affect telomere length, this 

did not correlate with a defect in subtelomeric silencing. Furthermore, the 

telomere length defect in mtc5Δ cells was additive with the defect observed in 

yku70Δ cells. This indicates that MTC5 does not function in the canonical Ku-

dependent telomere capping pathway. A role for MTC5 in the CDC13-dependent 

telomere capping pathway is also unlikely as MTC5 has previously been shown 

to negatively interact with cdc13-1 (Addinall et al, 2008). Although, I cannot rule 

out a direct effect of MTC5 on telomeres via other pathways such as the 

telomerase pathway, my results suggest that the telomere length defect in mtc5Δ 

cells is indirect and likely due to decreased dNTP levels. Moreover, they suggest 

that genetic interactions between MTC5 and RAD52/NHEJ factors may be due to 

the presence of increased endogenous DNA damage in mtc5Δ cells.  

 

4.6 Discussion and Future Directions 

4.6.1 MTC5 and DNA damage and repair 

Although it appears that MTC5 does not directly regulate DNA repair, it does 

exhibit genetic interactions with RAD52 and NHEJ proteins (Figure 4.1). I 

propose that these interactions occur because increased dNTP levels are 

important for cell survival following DNA damage (Chabes et al, 2003; Shen et al, 
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2007) and dNTP pools are reduced in mtc5Δ cells (Figure 4.5). Consistent with 

this model, I observed a genetic interaction between MTC5 and RAD52 in the 

absence of exogenous damage (Figure 4.1 D and Table 4.3). This supports the 

hypothesis that decreased dNTP levels in mtc5Δ cells result in stalled or 

collapsed replication forks (especially at telomeres) that require HR for restart 

and repair. Alternatively, rad52Δ cells may have increased replication-associated 

DNA damage that requires dNTPs for repair. In the absence of HR, NHEJ may 

be required to repair the DNA damage. 

 

4.6.2 Links between MTC5, dNTP levels, and amino acid metabolism 

Shortly after my work on MTC5 was initiated, Mtc5 was shown to be part of a 

protein complex including Seh1 and Sec13 called the SEA (Seh1-associated) 

complex (Dokudovskaya et al, 2011). The SEA complex was not found in the 

nucleus but rather at vacuoles, consistent with a previous genome-wide protein 

localization study (Huh et al, 2003). Based on genetic interaction data from 

Costanzo et al. (2010), MTC5 was proposed to regulate amino acid metabolism, 

intracellular trafficking, and TOR signalling (Dokudovskaya et al, 2011). Amino 

acids are required for dNTP biosynthesis (Ljungdahl & Daignan-Fornier, 2012). 

Furthermore, amino acids regulate the TOR pathway (Zaman et al, 2008; Kwan 

et al, 2011) and TOR activity has also been shown to regulate RNR (Figure 4.1) 

(Shen et al, 2007). Taken together with the data presented in this chapter, which 

suggests that MTC5 is unlikely to be directly involved in DNA repair or telomere 

maintenance, I propose that MTC5 affects telomere length and genome 
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stability by regulating dNTP levels through its control of amino acid uptake 

and TOR signalling. Investigation of this hypothesis and additional background 

information describing the links between dNTP levels, telomere length 

maintenance, the TOR pathway, and amino acid metabolism are presented in 

Appendix B. Future directions for the study of MTC5 and its potential role in 

regulating amino acid uptake and TOR signalling are also proposed in Appendix 

B. 
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APPENDIX B: MTC5 REGULATES AMINO ACID UPTAKE AND dNTP 
LEVELS 

B.1 Background 

B.1.1 Amino acid uptake, TOR, and telomere maintenance 

Screens for yeast mutants that genetically interact with cdc13-1 or YKU70, have 

either short or long telomeres, or display decreased RLS in the absence of 

telomerase have uncovered many genes involved in intracellular trafficking and 

amino acid biosynthesis or uptake (Askree et al, 2004; Rog et al, 2004; 

Gatbonton et al, 2006; Addinall et al, 2008; Ungar et al, 2009; Addinall et al, 

2011; Chang et al, 2011). These observations suggest that amino acid 

homeostasis and intracellular trafficking regulate telomere length. As discussed 

below, these processes have also been shown to regulate the TOR pathway.  

A direct link between amino acid uptake, TOR, and telomere length was 

made by Kwan et al. (2011). Using strains containing polymorphisms in BUL2, a 

factor required for proper regulation of the general amino acid permease Gap1, 

these authors found that under conditions of decreased amino acid uptake 

telomeres shortened. They proposed a model in which TORC1 signalling 

regulates dNTP levels through Gln3-dependent upregulation of the RNR inhibitor 

Wtm1, thereby indirectly affecting telomere length (Figure B.1) (Kwan et al, 

2011).  
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Figure B.1 Model linking amino acid uptake to TOR signalling and telomere 
length 
Model proposed by Kwan et al. (2011) for decreased telomere length in cells with 

defects in Gap1 localization. Amino acid uptake normally activates TORC1 by 

maintaining intracellular amino acid levels. Defects in amino acid uptake lead to 

TORC1 inhibition and Gln3 activation. Gln3 regulates expression of the RNR 

inhibitor Wtm1. Decreased RNR activity reduces dNTP levels in the cell and 

leads to telomere shortening.  
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B.1.2 The TOR pathway 

B.1.2.1 TOR complexes 

Like ATM/Tel1 and ATR/Mec1, TOR is member of the PIKK family (Crespo & 

Hall, 2002). In eukaryotes there are two separate TOR containing complexes: 

TORC1 and TORC2 (Figure B.2). The upstream regulators of the rapamycin-

insensitive TORC2 complex remain poorly characterized. In contrast, TORC1 is 

inhibited by nutrient depletion, rapamycin, and stress. TORC1 is positively 

regulated by nutrient availability and is particularly sensitive to nitrogen 

availability in the form of glutamine and glutamate, however its direct upstream 

activators are unclear (Zaman et al, 2008; Loewith & Hall, 2011).  

While most eukaryotes have only one form of the TOR kinase, S. 

cerevisiae has two: TOR1 and TOR2 (Crespo & Hall, 2002). In S. cerevisiae, 

TORC1 contains either Tor1 or Tor2, Kog1, Lst8, and Tco89, while TORC2 is a 

Tor2-specific complex containing Avo1, Avo2, Avo3, Bit61/Bit2, and Lst8 (Figure 

B.2) (Zaman et al, 2008; Loewith & Hall, 2011). In general, TORC1 controls the 

temporal growth of cells by affecting translation, ribosome biogenesis, and 

nutrient uptake amongst other processes, and its inhibition activates catabolic 

processes and inactivates anabolic processes and cell growth. TORC2 controls 

the spatial growth of cells through its effects on the actin cytoskeleton (Loewith & 

Hall, 2011).  
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Figure B.2 TOR complexes in S. cerevisiae 
TORC1 is a rapamycin-sensitive complex that contains either Tor1 or Tor2. In 

response to nutrient availability, TORC1 controls the temporal growth of cells 

through its effects on multiple cellular functions. TORC2 is a rapamycin-

insensitive Tor2-containing complex that controls spatial growth of cells through 

its effects on the actin cytoskeleton. Upstream regulators of TORC2 are unclear. 
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B.1.2.2 TORC1 

There are two main branches to the TORC1 signalling pathway: Sch9 and 

PP2A/Sit4-Tap42 (Figure B.3). Sch9 is directly phosphorylated by TORC1 and 

controls ribosome biogenesis through multiple mechanisms (Zaman et al, 2008; 

Loewith & Hall, 2011). Sch9 also affects the expression of stress responsive 

genes that are regulated by the Msn2/4 transcription factors (Longo & Fabrizio, 

2012). Upon TORC1 inhibition, Tap42 becomes dephosphorylated and releases 

active protein phosphatases, PP2A and the PP2A-like phosphatase Sit4. This 

signalling arm controls the expression of nitrogen catabolite repressed (NCR) 

genes, which include genes that are required for amino acid biosynthesis and 

amino acid permease expression. It also regulates dNTP levels and amino acid 

permease activity through its control of Gln3 activity (Zaman et al, 2008; Kwan et 

al, 2011; Loewith & Hall, 2011).  

In addition to Sch9 and Tap42-PP2A/Sit4, TORC1 regulates the expression 

of a subset of tricarboxylic acid/citric acid (TCA) cycle genes through its control of 

the retrograde response (RTG) pathway and controls the localization of amino 

acid permeases through its effects on the Npr1 kinase (Figure B.3). TORC1 also 

directly targets Atg13, a protein involved in autophagy and cytoplasm-to-vacuole 

trafficking (Zaman et al, 2008; Loewith & Hall, 2011).  
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Figure B.3 TORC1 signalling pathways 
The main signalling pathways downstream of TORC1 in S. cerevisiae. TORC1 

signalling results in activation of Sch9, which leads to ribosome biogenesis, 

translation, and inhibition of stress responses. TORC1 activity inhibits PP2A/Sit4 

phosphatases that regulate Npr1 activity and the expression of NCR genes 

through effects on downstream transcription factors. TORC1 negatively regulates 

Npr1, which controls the localization of the amino acid permeases Gap1 and 

Tat2. The RTG pathway and autophagy are also negatively regulated by TORC1. 
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B.1.2.2.1 Gln3 

TORC1 regulates the GATA transcription factors Gln3, Gat1, Dal80, and Gzf3. 

Gln3 and Gat1 activate and Dal80 and Gzf3 repress NCR genes. In addition, 

Gln3 induces Gat1 and Dal80 (Zaman et al, 2008; Ljungdahl & Daignan-Fornier, 

2012). When nitrogen is available and intracellular amino acids are abundant, 

TORC1 is active and the transcription factor Gln3 is held in the cytoplasm by its 

inhibitor Ure2. Upon nitrogen starvation, TORC1 is inhibited and Gln3 is released 

from Ure2. This allows Gln3 to translocate to the nucleus where it induces NCR 

gene expression (Figure B.4) (Crespo & Hall, 2002; Zaman et al, 2008).  

