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ABSTRACT  
 
The repair of damaged DNA is critically important for maintaining a stable cellular 

environment to ensure proper and high fidelity segregation and transmission of genetic 

information from one generation to the next. DNA can be subjected to many forms of 

DNA damage that are handled by dedicated signaling pathways and repair complexes. 

The most common DNA lesions are DNA single strand breaks (SSBs). Most of our 

current understanding of DNA SSB repair (SSBR) has been derived from biochemical 

studies. In our work, we employed live cell imaging techniques in addition to 

biochemical approaches to better define the steps in this repair pathway, thus providing 

clearer insight for how SSBR is orchestrated in live cells. 

Our focus was mainly on (i) how rapidly different SSBR proteins accumulate at sites of 

DNA damage, (ii) how DNA SSBs are detected, (iii) providing mechanistic explanations 

for the association of different polymorphisms of the SSBR scaffold protein X-ray cross-

complementing protein 1 (XRCC1) with cancer, and (iv) how the DNA SSBR end-

processing enzyme, polynucleotide kinase/phosphatase (PNKP) is regulated in 

response to DNA damage. 

Importantly, we provide evidence, for the first time in live cells, that DNA ligase III 

(LIG3), in addition to its established downstream nick sealing activity in SSBR, functions 

as an alternative SSB sensor to poly-ADP-ribose polymerase 1 (PARP1). Furthermore, 

we observed that LIG3 and PARP1 detect different types of SSBs. Given the current 

success of PARP inhibitors targeting PARPs 1 and 2 in cancer therapy, our finding 

expands the number of potential targets for small molecule inhibitor development and 

drug intervention. 
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We also show that two of the cancer associated XRCC1 polymorphisms, R194W and 

R280H, give rise to XRCC1 variant proteins that impede the accumulation and catalytic 

activity of PNKP at sites of DNA damage. This might lead to increased background 

mutations in cells harboring these polymorphisms providing a further driving force 

towards tumorigenesis. 

Finally, our published data in agreement with others, show that the phosphorylation of 

two serine residues within the linker region of PNKP tightly regulate the protein behavior 

at DNA damage sites. We extended this work by carrying out preliminary studies on the 

behavior of the FHA domain of PNKP in live cells in response to DNA damage.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

PREFACE 

Chapter 1 provides a brief introduction to help understand the current working models 

for the DNA Double and Single Strand Break Repair (DSBR and SSBR respectively) 

pathways.  

Chapter 2 provides detailed procedures for experimental work presented in this thesis. 

Chapter 3 encompasses original work by Ismail Abdou recently published in the journal 

of Nucleic Acids Research, ñDNA ligase III acts as a DNA strand break sensor in the 

cellular orchestration of DNA strand break repairò. All the experiments and manuscript 

preparation were carefully designed and carried out by Ismail Abdou, under the 

supervision of Michael Weinfeld and Michael Hendzel. 

Chapter 4 is collaborative work between the laboratories of Michael Weinfeld and Mark 

Glover, where Rajam S. Mani conducted the biochemical experiments for the binding 

assays and circular dichroism analyses. Protein expression and purification were 

carried out by Ismail Abdou. The enzymatic and functional assays were designed and 

performed through concerted efforts of Mesfin Fanta and Ismail Abdou. Live cell 

imaging experiments were designed and carried out by Ismail Abdou.  

Finally, in chapter 5 we aim to build on the previous work published by others (Yosi 

Shiloh) and ourselves (collaboration between Susan P. Lees Miller and Michael 

Weinfeld). In the latter publication, Ismail Abdou contributed by designing and 

performing the live cell imaging to investigate the impact of PNKP phosphorylation on 

the recruitment of the protein to sites of DNA damage. The preliminary work in this 

chapter is original work carried out by Ismail Abdou. Additionally, we provided 
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perspectives and views emanating from our findings that might pave the way for the 

therapeutic exploitation of LIG3.   
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3ô-OH 3ô- hydroxyl  
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3ô-PUA 3ô-polyunsaturated aldehyde  

5ôdRP 

5ô-OH 

5ô-deoxyribose phosphate  

5ô-hydroxyl  

5ô-P 5ô-phosphate  

53BP1 p53 binding protein 1  

AOA1  Ataxia with Oculomotor Apraxia  

APE1 Apurinic/apyrimidinic endonuclease 1  
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ATM Ataxia Telangiectasia Mutated  

BER Base excision repair  

Bp Base pairs  

BRCA1 Breast Cancer 1, early onset  

BRCA2 Breast Cancer 2, early onset  

CtIP 

DBD 

C-terminal binding protein interacting protein  

DNA binding domain  

DDR DNA Damage Response  

DNA-PKcs  DNA-dependent  protein kinase catalytic subunit  

DSBR Double strand break repair  
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DSBs 