 

B.1.2.2.2 TORC1 and intracellular trafficking 

The TORC1 pathway is intimately linked to vesicle transport pathways (Rohde et 

al, 2008; Loewith & Hall, 2011). TOR1 displays negative genetic interactions with 

multiple genes involved in protein sorting and autophagy (Zurita-Martinez et al, 

2007). In addition, factors involved in protein sorting from the trans-Golgi network 

(TGN) to the endosome are required for proper Gln3 activation (Zurita-Martinez 

et al, 2007; Puria et al, 2008). Moreover, TORC1 physically associates with 

intracellular membranes and localizes to the vacuole (Wedaman et al 2003; 

Urban et al, 2007; Binda et al, 2009). The yeast vacuole is a reservoir of amino 

acids and a current theory is that TORC1 regulation by intracellular nutrient 

levels is accomplished via signals from the endosomal trafficking pathway and 

the vacuole (Rohde et al, 2008; Loewith & Hall, 2011).  
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Figure B.4 Gln3 activation by TORC1 
TORC1 activity maintains the transcription factor Gln3 in the cytoplasm by 

promoting its interaction with Ure2. Inhibition of TORC1 leads to increased 

protein phosphatase activity and dephosphorylation of Gln3. This releases Gln3 

from Ure2 and allows Gln3 to translocate to the nucleus where it activates 

transcription. 
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B.1.3 Amino acid permeases 

Amino acid levels within the cell are controlled by amino acid biosynthesis, the 

uptake of extracellular amino acids by amino acid permeases, and the recycling 

of amino acids through autophagy. In S. cerevisiae, amino acid permeases are 

either specific for a single amino acid or a family of amino acids, or are broad-

spectrum permeases that import amino acids relatively non-specifically 

(Magasanik & Kaiser, 2002; Ljungdahl & Daignan-Fornier, 2012). Permease 

localization and activity is tightly regulated and is responsive to substrate 

concentrations, general nutritional status, and stress (Beck et al, 1999; 

Magasanik & Kaiser, 2002; Blondel et al, 2004; Nagayama et al, 2004; Rubio-

Texeira & Kaiser, 2006). In S. cerevisiae, nitrogen responsive permeases import 

amino acids for use as a nitrogen source when cells are grown in the presence of 

a poor nitrogen source, such as urea. These permeases include the proline 

permease Put4 and the broad specificity general amino acid permease Gap1 that 

imports all naturally occurring amino acids and many of their analogs (Magasanik 

& Kaiser, 2002).  

 

B.1.4 Regulation of Gap1 

B.1.4.1 Nitrogen regulation of Gap1 

When grown on a rich nitrogen source, such as glutamate or glutamine, Gap1 is 

targeted to the vacuole and its transcription, which is mediated by Gln3, is also 

downregulated. When grown on a poor nitrogen source, such as ammonia or 

urea, Gap1 is sent to the PM where it is active and non-discriminately imports 
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amino acids (Magasanik & Kaiser, 2002; Zaman et al, 2008). In some yeast 

strains Gap1 is not responsive to ammonia. Consequently, some discrepancy in 

the literature exists on the precise regulation of Gap1 under certain growth 

conditions (Magasanik & Kaiser, 2002; Binda et al, 2009). In addition to its 

regulation by the external nitrogen source, Gap1 also responds to intracellular 

amino acid levels (Chen & Kaiser, 2002). 

 

B.1.4.2 Intracellular trafficking of Gap1 

Due to the conservation of the secretory, endocytic, and endosomal pathways in 

yeast and mammals, yeast nutrient permeases, and Gap1 in particular, serve as 

a model system for studying intracellular protein trafficking (Kucharczyk & Rytka, 

2001; Haguenauer-Tsapis & André, 2004). When substrate levels are low, newly 

synthesized Gap1 is sent from the TGN to the PM. When substrate levels are 

high, Gap1 is diverted from the Golgi to the prevacuolar compartment 

(PVC)/multivesicular body (MVB) in a PEP12-dependent manner (Figure B.5) 

(Roberg et al, 1997b). Entry of Gap1 into the MVB from the TGN is regulated by 

Rsp5, which is an essential E3 ubiquitin ligase, and its associated factors, Bul1 

and Bul2, that together catalyze K63-linked ubiquitin conjugation of Gap1 

(Helliwell et al, 2001; Soetens, 2001; Magasanik & Kaiser, 2002). The GGA 

(Golgi-localized, γ-ear containing, ADP-ribosylation factor-binding) proteins that 

recognize ubiquitinated cargo at the TGN are also involved in Gap1 transport to 

the MVB (Scott et al, 2004).  
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Figure B.5 Intracellular trafficking of Gap1 
Gap1 is dynamically transported between the PM, TGN, and MVB. In the 

presence of a rich nitrogen source or amino acids, Gap1 is sent to the vacuole 

via the MVB. Newly synthesized Gap1 is diverted to the MVB at the TGN. Gap1 

at the PM is endocytosed. Entry of Gap1 into the MVB is mediated by the 

ESCRT complex that includes Vps27 and Vps4. Both endocytosis and TGN-MVB 
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trafficking depend on Gap1 ubiquitination by Rsp5. Trafficking from the TGN to 

the MVB requires Pep12 and GGA proteins. Entry into the vacuole requires 

Vam3 and Vam7. In the presence of a poor nitrogen source or upon amino acid 

limitation, Gap1 is sent to the PM and Gap1 present in the MVB is recycled to the 

PM, either directly or through the TGN in a Lst4 and Lst7-dependent manner. 

Pathways upregulated by amino acid/nitrogen depletion are shown in red.  

 

 

 

When substrate levels are high, Gap1 can be downregulated by 

endocytosis in a Rsp5-dependent manner (Helliwell et al, 2001; Soetens, 2001; 

Belgareh-Touzé et al, 2008). Ubiquitination of many PM permeases/transporters 

is dependent on Rsp5 and best studied for Gap1 (Blondel et al, 2004; Belgareh-

Touzé et al, 2008). Following endocytosis, the endosomal sorting complex 

required for transport (ESCRT) mediates entry of Gap1 into intraluminal vesicles 

of the MVB (Figure B.5) (Rubio-Texeira & Kaiser, 2006; Hurley, 2010). Likewise, 

other nutrient permeases are also subject to intracellular trafficking between the 

TGN, PM, and MVB (Haguenauer-Tsapis & André, 2004). 

Gap1 within the MVB can be sent to the vacuole for degradation or 

recycled to the PM (Figure B.5). Retrieval of Gap1, and perhaps other amino acid 

permeases, from the MVB requires LST4, LST7, and LST8 (Roberg et al, 1997a; 

Rubio-Texeira & Kaiser, 2006). Lst4 and Lst7 are thought to function directly in 

the retrieval of Gap1 from the MVB, while Lst8 is a regulator of TOR that affects 
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intracellular amino acid pools, which, as discussed in detail below, regulate Gap1 

sorting at the MVB (Chen & Kaiser, 2003; Rubio-Texeira & Kaiser, 2006).  

The GSE complex (Gap1 sorting in the endosome) (also known as the 

EGO complex for escape from rapamycin-induced growth arrest) is required for 

retrieval of Gap1 from the MVB and its return to the PM (Figure B.5) (Gao & 

Kaiser, 2006), however, the role of the GSE complex in Gap1 sorting may be 

strain specific (Binda et al, 2009). The GSE complex contains two GTPases, Gtr1 

and Gtr2, as well as Gse1/Ego3, Gse2/Ego1, and Ltv1 (Dubouloz et al, 2005; 

Gao & Kaiser, 2006). Interestingly, the retromer complex that retrieves other 

proteins from late endosomes, recycling them back to the TGN, does not appear 

to regulate Gap1 localization. This indicates that while intracellular trafficking of 

Gap1 involves many of the same pathways that are involved in the sorting of 

other transporters, some aspects are unique to Gap1 (Gao & Kaiser, 2006). 

Importantly, Gap1 regulation by nitrogen depends primarily on changes in 

its intracellular localization. Although Gap1 transcription increases when cells are 

grown in the presence of a poor nitrogen source, this effect cannot account for 

the dramatic increase in Gap1 activity (Roberg et al, 1997b; Chen & Kaiser, 

2002). In cells grown on a preferred nitrogen source Gap1 is found within the 

Golgi and the MVB, and it is thought that this distribution allows cells to quickly 

respond to changes in growth conditions by altering the intracellular distribution 

of Gap1 through changes in its rate of transport to the PM as opposed to 

changes in the rate of endocytosis (Magasanik & Kaiser, 2002). 
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B.1.4.3 GAP1 regulation by TOR 

B.1.4.3.1 GAP1 transcription 

TORC1 controls nutrient uptake and metabolism through its regulation of amino 

acid permease localization and expression (Figure B.6). NCR-sensitive genes 

downstream of Tap42-PP2A/Sit4 are repressed when TORC1 is active (Zaman 

et al, 2008). TORC1 regulated transcription factors such as Gln3 mediate 

transcription of NCR-sensitive genes including GAP1 (Magasanik & Kaiser, 

2002). The Gcn4 transcription factor, which is part of the general amino acid 

control (GAAC) pathway that coordinates amino acid biosynthesis with amino 

acid availability, is also activated upon amino acid starvation through a Sit4-

dependent pathway and induces transcription of genes for enzymes involved in 

amino acid biosynthesis (Zaman et al, 2008). 

 

B.1.4.3.2 Npr1 regulation of Gap1 localization 

Npr1 activity is also regulated by TORC1. The Tap42 arm of the TORC1 

signalling pathway causes dephosphorylation and activation of Npr1 upon 

TORC1 inhibition (Schmidt et al, 1998). TORC1 may also directly phosphorylate 

Npr1 (Breitkreutz et al, 2010). Npr1 inversely regulates Gap1 and the tryptophan 

permease Tat2 (Figure B.6) (Zaman et al, 2008). Npr1 activity stabilizes Gap1 at 

the PM, whereas it targets Tat2 for degradation in the vacuole (Schmidt et al, 

1998; De Craene et al, 2001; Magasanik & Kaiser, 2002). In npr1Δ cells, Gap1 is 

directly sorted from the Golgi to the late endosome in a PEP12-dependent 

manner (De Craene et al, 2001).  
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Figure B.6 TORC1 control of Gap1 
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Gap1 may lie both upstream and downstream of TORC1. TORC1 inhibition leads 

to Gln3 activation. Gln3 upregulates genes required for the synthesis of 

glutamate and glutamine, which activate TORC1 through a feedback loop. 

TORC1 also regulates the RTG pathway. Lst8 inhibits Rtg1/3, preventing the 

upregulation of certain TCA cycle genes that are required for the production of α-

ketoglutarate, which can combine with ammonium to produce glutamate and 

glutamine. Due to increased intracellular amino acid levels, Gap1 is sorted to the 

vacuole in mutants in which this pathway is activated. TORC1 also regulates 

Gcn2 in parallel with the GAAC pathway. TORC1 inhibition allows for activation 

of the Gcn2 kinase downstream of Sit4. Gcn2 phosphorylates eIF2α to promote 

Gcn4 translation. Gcn4 activates transcription of amino acid permease and 

biosynthetic genes. TORC1 control of Npr1 inversely regulates Tat2 and Gap1 

localization. TORC1 activity results in phosphorylation and inactivation of Npr1.  
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B.1.4.3.3 TORC1 regulation of intracellular amino acid levels 

In addition to controlling Gap1 localization through effects on Npr1 activity, 

TORC1 indirectly affects Gap1 localization by controlling amino acid biosynthesis 

(Figure B.6).  Gln3 induces the expression of enzymes required for glutamate 

biosynthesis, GDH1, and glutamine biosynthesis, GLN1 (Mitchell & Magasanik, 

1984; Daugherty et al, 1993). Lst8 is a positive regulator of TORC1 that also 

inhibits the RTG pathway required for production of α-ketoglutarate, a precursor 

in the biosynthesis of glutamate and glutamine (Chen & Kaiser, 2003; Zaman et 

al, 2008). Glutamate and glutamine are required for the biosynthesis of all other 

amino acids (Ljungdahl & Daignan-Fornier, 2012). Consequently, lst8 mutants 

have defects in Gap1 sorting to the PM due to high levels of intracellular amino 

acids (Chen & Kaiser, 2003). Likewise, mutation of other genes that regulate 

amino acid biosynthesis, such as MKS1 that inhibits the RTG pathway, also 

exhibit defects in Gap1 localization to the PM (Chen & Kaiser, 2002). In addition 

to elevated levels of intracellular amino acids that provide a direct signal for Gap1 

trafficking to the vacuole, decreased Npr1 activity resulting from feedback 

activation of TORC1 may explain the defect in Gap1 trafficking in mks1Δ cells 

(Figure B.6). 

 

B.1.5 Mtc5 and the SEA complex 

B.1.5.1 Complex composition and localization 

MTC5 is a member of the SEA complex which contains the nuclear pore proteins 

Seh1 and Sec13; two upstream regulators of TOR, Npr2 and Npr3; and several 
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uncharacterized gene products, SEA1 (IML1), SEA2 (RTC1; restriction of 

telomere capping 1), SEA3 (MTC5), and SEA4 (Dokudovskaya et al, 2011). 

Seh1 and Sec13 are both part of the Nup84 nucleoporin complex (Siniossoglou 

et al, 1996). In addition, SEC13, which is an essential gene, is also part of COPII 

vesicles involved in the secretory pathway (Barlowe et al, 1994). Like MTC5, 

SEA2 was identified as a gene that interacted with cdc13-1 and clustered with 

genes involved in membrane trafficking (Addinall et al, 2008). Sea1 has recently 

been characterized as a component of the IML1 complex that also contains Npr2 

and Npr3. The IML1 complex was shown to regulate non-nitrogen starvation-

induced autophagy (Wu & Tu, 2011).  

The SEA complex was found to copurify and localize dynamically to the 

vacuolar membrane. In cell fractionation experiments, the SEA complex was 

found primarily in the fraction containing small membranes such as the Golgi, 

vesicles, membrane-associated complexes, and ribosomes but was also present 

in the fraction containing vacuoles (Dokudovskaya & Rout, 2011). Previously 

reported genetic interactions supported the formation of the SEA complex in vivo, 

as SEH1 and SEC13 had been shown to genetically interact with MTC5, and 

SEH1 had been found to genetically interact with SEA4 (Costanzo et al, 2010; 

Dokudovskaya et al, 2011). 

The SEA complex is conserved in animals and yeast, and its components 

are predicted to share structural features with the class C core 

vacuole/endosome tethering (CORVET) and homotypic fusion and vacuole 

protein sorting (HOPS) Vps class C complexes (Dokudovskaya et al, 2011). The 
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CORVET complex is required for homotypic fusion of endosomes and for fusion 

of endosomes with vacuoles, while the HOPS complex mediates homotypic 

fusion of vacuoles (Nickerson et al, 2009). Structure predictions (Figure B.7) 

indicated that SEA1 has an N-terminal Cdc48-like domain that is found in AAA+ 

ATPases, a vWA-like domain that is found in membrane interacting proteins, and 

a C-terminal DEP domain. SEA2, MTC5, and SEA4 were each predicted to have 

C-terminal RING domains. SEA2 and SEA3 were predicted to have N-terminal 

WD40 repeats that form a β-propeller. A RWD domain similar to that found in E2 

ubiquitin ligases was identified in MTC5, and an N-terminal β-propeller and a 

stacked pairs of α-helices (SPAH)/alpha-solenoid domain were identified in 

SEA4. The predicted structure of SEA4 was very similar to the COPII protein 

Sec31 and to HOPS and CORVET proteins. In addition, SEA1-4, NPR2, and 

NPR3 were all found to contain PEST domains. However, structure predictions 

for NPR2 and NPR3 failed to shed light on the structures of these SEA complex 

components (Dokudovskaya et al, 2011; Dokudovskaya & Rout, 2011) 

 

B.1.5.2 SEA complex function 

Based on the complex composition and its reported genetic interactions, the SEA 

complex was proposed to function in amino acid biogenesis, response to 

nitrogen starvation, and intracellular trafficking (Dokudovskaya et al, 2011). 

Members of the SEA complex have been found to genetically interact with factors 

involved in Gap1 sorting, amino acid biosynthesis, TOR signalling, the 
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Figure B.7 Structural features of SEA complex components 
The domain structures of SEA complex components as predicted by 

Dokudovskaya et al. (2011). 
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HOPS/CORVET complexes, the retromer complex, the ESCRT complex, 

autophagy, and ubiquitination (Costanzo et al, 2010).  

 Although the SEA complex was physically associated with the vacuolar 

membrane, defects in vacuole morphology, fusion, or vacuole pump function 

were not observed in double and triple mutants of SEA2-4. Furthermore, 

endocytosis of Sna3, Snc1, and Smf1 and MVB sorting of Ear1 appeared normal 

in these mutants. However, rapamycin sensitivity was slightly increased and 

survival upon nitrogen starvation was dramatically decreased in the double 

mutants. Autophagy was not affected in SEA2, SEA3, or SEA4 mutants but was 

defective in NPR2 and NPR3 mutants (Dokudovskaya et al, 2011). This was 

consistent with the role of NPR2 and NPR3 in TORC1 inhibition and nitrogen 

starvation-induced autophagy (Neklesa & Davis, 2009; Graef & Nunnari, 2011). 

However, in one report IML1, NPR2, and NPR3 mutants were shown to not affect 

canonical autophagy or sensitivity to rapamycin, and were instead shown to be 

involved in a non-nitrogen starvation-induced form of autophagy (Wu & Tu, 

2011).  

 

B.1.6 Aim 

The aim of this project was to investigate the role of MTC5 in amino acid 

metabolism and intracellular trafficking and to establish whether defects in these 

processes were responsible for the decreased dNTP pools and shortened 

telomeres observed in mtc5Δ cells. 
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B.2 Materials and Methods 

B.2.1 Strains 

Strains used in this study are listed in Table B.1. The TRP gene was integrated 

into W303-derived strains that contained the trp1-1 allele by transformation of 

MfeI (New England Biolabs) digested pRS304 integration vector (Sikorski & 

Hieter, 1989). All other mutants were obtained by random sporulation and 

selection of the appropriate gene markers as described in Sections 4.3.2 and 

4.3.4. 

 

B.2.2 Media 

Urea media contained yeast nitrogen base without amino acids or ammonium 

sulphate (0.0015%), glucose (2%) and filter-sterilized urea (0.2%) as the nitrogen 

source. Only those amino acids required to supplement the mutant auxotrophies 

were added. L-azetidine-2-carboxylic acid (ADCB) (Sigma-Aldrich) was dissolved 

in water and added to a final concentration of 2 µg/mL or 10 µg/mL. All other 

media was as described in Section 4.3.1. 

 

B.2.3 Serial dilutions 

Serial dilutions for drop assays were performed as described in Section 4.3.5 

 

B.2.4 Telomere length assays 

Telomere length was determined as described in Section 4.3.8. 
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Table B.1 Strains used to study the function of MTC5 in intracellular 
trafficking 
Strain Genotype Source 
JC834 his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 BY4741 

(Brachmann et 
al, 1998) 

JC1677 mtc5::kanMX in JC834 Deletion library 
JC1736 rad52::URA3 in JC834 This study 
JC2372 doa4::kanMX in JC834 Deletion library 
JC2374 lst4::kanMX in JC834 Deletion library 
JC2397 npr3::kanMX in JC834 Deletion library 
JC2398 sea2::kanMX in JC834 Deletion library 
JC2399 sea4::kanMX in JC834 Deletion library 
JC2400 npr2::kanMX in JC834 Deletion library 
JC2408 mtc5::hphMX in JC834 This study 
JC2409 mtc5::kanMX gln3::hphMX in JC834 This study 
JC2410 sea1::kanMX in JC834 This study 
JC2412 vps4::kanMX in JC834 Deletion library 
JC2417 pep12::kanMX in JC834 Deletion library 
JC2427 gln3::hphMX in JC834 This study 
JC2488 vps27::kanMX in JC834 Deletion library 
JC2490 ure2::kanMX in JC834 Deletion library 
JC2511 MATα his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

mtc5::hphMX  
This study 

JC2562 mtc5::hphMX vps27::kanMX in JC834 This study 
JC2563 mtc5::hphMX npr3::kanMX in JC834 This study 
JC2576 mtc5::hphMX pep12::kanMX in JC834 This study 
JC2579 mtc5::hphMX doa4::kanMX in JC834 This study 
JC2584 mtc5::hphMX vps4::kanMX in JC834 This study 
JC2587 mtc5::hphMX sea1::kanMX in JC834 This study 
JC2589 mtc5::hphMX npr2::kanMX in JC834 This study 
JC2601 mtc5::hphMX ure2::kanMX in JC834 This study 
JC2602 mtc5::hphMX lst4::kanMX in JC834 This study 
JC1991 ade2-1 trp1-1 his3-11 his3-15 ura3-1 leu2-3 leu2-

112 RAD5+ TelVII::URA3 lys2::HMLEI::ADE2 
W303 RAD5+; 
Sarah Moradi 
Fard 

JC2242 mtc5::kanMX in JC1991 This study 
JC2418 trp1-1::TRP1 in JC2242 This study 
JC2491 trp1-1::TRP1 in JC1991 This study 
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B.2.5 dNTP measurements 

dNTP levels were determined by members of the Chabes lab as described in 

Section 4.3.10. 

 

B.3 Results 

B.3.1 MTC5 regulates amino acid uptake 

Genetic interactions available in the S. cerevisiae genome database (SGD) 

(http://www.yeastgenome.org) and the data repository of yeast genetic 

interactions (DRYGIN) database (http://drygin.ccbr.utoronto.ca) (Koh et al, 2010) 

indicated that MTC5 genetically interacts with numerous genes involved in 

protein trafficking, amino acid metabolism, and, consistent with my observation 

that MTC5 affects telomere length, factors involved in telomere metabolism 

(Figure B.8).  

I hypothesized that the telomere length defect observed in mtc5Δ cells 

might be due to an upstream defect in the maintenance of intracellular amino 

acid pools, as a similar telomere length defect had recently been reported for 

cells containing a polymorphism in BUL2, a factor involved in the regulation of 

Gap1 permease localization (Kwan et al, 2011). To test whether MTC5 regulated 

the uptake of amino acids, I used the toxic proline analog ADCB. This drug can 

be imported by the proline permease Put4 and by the general amino acid 

permease Gap1 and sensitivity to ADCB is commonly used as a rough measure 
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Figure B.8 Genetic interactions involving MTC5 
A subset of genetic interactions reported in the SGD 

(http://www.yeastgenome.org) and the DRYGIN (http://drygin.ccbr.utoronto.ca) 

database for MTC5 were plotted using Osprey Network Visualization System 

(version 1.2.0). Genes are colour coded based on biological function. 
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of Gap1 activity (Roberg et al, 1997a; Rubio-Texeira & Kaiser, 2006; Kwan et al, 

2011). 