EGFP 

Double strand breaks  

Enhanced green fluorescent protein  

EXO1 Exonuclease 1  

FCS Fetal calf serum  

FEN1 Flap endonuclease 1  

FHA 

FL 

Fork Head Associated  

Full length  

FRAP 

GFP 

Fluorescence recovery after photobleaching  

Green fluorescent protein  

HR Homologous recombination  

Ig Immunoglobulin  

IR 

IRI 

KO 

Ionizing radiation  

Irinotecan  

Knockout  

Laser µIR  Laser micro -irradiation  

LIG1 DNA Ligase 1  

LIG3 DNA Ligase III  

LIG4  DNA ligase IV  

LP-BER Long patch base excision repair  

MCSZ Microcephaly with Seizures  

MDC1 Mediator of DNA damage checkpoint 1  

MEFs 

MMS 

Mouse embryo fibroblasts  

Methyl methanesu lfonate  
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MRN MRE11-RAD50-NBS1 

NBS Nijmegen Breakage Syndrome  

NHEJ Non-homologous end joining  

OGG1 8-oxoguanine DNA glycosylase  

PARP Poly(ADP -ribose) polymerase  

PARylation  Poly(ADP -ribosyl)ation  

PCNA Proliferating cell nuclear antigen  

PNKP Polynucleotide kinase/phosphatase  

Polɓ 

RFP 

DNA polymerase beta  

Red fluorescent protein  

ROS Reactive oxygen species  

RPA Replication protein A  

SCAN1 SpinoCerebellar Ataxia with Axonal Neuropathy  

SDS 

S.E.M. 

Sodium dodecyl sulphate  

Standard error of the mean  

SNPs Single Nucleotide Polymorphisms  

SP-BER Short patch base excision repair  

SSBR Single strand break repair  

SSBs Single strand breaks  

ssDNA  

TDP1 

Single stranded DNA  

Tyrosyl -DNA phosphodiesterase I  

UV Ultraviolet  

WCE Whole cell extracts  
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WT Wild -type  

XP Xeroderma Pigmentosum  

XRCC1 X-Ray Cross Complementing Protein 1  

XRCC4 

ZnF 

X-Ray Cross Complementing Protein 4  

Zinc finger  
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Introduction  

DNA damage and repair: Cellular regulation and importance for cellular 

homeostasis  

 

DNA is the carrier of genetic material in cells, and therefore, protecting cellular DNA is 

critical for maintaining homeostasis. The integrity of cellular DNA is continually 

challenged by exposure to intracellular e.g. reactive oxygen species (ROS) and 

extracellular agents e.g. ultraviolet (UV) light, ionizing radiation (IR) and genotoxic 

chemicals. Accordingly, living cells possess a large repertoire of DNA repair proteins 

involved in multiple damage specific pathways (outlined in Figure  1) 1,2. These proteins 

are clustered in different repair pathways, collectively known as the DNA Damage 

Response (DDR), that function as classical signalling cascades. The DNA lesion serves 

as the signal, which is detected by specific damage sensors that in turn relay to 

downstream scaffolding and effector proteins, resulting ultimately in the repair of DNA 

lesion.  

Defective repair of different DNA lesions, due to mutations resulting in either the 

absence or loss of function of certain DDR proteins, has been linked to several 

diseases. Neurological disorders, e.g. Nijmegen Breakage Syndrome (NBS), Ataxia 

telangiectasia (AT) 3, SpinoCerebellar Ataxia with Axonal Neuropathy 1 (SCAN1) 4, 

Ataxia Oculomotor Apraxia (AOA) 5, Microcephaly and Seizures (MCSZ) 6 and 

Xeroderma Pigmentosum (XP) 7, and increased predisposition to cancer are the most 

prevalent associations. Therefore, understanding the regulation of different DDR 

pathways is imperative and has been the subject of considerable study.    
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DNA damage and repair responses.  DNA repair pathways (top) and examples of 

corresponding DNA damage (bottom) are shown. The detailed molecular mechanisms 

for the repair responses are provided in the text. APTX, aprataxin; BER, base excision 

repair; DSBR, DNA double strand break repair; HR, homologous recombination; MGMT, 

O6-methylguanine-DNA methyltransferase; MMR, mismatch repair; NER, nucleotide 

excision repair; NHEJ, non-homologous end joining; P, 3ô phosphate; PNKP, 

polynucleotide kinase/phosphatase; SSBR, DNA single strand break repair; SSBs, DNA 

single strand breaks; TC-NER, transcription-coupled NER; TDP1, tyrosyl-DNA 

phosphodiesterase 1; G-Me, O6-Methylguanine; TĔT, thymine dimer; I, inosine; U, 

uracil; GO, 8-oxoguanine. DNA Repair 12 (2013) 620ï 636 

Reproduced  with permission from Elsevier . Copyright © 2013   

Figure  1: Outline of different forms of DNA damage and delegated repair pathways  
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Work in our laboratory mainly focuses on the DDR protein polynucleotide 

kinase/phosphatase (PNKP) 8. PNKP participates in different DDR pathways, including 

double strand break repair (DSBR) and single strand break repair (SSBR). A final step 

that the majority of DDR pathways converge on is resealing of DNA ends. Often, DDR is 

associated with DNA ends that are incompatible with ligation (i.e. not the conventional 

3ô-OH and 5ô-P) either as a direct consequence of the damage or as a repair 

intermediate 9. At damaged DNA ends, PNKP possesses dual enzymatic activities, 5ô 

kinase and 3ô phosphatase, which help restore óligatableô DNA termini. Genetic defects 

in PNKP are associated with the neurological disorder MCSZ 6. Additionally, recent 

evidence has linked the neurodegenerative disorder, Spinocerebellar ataxia type 3 

(SCA3), with abnormal functioning of PNKP 10,11. 