When WT cells are grown in the presence of a poor nitrogen source such 

as urea, Gap1 is upregulated and sorted to the PM where it can import a wide-

range of amino acids. Thus, upon growth on minimal media that contains urea as 

a nitrogen source, WT cells import ADCB and die. lst4Δ, gtr1Δ, or gtr2Δ cells that 

have defects in Gap1 sorting from the endosome to the PM are resistant to 

ADCB, whereas doa4Δ cells, in which ubiquitin pools are depleted and Gap1 

cannot be endocytosed, and are more sensitive to ADCB than WT cells. Similar 

to lst4Δ cells, mtc5Δ cells were resistant to ADCB, indicating a defect in Gap1 

and/or Put4 localization (Figure B.9 A).  

The tryptophan permease Tat2 follows similar trafficking pathways as 

Gap1 but differs in its regulation. Tat2 is normally present at the PM under rich 

nitrogen conditions, however at cold-temperatures it is ubiquitinated and sent to 

the vacuole for degradation (Nagayama et al, 2004). Consequently, cells with 

defects in tryptophan biosynthesis are cold-sensitive.  

The BY4741 background is capable of tryptophan biosythesis, whereas 

the W303 background has a trp1-1 mutation that impairs tryptophan biosynthesis 

and necessitates tryptophan uptake. Deletion of MTC5 in the BY4741 

background did not affect growth at either 25oC or 22oC (Figure B.9 B). In 

contrast, deletion of MTC5 in the W303 background led to a growth defect at 

22oC that was rescued by integration of a WT copy of the TRP1 gene (Figure B.9 

B). This suggests that tryptophan uptake is also impaired in mtc5Δ cells. 
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Figure B.9 MTC5 regulates amino acid uptake 
(A) WT (JC834), mtc5Δ (JC1677), doa4Δ (JC2372), and lst4Δ (JC2374) cells 

were serially diluted (1:10) and plated on solid urea media with or without ADCB 

(10 µg/mL). Plates were incubated for 4 days at 25oC. (B) WT and mtc5Δ cells 

from either the BY4741 background (WT, JC834; mtc5Δ, JC1677), the W303 

trp1-1 background (WT, JC1991; mtc5Δ, JC2242), or the W303 background in 

which TRP was reintegrated (WT, JC2491; mtc5Δ, JC2418) were serially diluted 

(1:10) and plated on YPAD. Plates were incubated for 3 days at either 25oC or 

22oC as indicated. Images are representative of three independent experiments. 
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Although Gap1 is capable of transporting tryptophan and has also been 

found to be degraded at low temperatures (Hernandez-Lopez et al, 2011), Gap1

activity is also decreased on media containing a rich nitrogen source, and 

consequently, should not be active at any temperature under the conditions used 

in this experiment (Helliwell et al, 2001). Thus, I concluded that the defect in 

tryptophan uptake was due to a direct effect on the tryptophan permease and 

likely the result of Tat2 mislocalization. Taken together, my results indicate that 

MTC5 regulates the uptake of proline and tryptophan, possibly through the 

regulation of amino acid permeases.  

 

B.3.2 MTC5 regulates intracellular trafficking at the MVB  

Given the common trafficking pathways for the amino acid permeases required 

for proline (Gap1 and Put4) and tryptophan uptake (Tat2), it seemed likely that 

MTC5, and by extension the SEA complex, functioned in the intracellular vesicle 

trafficking pathway. To identify where in the intracellular vesicle trafficking 

pathway MTC5 might function, I performed epistasis analysis using several 

previously characterized mutants in this pathway. Given the resistance of mtc5Δ 

cells to ADCB and the defect in tryptophan uptake in these cells, MTC5 appeared 

to be required for the localization of permeases at the PM.  

Pep12 is required for the transport of permeases from the Golgi to the 

MVB (Rubio-Texeira & Kaiser, 2006). Deletion of PEP12 resulted in 

hypersensitivity to ADCB, consistent with increased levels of the permeases 

required for proline uptake at the PM relative to WT cells (Figure B.10). Deletion 
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Figure B.10 MTC5 functions downstream of DOA4, VPS27, and PEP12 
WT (JC834), mtc5Δ (JC2408), pep12Δ (JC2417), vps27Δ (JC2488), doa4Δ 

(JC2372), vps4Δ (JC2412), mtc5Δpep12Δ (JC2576), mtc5Δvps27Δ (JC2562), 

mtc5Δdoa4Δ (JC2579), and mtc5Δvps4Δ (JC2584) cells were serially diluted and 

plated on solid media containing urea with or without ADCB as indicated. Plates 

were incubated for 4 days at 25oC. Images are representative of three 

independent experiments. 
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of PEP12 in mtc5Δ cells restored ADCB uptake, indicating that Mtc5 functions 

downstream of Pep12.  

The ESCRT complex mediates entry of amino acid permeases into the 

MVB. The ESCRT component Vps27 is required for the initial 

recognition of ubiquitinated proteins and their entry into the MVB pathway 

(Hurley, 2010). Similar to PEP12 deletion, and consistent with previous reports, 

deletion of VPS27 led to ADCB hypersensitivity (Rubio-Texeira & Kaiser, 2006). 

Moreover, sensitivity to ADCB was restored in mtc5Δvps27Δ cells (Figure B.10). 

This indicates that Mtc5 functions after entry into the MVB.  

Ubiquitination of Gap1 is required both for its endocytosis and its direct 

entry into the vacuole from the Golgi (Soetens, 2001; Rubio-Texeira & Kaiser, 

2006). Deletion of DOA4, a deubiquitinating enzyme, leads to depletion of 

intracellular ubiquitin pools and inhibits ubiquitination (Henne et al, 2011). In 

addition, DOA4 may regulate the ESCRT-dependent formation of intraluminal 

vesicles at the MVB independently of its deubiquitinating activity (Richter et al, 

2013). Consistent with an inability to ubiquitinate and endocytose amino acid 

permeases present at the PM, as well as an inability of permeases present in the 

Golgi to be sorted through the endosome to the vacuole and potential defects in 

the formation of intraluminal vesicles of the MVB, loss of DOA4 led to 

hypersensitivity to ADCB (Figure B.10 and Rubio-Texeira & Kaiser, 2006). 

Deletion of DOA4 in mtc5Δ cells restored ADCB sensitivity (Figure B.10), 

suggesting that MTC5 functions downstream of DOA4. 
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Vps4 is part of the ESCRT IV complex and functions in the final step of the 

MVB pathway. Vps4 is required for recycling of the ESCRT complex components 

and disassembly of the complex at the MVB (Hurley, 2010; Henne et al, 2011). 

Similar resistance to ADCB was observed for both mtc5Δ and mtc5Δvps4Δ cells 

(Figure B.10), again indicating that Mtc5 functions at the level of the MVB.  

The pathway mediating permease retrieval from the MVB to the PM is not 

well understood, but requires LST4, LST7, and LST8 (Roberg et al, 1997a; 

Rubio-Texeira & Kaiser, 2006). The data presented above suggested that MTC5 

might function in the same or parallel pathway to LST4. Consistent with this idea, 

genetic interactions reported in the DRYGIN database involving MTC5 best 

correlate with those involving LST4, and MTC5 and LST4 are reported to have a 

negative genetic interaction (Costanzo et al, 2010; Koh et al, 2010). Indeed, I 

found that mtc5Δlst4Δ cells displayed a severe growth defect (Figure B.11).  

Taken together, my results indicate that MTC5 functions at the level of the 

MVB where it is required to recycle amino acid permeases to the PM, possibly 

through the same or similar pathway as that requiring LST4. However, a role for 

MTC5 in regulating entry into the vacuole downstream of the MVB cannot be 

ruled out. 

 

B.3.3 dNTP levels in mtc5Δ  cells correlate with amino acid uptake 

Defects in amino acid uptake have recently been linked to telomere length 

defects. Kwan et al. (2011) proposed a model in which defects in amino acid 

uptake lead to TOR inhibition and activation of the Gln3 transcription factor that 
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Figure B.11 MTC5 genetically interacts with LST4 
Tetrad analysis for mtc5Δ (JC2511) crossed to lst4Δ (JC2374). The single 

mutants were mated and diploid cells were sporulated on agar plates containing 

potassium acetate (2%). Tetrads were dissected and incubated at 25oC for 4 

days. Mutations were identified based on cell growth on media containing G418 

or hygromycin. 

 

 

 

upregulates the RNR inhibitor Wtm1. Inhibition of RNR activity was proposed to 

cause telomere length defects in cells defective in amino acid permease 

trafficking (Figure B.1). 

To test whether impaired amino acid uptake could lead to the decreased 

dNTP levels previously observed in mtc5Δ mutants (Figure 4.5), dNTP levels in 

mtc5Δ and lst4Δ cells were compared. Deletion of MTC5 and LST4 resulted in 

similar reductions in dNTP pools compared to WT cells (Figure B.12 A). This 

supports the hypothesis that defects in amino acid permease sorting can affect 

dNTP levels. However, deletion of both LST4 and MTC5 did not result in a further 
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Figure B.12 Intracellular dNTP levels are reduced in mtc5Δ  and lst4Δ cells 
(A) dNTP levels were measured in WT (JC834), mtc5Δ (JC1677), lst4Δ 

(JC2374), and mtc5Δlst4Δ (JC2603) cells grown at 22oC. Data represent the 

average (±SD) of two independent experiments performed by Daniil Andreychuk 

and Yulia Andreychuk in the laboratory of Dr. Andrei Chabes at Umeå University 

in Sweden. Data shown is from the same experiment presented in Figure 4.5. (B) 

Cells were serially diluted (1:10) and plated on YPAD with or without 150 mM 
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HU. Plates were incubated for 5 days at 22oC. Strains are the same as in (A). 

The image presented is representative of three independent experiments. 

 

 

 

decrease (Figure B.12 A). This suggests that the growth defect of mtc5Δlst4Δ 

cells is not a direct result of reduced dNTP levels. A reduction in dNTP levels is 

predicted to sensitize cells to HU. Consistent with this prediction, both mtc5Δ and 

lst4Δ cells were sensitive to high doses of HU (150 mM) at 22oC (Figure B.12 B). 

This data suggests that a reduction in basal dNTPs levels sensitize even those 

cells with intact DNA repair and replication machineries to a further insult to RNR 

activity.  

Based on the model in which amino acid uptake positively regulates dNTP 

pools that are required for proper telomere maintenance, I predicted that 

restoration of amino acid uptake should restore dNTP levels, and,  consequently, 

reverse the HU sensitivity and telomere length defects in mtc5Δ cells. Consistent 

with this prediction, deletion of PEP12, DOA4, or VPS27 in mtc5Δ cells, restored 

sensitivity to ADCB (Figure B.10) and reversed the HU sensitivity of mtc5Δ cells 

(Figure B.13), although mtc5Δpep12Δ may have an intermediate phenotype 

compared to either mtc5Δdoa4Δ or mtc5Δvps27Δ. In contrast, mtc5Δvps4Δ cells, 

which were resistant to ADCB uptake (Figure B.10), maintained HU sensitivity 

(Figure B.13). 
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Figure B.13 Amino acid uptake is correlated with HU sensitivity in mtc5Δ  
cells 
Cells from the indicated strains (same as Figure B.10) were serially diluted (1:10) 

and plated on YPAD with or without 150 mM HU. Plates were incubated for 5 

days at 22oC. Images are representative of three independent experiments. 
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B.3.4 The telomere length defect in mtc5Δ  cells is independent of amino 
acid uptake  

Like mtc5Δ cells, lst4Δ cells, which have decreased dNTP levels (Figure B.12 A) 

and increased HU sensitivity (Figure B.12 B), were also found to have slightly 

shortened telomeres that were epistatic with MTC5 (Figure B.14). This result 

further supports the conclusion that MTC5 and LST4 function in the same 

pathway. However, surprisingly, restoration of ADCB uptake and HU resistance 

by deletion of VPS27 or PEP12 did not restore telomere length in mtc5Δ cells 

(Figure 4.14). Interestingly, telomere lengths in vps27Δ and pep12Δ cells, as well 

those in mtc5Δvps27Δ and mtc5Δpep12Δ cells, were similar to those observed in 

mtc5Δ  cells (Figure B.14), although mtc5Δpep12Δ again appeared to have a 

somewhat different and perhaps intermediate phenotype compared to the other 

single and double mutants. Thus, my results indicate that disruption of vacuolar 

trafficking leads to telomere length defects that are independent of amino acid 

uptake, as both mutants with decreased uptake (mtc5Δ, lst4Δ) and those with 

increased uptake (vsp27Δ, pep12Δ, mtc5Δvps27Δ, mtc5Δpep12Δ) exhibited 

shortened telomeres. Furthermore, my data suggest that the telomere length 

defect observed in mtc5Δ cells is not solely due to reduced dNTP levels.  

 

B.3.5 MTC5 genetically interacts with the TOR pathway 

The model proposed by Kwan et al. (2011) to explain telomere length defects in 

cells with decreased amino acid uptake was based on inhibition of the TOR 

pathway and activation of Gln3, which leads to RNR inhibition. They proposed
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Figure B.14 Telomere length does not correlate with amino acid uptake or 
HU sensitivity of mtc5Δ cells 
Telomeres in strains described in Figures B.10 and B.12 were visualized as 

described in Figure 4.4 A with the exception that cells were grown to saturation at 

22oC. This experiment was conducted by Sarah Moradi Fard. The image 

presented is representative of three independent experiments. 
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that decreased dNTP levels were directly responsible for telomere shortening. 

Given the discrepancy between my data and this model, I sought to further 

investigate whether the decrease in dNTP levels was responsible for the 

telomere length defect in mtc5Δ cells and whether this decrease was mediated 

by the TOR pathway. Consistent with MTC5 impinging on the TOR pathway, 

mtc5Δure2Δ cells displayed a synthetic growth defect (Figure B.15 A). 

mtc5Δgln3Δ cells displayed a subtle rescue in growth compared to mtc5Δ cells 

(Figure B.15 B). However, in earlier experiments using a strain created by 

deletion of GLN3 by transformation, I observed a synthetic growth defect in 

mtc5Δgln3Δ cells in drop assays (Figure B.15 C). Further work will be required to 

resolve this discrepancy.  

 

B.3.5.1 Regulation of dNTP levels by Gln3 is not responsible for telomere length 
defects in mtc5Δ cells  

To determine whether the decreased dNTPs levels in mtc5Δ cells were a result 

of increased Gln3 activity, dNTP levels in gln3Δ and mtc5Δgln3Δ cells were 

measured. As expected, deletion of GLN3 resulted in a large increase in dNTP 

levels compared to WT, particularly for dTTP and dATP (Figure B.16 A) and 

deletion of URE2 led to HU sensitivity (Figure B.16 B). Deletion of GLN3 in 

mtc5Δ cells also elevated dNTP levels above those observed in WT cells (Figure 

B.16 A). Although deletion of GLN3 was able to rescue the HU sensitivity of 

mtc5Δ cells (Figure B.16 C), the level of dTTP in mtc5Δgln3Δ cells was not fully 

restored to the level observed in gln3Δ cells. While these results indicate an
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Figure B.15 MTC5 genetically interacts with components of the TOR 
pathway 
(A) Tetrad analysis of mtc5Δ (JC2511) crossed to ure2Δ (JC2490) and gln3Δ 

(JC2414). Tetrad dissection was performed as described in Figure B.11. Plates 

were incubated at 25oC for 4 days. (B) WT (JC834), mtc5Δ (JC2408), gln3Δ 

(JC2427), and mtc5Δgln3Δ (JC2409) were serially diluted (1:10) on YPAD and 

incubated for 2 days at 25oC or 30oC and 5 days at 22oC. 
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important role for GLN3 and the TOR pathway in the regulation of dNTP levels 

when amino acid uptake is impaired, they also indicate that although TOR 

signalling to Gln3 may be partially responsible for the decreased dNTP levels in 

mtc5Δ cells, other pathways are likely also involved.   

Consistent with my finding that restoration of ADCB uptake and HU 

resistance in mtc5Δ cells by deletion of either VPS27 or PEP12 did not affect 

telomere length, elevation of dNTP levels by deletion of GLN3 in mtc5Δ cells did 

not rescue the telomere length defect either (Figure B.16 D). This again suggests 

that dNTP levels, and furthermore GLN3, are not directly responsible for the 

telomere defect observed in mtc5Δ cells. However, the mtc5Δgln3Δ strain used in 

these experiments displayed a growth defect not observed in more recently 

created strains (Figure B.15). Thus, these experiments will be repeated with the 

newer strains displaying the synthetic rescue phenotype. However, given that 

amino acid uptake and HU sensitivity did not correlate with telomere length in the 

vps27Δ, vps4Δ, or pep12Δ cells, MTC5 is unlikely to exert its effects on 

telomeres through effects on dNTP levels and Gln3 activity alone.  

 

B.3.6 SEA complex components inversely regulate amino acid uptake and 
telomere length 

Given that MTC5 was recently identified as part of the multiprotein SEA complex, 

I asked whether other SEA complex members also regulate amino acid uptake. 

Like MTC5, deletion of SEA2 and SEA4, resulted in resistance to ADCB, while 

sea1Δ cells showed the opposite phenotype and were more sensitive than WT
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Figure B.16 Telomere shortening in mtc5Δ cells is not due to GLN3 activity 
(A) dNTP levels in WT (JC834), mtc5Δ (JC1677), gln3Δ (JC2427), and 

mtc5Δgln3Δ (JC2409) cells grown at 22oC were determined in the same 

experiment described in Figure B.12 A. Data represent the average (±SD) of two 

independent experiments. Differences were not statistically significant (p value > 

0.05) when analyzed by a one-way ANOVA followed by post test analysis. (B) 

WT (JC834), mtc5Δ (JC2408), and ure2Δ (JC2490) cells were serially diluted 
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(1:10) and plated on YPAD with or without 150 mM HU. Plates were incubated 

for 5 days at 22oC. (C) Same as in (B) with gln3Δ (JC2427) and mtc5Δgln3Δ 

(JC2409). (D) Telomeres were visualized as described in Figure B.14 A by Sarah 

Moradi Fard. Strains are the same as in (C). Images are representative of three 

independent experiments. 

 

 

 

cells (Figure B.17 A). Deletion of NPR2 and NPR3 also resulted in sensitivity to 

ADCB, with npr3Δ cells being more sensitive than WT (Figure B.17 A). These 

results indicate that while the SEA complex regulates uptake of ADCB, not all 

components of the complex have the same function. SEA1 and NPR3 opposed 

the activity of SEA2-4 and appeared to function upstream of MTC5, as their 

deletion in mtc5Δ cells restored ADCB uptake (Figure B.17 B) and reversed HU 

sensitivity (Figure B.17 C). Moreover, deletion of SEA1 restored telomere lengths 

in mtc5Δ cells (Figure B.17 D). These results are consistent with the SEA 

complex regulating intracellular dNTP levels via amino acid uptake and with the 

complex controlling telomere length. 

 

B.4 Conclusions 

The data presented here identifies MTC5 as a novel factor involved in the 

regulation of amino acid uptake. MTC5 regulated amino acid permease 
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Figure B.17 The SEA complex regulates amino acid uptake 
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(A) WT (JC834), mtc5Δ (JC1677), sea1Δ (JC2410), sea2Δ (JC2398), sea4Δ 

(JC2399), npr2Δ (JC2400), npr3Δ (JC2397), lst4Δ (JC2374), and doa4Δ 

(JC2372) cells were serially diluted (1:10) and plated on urea media with or 

without ADCB as indicated. Plates were incubated at 25oC. (B) WT (JC834), 

mtc5Δ (JC2408), npr2Δ (JC2400), mtc5Δnpr2Δ (JC2589), npr3Δ (JC2397), 

mtc5Δnpr3Δ (JC2563), sea1Δ (JC2410), and mtc5Δsea1Δ (JC2587) were plated 

and incubated as described in (A). (C) Strains described in (B) were serially 

diluted (1:10) and plated on YPAD with and without 150 mM HU. Plates were 

incubated at 22oC. (D) Telomeres were visualized in the strains described in (B) 

as described in Figure B.14 by Sarah Moradi Fard. Images are representative of 

three independent experiments. 
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localization at the level of the MVB in a manner similar to LST4. A genetic 

interaction between MTC5 and LST4 was previously reported by Costanzo et al. 

(2010) and I have confirmed this interaction. Previously reported genetic 

interactions involving MTC5 and LST4 showed a high degree of overlap, further 

supporting the hypothesis that these genes share a similar function (Costanzo et 

al, 2010; Koh et al, 2010).  

Deletion of MTC5 led to defects in amino acid uptake, decreased 

intracellular dNTP levels, sensitivity to HU, and shortened telomeres. sea2Δ and 

sea4Δ cells displayed similar defects in amino acid uptake and dNTP levels, 

while deletion of SEA1, NPR3, and to some extent NPR2, resulted in the 

opposite phenotypes. In addition, MTC5 genetically interacted with components 

of the TOR pathway, and deletion of GLN3 rescued HU sensitivity and elevated 

dNTP levels in mtc5Δ cells. Surprisingly, decreased dNTP levels in mtc5Δ cells 

were not entirely responsible for the telomere shortening, as elevation of dNTP 

levels did not rescue the telomere length defect in mtc5Δ cells, and other genes 

involved in the vesicle transport pathway, which when deleted rescued the HU 

sensitivity of mtc5Δ cells, also displayed shortened telomeres. However, I note 

discrepancies between the growth of independently generated mtc5Δgln3Δ 

strains that will require further investigation to definitively conclude the 

relationship between MTC5 and GLN3 in telomere maintenance.  

My results are consistent with a model in which decreased amino acid 

uptake in mtc5Δ cells leads to inhibition of TOR activity and, consequently, the 
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downstream inhibition of RNR and reduction of dNTP levels (Figure B.18 A). 

However, the effects of MTC5 and other vesicle transport factors on telomere 

length may be more complicated than the model propose by Kwan et al. (2011) 

(Figure B.1) and appear to be independent of dNTP levels. 

 

B.5 Discussion and Future Directions 

B.5.1 Function of MTC5 

B.5.1.1 A role for MTC5 in intracellular trafficking through the MVB 

Given the results presented above and the predicted structural similarity between 

Mtc5 and components of the HOPS and CORVET complexes (Dokudovskaya et 

al, 2011), it is interesting to speculate that Mtc5 may be part of a vesicle required 

for transport of proteins from the MVB to the PM or Golgi, or from the vacuole to 

the MVB (Figure B.19). Consistent with these proposed functions, Mtc5 is part of 

the multiprotein SEA complex that is associated with the vacuole (Dokudovskaya 

et al, 2011). Interestingly, although not much is known about the precise 

mechanism of function for Lst4, it too has been predicted to be a vesicle 

membrane protein (Roberg et al, 1997a). While growth of vps27Δ cells on ADCB 

was rescued by deletion of LST4 (Rubio-Texeira & Kaiser, 2006), it was not 

rescued by deletion of MTC5 (Figure B.10). This suggests that while Lst4 and 

Mtc5 may both regulate amino acid permease recycling to the PM, they have 

different functions and act at different steps. Perhaps, Mtc5 inhibits entry into the 

vacuole, while Lst4 promotes retrieval from the MVB (Figure B.19). The growth 

defect observed for mtc5Δlst4Δ cells is consistent with a role for Mtc5 in the 
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Figure B.18 Proposed models for the regulation of amino acid uptake, 
dNTPs levels, and telomere length by MTC5 
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(A) MTC5 directly regulates intracellular trafficking of amino acid permeases. (i) 

Gap1 and possibly other permeases, such as Tat2, are constitutively sent to the 

vacuole in mtc5Δ cells due to a defect in recycling from the MVB to the PM. 

Decreased amino acid permease activity leads to decreased amino acid uptake 

and decreased TORC1 activity. Inhibition of TORC1 causes increased Gln3 

activity that results in transcription of the RNR inhibitor Wtm1. This leads to 

decreased RNR activity and decreased dNTP levels that may or may not affect 

telomere length. (ii) MTC5 may indirectly affect Tat2 activity by regulating TORC1 

signalling. TORC1 inhibition in mtc5Δ cells may activate Npr1, which promotes 

Tat2 localization to the vacuole. (iii) Decreased amino acid permease activity in 

mtc5Δ cells may reduce the import of dNTP precursors, thereby decreasing 

intracellular dNTP levels. (iv) Defects in intracellular trafficking in mtc5Δ cells may 

affect nuclear morphology, resulting in telomere shortening. (v) In addition to 

inhibiting TORC1 by reducing amino acid uptake, increased MVB-to-vacuole 

trafficking in mtc5Δ cells may directly promote Gln3 activation. (B) MTC5 may 

positively regulate TORC1. Partial inhibition of TORC1 in mtc5Δ cells leads to 

increased amino acid biosynthesis and results in Gap1 transport to the vacuole. 

Reduced TORC1 activity may be sufficient to maintain Npr1 in its active form, 

causing Tat2 to also be transported to the vacuole. Finally, a small reduction in 

TORC1 activity may be sufficient for release of some Gln3 from Ure2, resulting in 

subtle inhibition of RNR activity and a corresponding decrease in dNTP levels. 
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Figure B.19 Model for Mtc5 function in intracellular trafficking 
Mtc5 is required for Gap1 localization to the PM. Mtc5 may promote Gap1 

recycling from the vacuole to the MVB or directly to the PM. Alternatively, Mtc5 

may prevent MVB-to-vacuole trafficking or promote recycling of Gap1 to the PM 

or TGN from the MVB. It is unknown whether these proposed pathways also 

regulate intracellular trafficking of other amino acid permeases and proteins. 
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inhibition of MVB-to-vacuole transport. In these cells, recycling of 

amino acid permeases from the MVB to the PM would be impaired by loss of 

LST4, and their transport from the MVB to the vacuole would be enhanced by the 

loss of MTC5. However, based on my data a role for Mtc5 in MVB-to-PM 

transport cannot be ruled out. 

Other ESCRT complex components have previously been shown to 

differentially affect Gap1 sorting in lst4Δ cells in somewhat unpredictable 

manners based on their known functions in MVB formation (Rubio-Texeira & 

Kaiser, 2006). Further work will be required to establish the precise function of 

Mtc5 and how it might differ from that of Lst4. Epistasis analysis including 

additional mutants required for MVB-to-vacuole transport, such as VAM3 and 

VAM7 that have been implicated in Gap1 recycling, could be useful in this regard 

(Nikko et al, 2003).  

 

B.5.1.2 Direct vs. indirect effects of MTC5  

To date the genes affecting Gap1 activity can be divided into two general groups: 

those that directly affect that intracellular sorting of Gap1 and those that affect 

intracellular amino acid levels by regulating amino acid biosynthetic pathways 

(Soetens, 2001; Chen & Kaiser, 2002; 2003; Rubio-Texeira & Kaiser, 2006). Like 

MTC5, amino acids regulate Gap1 trafficking at the level of the MVB (Rubio-

Texeira & Kaiser, 2006). Consequently, based on my results, separating a direct 

effect of MTC5 on Gap1 trafficking (Figure B.18 A) from indirect effects, such as 



 

 328 

the control of intracellular amino acid levels as observed for LST8 (Figure B.6), is 

not straightforward (Chen & Kaiser, 2003).  

Although I cannot rule out indirect effects of MTC5 on Gap1 activity, I prefer 

a model in which MTC5 directly affects intracellular trafficking for several reasons 

(Figure B.18 A). First, if MTC5 were to function indirectly by negatively regulating 

intracellular amino acid levels, intracellular amino acid levels should be elevated 

in mtc5Δ cells. This would account for the defect in Gap1 activity but not the 

defect in Tat2 activity observed in mtc5Δ cells (Figure B.9). Moreover, elevated 

intracellular amino acids should activate of the TOR pathway. This should 

alleviate RNR inhibition and increase dNTP levels through the inhibition of Gln3 

(Figure B.6). Although Gln3 activity in mtc5Δ cells has not yet been determined 

directly, mtc5Δ cells had decreased intracellular dNTP levels that are not 

consistent with this model (Figure B.12). Direct determination of Gln3 activity 

through the use of a reporter plasmid or by RT-PCR of Gln3 target genes will be 

necessary to confirm the predicted increase in Gln3 activity in mtc5Δ cells.  

Second, the decreased dNTP pools in lst4Δ and mtc5Δ cells (Figure B.12) 

are not entirely explained by increased Gln3 activity. Deletion of GLN3 in mtc5Δ 

cells did not elevate dNTPs to the level observed in gln3Δ cells, suggesting the 

presence of a second GLN3-independent pathway in the regulation of dNTP 

levels (Figure B.16 A). Moreover, the decrease in dNTP levels observed in lst4Δ 

cells may not be due to increased Gln3 activity, as a Gln3-responsive reporter 

was not activated in lst4Δ cells (Crespo et al, 2004). Direct effects of MTC5 and 
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LST4 on the amino acid permeases required for the uptake of important 

precursors in dNTP biosynthesis could explain these results (Figure B.18 A). 

Amino acids are required for dNTP biosynthesis (Ljungdahl & Daignan-

Fornier, 2012), consequently, defects in amino acid uptake might impair dNTP 

synthesis. Indeed, a defect in the uptake of threonine, which is involved in dNTP 

biosynthesis, was found to reduce dNTP pools and cause HU sensitivity. In 

addition, deletion of genes required for threonine biosynthesis together with 

either LST4 or LST7 led to synthetic lethality (Hartman, 2007). Interestingly, 

sec13-1 mutants displayed decreased threonine uptake, as well as reduced 

Gap1 and Put4 activity, and more closely resembled lst4-1 and lst7-1 mutants 

than lst8-1 mutants (Roberg et al, 1997a). Given the genetic interactions reported 

between MTC5 and genes involved in threonine biosynthesis (Costanzo et al, 

2010), I expect that in addition to tryptophan and proline uptake mtc5Δ cells will 

also exhibit defects in the uptake of threonine. Thus, the reduced dNTP levels in 

mtc5Δ cells may be explained by both defects in the uptake of specific dNTP 

precursors and increased Gln3 activity (Figure B.18 A). 

Finally, MTC5 displays a negative genetic interaction with the downstream 

target of TOR, URE2. URE2 negatively interacts with many genes involved in 

amino acid biosynthesis and genes for vesicle transport factors including LST4 

(Costanzo et al, 2010), suggesting that MTC5 might lie within one of these 

pathways. Indeed, based on its genetic interactions MTC5, as well as SEC13 

and SEH1, have been placed in the Gap1 sorting pathway as opposed to amino 

acid biosynthesis pathways (Baryshnikova et al, 2010).  
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Although, Gap1 localization was previously shown to not be affected by 

rapamycin treatment (Chen & Kaiser, 2002), the effect of rapamycin on Gap1 

seems to be dose-dependent. Upon partial inhibition of TORC1, intracellular 

amino acids increase due to compensatory changes in their biosynthesis and 

lead to vacuolar targeting of Gap1, a phenotype opposite to that observed upon 

nitrogen starvation (Chen & Kaiser, 2003). Based on this model, a partial 

inhibition of TORC1 in mtc5Δ cells might be predicted to cause decreases in both 

Gap1 and Tat2 activities, as well as a decrease in dNTP levels (Figure B.18 B). 

MTC5 might regulate TORC1 function by directly affecting amino acid uptake as 

previously discussed or through other unknown direct or indirect mechanisms.1 

To definitively conclude that MTC5 does not indirectly affect Gap1 

localization by controlling amino acid biosynthesis or by partially inhibiting 

TORC1 (Figure B.18 B), intracellular amino acid levels in WT and mtc5Δ cells 

should be measured. In addition, ADCB uptake could be determined in 

mtc5Δgdh1Δ cells. GDH1 is required for glutamate biosynthesis and glutamate is 

the precursor for all amino acid biosynthesis (Magasanik & Kaiser, 2002), 

consequently, deletion of GDH1 reduces intracellular amino acid levels and has 

previously been shown to restore Gap1 to the PM in a lst8-1 mutant (Chen & 

Kaiser, 2003). Inhibition of glutamine synthetase by methyl sulfoximine could also 

be used to decrease intracellular glutamine levels in mtc5Δ cells (Crespo et al, 

                                            

1 Shortly after submission of this thesis it was shown that the SEA complex is composed of two 
subcomplexes that inversely regulate TOR activity in S. cerevisiae and in mammalian cells (Bar-
Peled et al, 2013; Panchaud et al, 2013). The data presented in this thesis and the model 
proposed in Figure B.18 B are consistent with these recent discoveries. 
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2002). If Gap1 mislocalization is due to increased intracellular amino acid levels, 

either of these approaches should restore Gap1 activity. 

 

B.5.1.2.1 Potential indirect effects of MTC5 on Tat2 activity 

Alterations in the uptake of multiple different amino acids are most easily 

explained by defects in the localization of the corresponding amino acid 

permeases. This would explain the HU sensitivity and the decrease in dNTPs 

observed in mtc5Δ cells grown on rich media where Gap1 activity is low even in 

WT cells. However, the defect in tryptophan uptake observed in mtc5Δ cells 

could also be explained by an indirect effect of MTC5 on permease localization 

mediated by TORC1 (Figure B.18 A). TORC1 inhibition leads to the ubiquitination 

and degradation of Tat2 in an Npr1-dependent manner (Figure B.6) (Schmidt et 

al, 1998; Beck et al, 1999; Crespo & Hall, 2002). Decreased TORC1 activity, 

resulting from an overall decrease in amino acid uptake in mtc5Δ cells, due to 

direct effects of Mtc5 on other amino acid permeases such as Gap1, could lead 

to degradation of Tat2 (Figure B.18 A). Thus, in addition to directly regulating the 

vacuole trafficking pathway at the level of the MVB, Mtc5 might also regulate 

Tat2 localization indirectly through effects on TORC1 activity. 

 

B.5.1.2.2 Vesicle transport and Gln3 activation 

It has been shown that Vps Class C and D genes that are involved in Golgi-to-

endosome transport are also required for Gln3 nuclear translocation, but the 

precise mechanism remains unclear (Puria et al, 2008). Mtc5 is thought to be 
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similar in structure to Vps Class C components found in the HOPS and CORVET 

complexes and localizes to vacuoles and potentially other intracellular 

membranes (Dokudovskaya et al, 2011). Mtc5 seems to function in permease 

recycling from the MVB or in preventing their entry into the vacuole (Figure B.19). 

Thus, a defect in the balance of intracellular trafficking in mtc5Δ cells, which 

appears to favour entry into or maintenance in the endosome and/or vacuole, 

might also promote Gln3 function directly and lead to inhibition of RNR and 

decreased dNTP levels (Figure B.18 A). In this case, the mislocalization of amino 

acid permeases might be due to a defect in the same process that is required for 

proper Gln3 localization but would not be the direct cause of the decreased 

dNTP levels and increased HU sensitivity observed for mtc5Δ cells grown on rich 

YPAD media. In this model, the defect in TOR signalling in mtc5Δ cells could be 

specific to Gln3 with other arms of TORC1 signalling unaffected.  

Interestingly, it has been found that Gln3 localization is regulated differently 

by nitrogen starvation and rapamycin. Gln3 nuclear translocation required Vps 

Class C and D members only upon nitrogen limitation and not in response to 

rapamycin (Puria et al, 2008), and mutations in Gln3 can separate its activation 

by rapamycin and nitrogen starvation (Rai et al, 2013). Perhaps the SEA 

complex that includes Mtc5 functions similarly to other vesicle transport genes in 

Gln3 activation. This might explain the lack of rapamycin sensitivity compared to 

the significant defect in survival following nitrogen starvation that was observed 

upon deletion of SEA components (Dokudovskaya et al, 2011).  
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To determine whether MTC5 functions upstream of TOR, or whether it 

impinges directly on Gln3 activity, phosphorylation of Sch9 and Npr1 could be 

detected by western blot. These results may help to differentiate between a 

general inhibition of TOR activity in mtc5Δ cells and a specific effect of MTC5 on 

Gln3 activation. Interestingly, loss of Gap1 has previously been shown not to 

affect Sch9 phosphorylation (Binda et al, 2009), suggesting that MTC5 may 

indeed affect Gln3 activity specifically. 

Clearly, the TOR pathway is an intricate pathway with multiple feedback 

loops, making it difficult to determine whether certain phenotypes are a cause or 

consequence of TOR inhibition. Consequently, further experiments will be 

required to differentiate between the multiple models proposed for MTC5 function 

(Figure B.18). Given that amino acid permeases lie both upstream and 

downstream of TOR, and that the processes involved in their intracellular 

localization may also regulate TOR activity directly, it is possible that aspects of 

multiple models described above are at play, but that their contributions may be 

altered under different growth conditions.  

 

B.5.1.2.3 Does MTC5 have a general affect on amino acid permeases? 

My data suggests that Gap1 localization is defective in mtc5Δ cells. However, in 

some strains ADCB is not specifically transported by Gap1, therefore viability on 

ADCB is only a rough measure of permease activity (Hoshikawa et al, 2003; 

Andréasson et al, 2004). To directly determine which permeases are affected by 

MTC5, amino acid uptake assays using radiolabelled substrates should be 
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performed. Uptake of citrulline is specifically mediated by Gap1, and similarly 

other substrates are specific for other permeases (Regenberg et al, 1999; 

Regenberg & Kielland-Brandt, 2001). In addition, intracellular localization of 

Gap1 and other permeases should be observed by microscopy using GFP-

tagged constructs.  

Many permeases are sorted via the MVB pathway, therefore MTC5 could 

affect the localization of other permeases in addition to Gap1. Indeed, I observed 

defects in tryptophan uptake in mtc5Δ cells and MTC5 displayed genetic 

interactions with several genes required for the biosynthesis of other amino acids 

(Costanzo et al, 2010). Establishing the spectrum of amino acid permeases 

affected by MTC5 may help to determine whether MTC5 is directly involved in 

intracellular trafficking or whether it affects permease activity indirectly due to 

affects on the TOR pathway (Figure B.18 A). 

 

B.5.2 Links between amino acid uptake, dNTP levels, and telomere length 

My results further strengthen the link between amino acid uptake, metabolism, 

and genomic stability. Prevention of permease entry into the MVB by deletion of 

PEP12, DOA4, or VPS27 restored amino acid uptake and resistance to HU in 

mtc5Δ cells, linking amino acid uptake to dNTP levels. However, while I found 

that defects in amino acid uptake correlated with HU sensitivity, they did not 

necessarily correlate with telomere length. Restoration of amino acid uptake in 

mtc5Δ cells by deletion of SEA1 reversed HU sensitivity and the telomere length 

defect (Figure B.17). In contrast, deletion of GLN3 increased dNTP levels 
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dramatically but did not affect telomere length in mtc5Δ cells (Figure B.16). 

These results suggest that while MTC5 regulates intracellular dNTP levels, this 

function may not be entirely responsible for the telomere length defects observed 

in mtc5Δ cells (Figure B.18 A).  

 

B.5.2.1 Vesicle transport and telomere length defects 

My results argue against the model proposed by Kwan et al. (2011) for Bul2 

regulation of telomere length (Figure B.1). These authors proposed that 

increased Bul2 activity promotes Gap1 trafficking to the vacuole, resulting in 

decreased amino acid uptake and inhibition of TORC1. In their model, TORC1 

inhibition in turn reduces RNR activity. They showed that the telomere length 

defect in cells containing a BUL2 polymorphism that causes increased Bul2 

function was dependent on GLN3. The reason for the discrepancy between this 

data and my own remains unclear but may be due to problems with the 

mtc5Δgln3Δ strain used in my experiments as previously discussed. However, 

Bul2 may function differently than other factors directly involved in MVB and 

vesicle formation. For example, I found that other mutants that were unable to 

transport permeases to the vacuole, including pep12Δ and vps27Δ (Figure B.10), 

could reverse the HU sensitivity of mtc5Δ cells (Figure B.13). However, these 

mutants also exhibited short telomeres that were epistatic with MTC5 (Figures 

B.14). This suggests that defects in the vacuolar trafficking may affect telomere 

length through a dNTP-independent mechanism. It remains unclear what this 
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pathway might be but at least two possibilities have previously been suggested 

(Rog et al, 2004).  

One possibility is that the vesicle transport pathway may be required for 

proper sorting of proteins that are directly involved in telomere metabolism (Rog 

et al, 2004). However, this is unlikely to explain my results, as mutants blocking 

entry into the MVB (i.e. vps27Δ and pep12Δ) as well as those blocking transport 

from the MVB to the PM (i.e. lst4Δ and mtc5Δ) displayed shortened telomeres. 

Moreover, previous studies have reported decreased telomere lengths in a 

variety of transport mutants, including those required for transport to the vacuole 

(Rog et al, 2004; Gatbonton et al, 2006; Ungar et al, 2009).  

A second possibility is that defects in vesicle trafficking may affect nuclear 

membrane structure (Figure B.18 A) (Rog et al, 2004). Intracellular membrane 

homeostasis appears to be important for proper cellular functioning (Kvam & 

Goldfarb, 2007). In yeast, the outer nuclear membrane is connected to the 

endoplasmic reticulum and makes contacts with the vacuole (Kvam & Goldfarb, 

2007). Links between the vesicle trafficking pathway and nuclear morphology 

have been reported (Ryan & Wente, 2002; Teixeira et al, 2002). Although many 

genes that affect nuclear morphology also affect telomeric silencing, one gene 

that exhibits defects in nuclear morphology but not in gene silencing is YHC3, a 

vacuole membrane protein involved in arginine transport (Teixeira et al, 2002). 

Further links between nuclear morphology and vesicle trafficking are found in the 

SEA complex that contains the nuclear pore factors SEC13 and SEH1 

(Dokudovskaya et al, 2011). Thus, an interesting hypothesis is that both the 
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trafficking and telomere length defects observed in mtc5Δ cells are due to 

disruption of intracellular membrane homeostasis. A loss of telomere clustering in 

mtc5Δ cells and other vesicle transport mutants could be indicative of nuclear 

morphology defects in these mutants and could be easily assessed using mutant 

strains containing Rap1-GFP. As a more specific measure of nuclear 

morphology, strains containing a GFP-tagged nuclear pore protein could be used 

to visualize the nuclear envelope. 

 

B.5.2.2 MTC5 and TOR pathway effects on Ku 

The TOR pathway has also been shown to regulate telomere length by 

controlling Ku levels (Ungar et al, 2011). However, my results, like those of Kwan 

et al. (2011), suggest that the effect of MTC5 on telomere length is independent 

of Ku. First, the telomere length defects in mtc5Δ and yku70Δ cells were additive 

(Figure 4.4 A). Second, unlike Ungar et al. (2009) who showed that inhibition of 

the TOR pathway led to decreased Ku levels and a corresponding decrease in 

NHEJ, I did not observe a decrease in NHEJ efficiency in mtc5Δ cells (Figure 4.3 

B). This suggests that the telomere length defect observed in mtc5Δ cells is not 

due alterations in Ku levels. 

 

B.5.3 MTC5 and DNA damage and repair 

The TOR pathway in general responds to environmental stresses and disruption 

of TOR regulation can lead to susceptibility to stresses such as DNA damage in 
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both yeast and mammalian cells (Shi et al, 1995; Beuvink et al, 2005; Shen et al, 

2007). In S. pombe, loss of TOR1 leads to genomic instability, telomere 

shortening, and sensitivity to HU and MMS (Schonbrun et al, 2009). In S. 

cerevisiae, TORC1 activity is required to maintain dNTP levels and promotes 

survival following MMS treatment (Shen et al, 2007). Decreased TORC1 activity 

in mtc5Δ cells may lead to decreased dNTP levels in the absence of DNA 

damage due to increased transcription of WTM1 and may further impair the 

upregulation of RNR1 and RNR3 that is required to elevate dNTP production 

upon DNA damage (Figure 4.1).  

 

B.5.4 The SEA complex 

The SEA complex appears to regulate amino acid uptake as well as telomere 

length, however, not all members of the complex have the same function. For 

example, like mtc5Δ cells, sea2Δ, and to a lesser extent sea4Δ cells, exhibited 

resistance to ADCB (Figure B.17 A), and sea2Δ cells have been reported to have 

shortened telomeres (Askree et al, 2004). In contrast, SEA1, NPR2, and NPR3, 

which in most cases when deleted exhibited phenotypes opposite those 

observed for mtc5Δ cells (Figure B.17 A), have been found in a separate 

complex regulating non-nitrogen starvation-induced autophagy (Wu & Tu, 2011). 

This supports the idea that these factors may form a subcomplex of the SEA 

complex that opposes the activity of SEA2-4. However, while NPR2 and NPR3 

are required to inhibit TOR activity upon nitrogen limitation (Neklesa & Davis, 

2009), these genes must also have distinct functions, as only deletion of NPR3 
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led to ADCB hypersensitivity and suppression of HU sensitivity in mtc5Δ cells 

(Figure B.17 A, B). Yet, deletion of either NPR2 or NPR3 restored ADCB uptake 

in mtc5Δ cells (Figure B.17 C). This indicates that NPR2 and NPR3 share some 

common functions in amino acid permease trafficking.  

The three components of the SEA complex that contain putative RING E3 

ligase domains, SEA2, MTC5, and SEA4, similarly affected amino acid uptake, 

while SEA1, which lacks a RING domain, had the opposite effect (Figure B.18 A) 

(Dokudovskaya et al, 2011). How SEA1 functions to oppose the activity of SEA2, 

MTC5, and SEA4 is unknown, but its regulation of the SEA complex may play an 

important role in intracellular trafficking. Given the importance of ubiquitination in 

the MVB pathway, it is tempting to hypothesize that Sea2, Mtc5, and Sea4 may 

function together to regulate ubiquitination of MVB cargo. It will be interesting to 

determine whether the RING domains of these proteins are required for proper 

trafficking. Monitoring the uptake of ADCB in cells where Sea2-Sea4 are C-

terminally truncated (removing the RING domains) could test this hypothesis.  

Finally, given its localization at the vacuole and its effects on Gap1 

trafficking, it is interesting to speculate that the SEA complex, like the GSE 

complex, may be a sensor of intracellular nutrient levels upstream of TORC1 and 

an important regulator of TORC1 activity. 

 

B.5.5 Function of WDR59 in mammalian cells 

The SEA complex is conserved in mammals and the MTC5 homolog is WDR59 

(Dokudovskaya et al, 2011). As the intracellular trafficking pathway and TOR 
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signalling are highly conserved from yeast to mammals, WDR59 might be 

predicted to serve a function similar to that of MTC5 in mammalian cells. It will be 

important to extend my findings to mammalian cells and to determine whether 

WDR59 also functions in intracellular trafficking and whether it affects mTOR 

signalling. An important first step will be to determine WDR59 localization within 

mammalian cells. In addition, dNTP levels and telomere lengths could be 

measured in WDR59 knockdown cells. 

 

B.5.6 Significance to cancer and mammalian cells 

In mammalian cells many signalling molecules and receptors are regulated by 

endocytosis and degradation in the lysosome (Jean-Alphonse & Hanyaloglu, 

2011; Hupalowska & Miaczynska, 2012). Receptors regulated by endocytosis 

include receptor tyrosine kinases and G-protein coupled receptors that have 

known roles in tumorigenesis (Abella & Park, 2009; Lappano & Maggiolini, 2011). 

Thus, elucidation of the mechanisms regulating their localization and activity will 

be important in understanding and treating cancer. Given that these pathways 

are conserved in yeast, the S. cerevisiae model system may provide important 

insight into the mechanisms and regulation underlying intracellular transport. 

Interestingly, defects in endocytosis are associated with senescence in 

mammalian cells. Dysregulation of growth factor-induced signal transduction 

pathways and defects in autophagy have been proposed to explain the link 

between endocytosis and senescence (Park, 2002; Rajarajacholan et al, 2013). 

However, increased autophagy and telomere shortening, resulting from mTOR 
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inhibition, could also contribute to senescence in mammalian cells. Future 

investigation will be necessary to determine whether defects in endosomal 

trafficking in mammalian cells also result in defects in telomere length and mTOR 

activity, and whether these pathways contribute to senescence.  

Dysregulation of the mTOR pathway has been linked to cancer and 

rapamycin is used in the treatment regime of certain cancers (Cornu et al, 2013). 

mTOR inhibition has been shown to elevate γ-H2AX foci levels following IR and 

to cause sensitivity to DNA damaging agents (Shi et al, 1995; Beuvink et al, 

2005; Chen et al, 2011). Moreover, it has recently been reported that mTOR 

inhibition in combination with a DNA-PK inhibitor increases cell death (Li et al, 

2013; Shortt et al, 2013). Although, the mechanisms proposed to explain the 

relationship between mTOR and DNA-PK differ from that proposed for TOR 

mutants and DNA damage in yeast (Shen et al, 2007; Li et al, 2013; Shortt et al, 

2013), the genetic interactions observed between MTC5 and NHEJ factors in my 

study may also be at play in mammalian cells. Consequently, synthetic lethality 

between other NHEJ factors and rapamycin should be investigated.  
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APPENDIX C: SGA ANALYSIS 

SGA analysis was performed at RT with the help of Brian San Luis in the Boone 

Lab at the University of Toronto as previously described (Costanzo & Boone, 

2009). Strains carrying deletions in the core NHEJ factors (YKU70, NEJ1, LIF1, 

and DNL4) were used as queries (Table C.1). To eliminate HR and drive cells to 

use the NHEJ pathway, query strains in which RAD52 was deleted both alone 

and in combination with deletions of the NHEJ core factors were created. To 

control for growth effects of the selectable markers between all strains, the HO 

locus in all of the single mutants was deleted and replaced with a URA3 

selectable marker.  This ensured that all mutants contained the same selectable 

markers (URA3 and natMX for the query strains and kanMX for the library 

strains) and could be treated in parallel during the multiple selection steps in the 

SGA procedure.   

The query strains (Table C.1) were crossed to the haploid deletion library 

of 4294 non-essential genes arranged in 384-format arrays 

(http://www.utoronto.ca/boonelab/pdf/SGA-Std-Array.xls). Selection of diploid 

cells, sporulation, and selection of the final MATa haploid triple mutants was 

conducted exactly as previously described (Costanzo & Boone, 2009), with the 

exception that in the final selection step the presence of the URA3 marker was 

also selected for. Thus, in addition to lacking histidine, arginine, and lysine, FS 

media also lacked uracil. FS media also contained canavanine and thialysine for 

selection of MATa haploids, and NAT and G418 for selection of the natMX and 

kanMX marked mutations.   
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Table C.1 Query strains used in the SGA analysis 

Strain Genotype1 

JC13762 ura3::natMX HO::URA3  

JC1218 HO::natMX rad52::URA3 

JC1261 nej1::natMX HO::URA3 

JC1224 nej1::natMX rad52::URA3 

JC1263 lif1::natMX HO::URA3 

JC1236 lif1::natMX rad52::URA3 

JC12623 dnl4::natMX HO::URA3 

JC12384 dnl4::natMX rad52::URA3 

JC1264 yku70::natMX HO::URA3 

JC1225 yku70::natMX rad52::URA3 
1 All strains are in the Y7092 background (a BY4741 
derivative) (Costanzo & Boone, 2009): 
MATα  can1Δ:STE2pr-Sp_his5 lyp1Δ ura3Δ0 leu2Δ0 
his1Δ1 met15Δ0 
2 Problems with sporulation; results not interpretable 

3 Problems with sporulation; dropped from screen 
4 Scores not calculated 

 

Unfortunately problems with sporulation occurred with the HOΔ (JC1376) 

and dnl4ΔHOΔ (JC1262) strains.  The results of the HOΔ screen could therefore 

not be interpreted, while the dnl4ΔHOΔ screen was stopped prior to plating on 

phleomycin containing media and scores for the dnl4Δrad52Δ screen were not 

calculated. Consequently, genetic interactions observed for the single NHEJ 

mutants could not be confidently interpreted as specific to NHEJ because their 

fitness when combined with the control strain was unknown.  However, it was 

possible to compare the fitness of the NHEJ mutants to the mutants containing 

both the NHEJ mutation and the RAD52 deletion.  
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To increase the amount of DNA damage within the cells, 384-format 

arrays of triple mutants on FS media obtained by the SGA method were re-

pinned/replicated onto a second set of FS plates. Arrays were repinned from 

these two array copies onto YPD or YPD containing 0.05, 0.25, or 0.75 µg/mL 

phleomycin. Cell transfer by pinning from a single array is not consistent after 

three consecutive repinnings. Thus, duplication of the arrays onto FS media was 

necessary to ensure adequate numbers of cells could be repinned onto YPD and 

YPD + phleomycin.  

The genetic interaction score, ε, is a measure of how much the fitness of a 

double or triple mutant differs from that expected based on the multiplicative 

model (fab = fa x fb + εab). The fitness of the strain can be estimated based on 

colony size where Cab = fab x sab x e (C is colony size, f is fitness, s is systematic 

effects, and e is experimental noise). An ε value > 1 indicates a positive 

interaction and a value < 1 indicates a negative interaction. Genetic interaction 

scores were calculated by Anastasia Baryshnikova in the Boone Lab. Results of 

the screen are available in a FileMaker database in the Cobb lab.  

The genetic interactions uncovered in the SGA analysis were analyzed 

using the BiNGO algorithm to determine which biological processes were 

overrepresented (Table C.2) (Maere et al, 2005). Several processes including 

transcription, cell cycle, meiosis, nuclear localization, cellular organization and 

transport, and metabolism were only overrepresented when both NHEJ and HR 

were impaired. In addition, genes involved in nucleic acid metabolism were 
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overrepresented when NHEJ alone was impaired. The link between metabolism, 

dNTPs, intracellular transport, and genomic stability is highlighted in my 

investigation of the genetic interaction between MTC5, RAD52, and NHEJ factors 

in Chapter 4 and Appendix B. 

 

Table C.2 Biological processes overrepresented in the SGA analysis 

NHEJΔHOΔ rad52ΔHOΔ or NHEJΔrad52Δ 
Cell cycle** 
Nucleic acid metabolism 

Post-translational modifications 
Stress response 
DNA replication, repair, chromosome organization 
tRNA modification 
Histone exchange 
Cell cycle, meiosis, nuclear localization* 
Transcription* 
Metabolism* 
Cellular organization and transport* 

* only overrepresented in the NHEJΔrad52Δ screens and not in the rad52ΔHOΔ 
screen 
** only overrepresented in the nej1ΔHOΔ screen 
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APPENDIX E: COPYRIGHT PERMISSION FOR YU ET AL. (2008) 
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