The work presented herein aimed to provide deeper insights into the interplay between 

PNKP and associated proteins, primarily in SSBR and to a lesser extent in DSBR, 

taking place in the living cellular environment. In the following section a brief description 

of the current understanding of DNA DSBR and SSBR will be provided. 
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DNA Single Strand Break Repair  (SSBR) 

DNA single strand breaks (SSBs) are lesions that interrupt and compromise the integrity 

of single strands of DNA. Importantly, cellular DNA is subject to SSBs on a scale of 

thousands per cell per day 12. If left unrepaired, SSBs can lead to blocking either 

transcription or replication, with apoptosis or formation of the more lethal and/or 

mutagenic DSBs respectively being the ultimate outcome 13. Consistently, defects in 

SSBR due to mutations in core proteins, TDP1, PNKP and APTX have been linked with 

several neurological disorders, including SCAN1, MCSZ and AOA1 respectively 14. 

Additionally, mutations in other SSBR core machinery proteins, XRCC1 and DNA Polb, 

have been associated with cancer 15,16 . Accordingly, repair of such lesions in a rapid 

(usually on the scale of min 17) and robust manner is crucial for optimal cellular 

functioning. 

DNA SSBs arise from DNA insults either within the intracellular environment (e.g. ROS) 

or from extracellular agents. Collectively, this variety of damaging agents gives rise to 

direct SSBs or indirect SSBs. In the latter scenario SSBs are intermediates produced 

during the repair of damaged bases, which are first dealt with by the base excision 

repair (BER) or nucleotide excision repair (NER) pathway 18ï20. In the case of direct 

SSBs, the insult to DNA causes direct loss of nucleotides (gaps) and / or damage to the 

sugar phosphate backbone of the DNA without base loss (nicks). In either scenario 

(direct and indirect SSBs), the repair is relayed through the SSBR core machinery. The 

following section will briefly describe the current understanding for the mechanisms 

regulating BER/SSBR. 
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The current model for DNA BER/SSBR 

 

Damage to DNA bases is one of the most frequently encountered classes of DNA 

lesions. Different insults to DNA can result in alkylation, deamination and oxidative 

reactions that directly damage DNA bases (purines and pyrimidines) 20,21. If not 

recognized and removed by damaged base specific enzymes, known as DNA 

glycosylases 22, the damaged bases could result in transition 23 and transversion 24 

mutations.  

Biochemically, canonical BER (outlined in Figure  2) is orchestrated via four distinct 

steps and a ñpassing the batonò model has been proposed to be the operational 

mechanism for the process. First, the damaged base is recognized by a DNA 

glycosylase producing an abasic site (AP site). Then, depending on the type of the DNA 

glycosylase involved, the damaged DNA strand, containing the AP site, is incised by 

apurinic/apyrimidinic endonuclease 1 (APE1). Subsequently, gap filling and nick sealing 

are carried out by a DNA polymerase and ligase, respectively 25.  
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Figure  2: Outline of BER -SSBR pathway  
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The BER pathway.  BER is initiated by a damage-specific DNA glycosylase that excises 

the damaged base to create an abasic site. This is incised by APE1 to create a DNA 

SSB harbouring a 5ô-deoxyribose phosphate (5ô-dRP) residue. Polɓ removes the 5ô-dRP 

moiety and also adds a single nucleotide into the one-nucleotide gap. Finally, XRCC1ï

Lig III complex seals the remaining DNA ends to complete the short-patch BER pathway 

(left branch). However, if the 5ô-dRP is resistant to cleavage by Polɓ, then Pol ŭ/Ů adds 

2ï8 more nucleotides into the repair gap, generating a 5ô-flap structure that is removed 

by FEN-1 in a PCNA-dependent manner. Lig I then seals the remaining DNA ends to 

complete the long-patch BER pathway (right branch). DNA Repair (Amst).  2013 May 

1;12(5):326-33.  

Reproduced  with permission  from Elsevier . Copyright © 2013   

http://www.ncbi.nlm.nih.gov/pubmed/23473643
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DNA glycosylases scan the DNA for damaged bases. When detected, the repair 

glycosylase flips the damaged base into the active site pocket and then catalyzes its 

removal 22. This mechanism is carried out by both mono- and bifunctional glycosylases. 

The latter cleave the DNA backbone via an additional 3ô AP lyase activity, which 

catalyzes either ɓ- or ɓd-elimination reactions yielding replication and ligation blocking 

lesions, 3ô Ŭ,ɓ unsaturated aldehyde (3ô-PUA), or 3ô-P respectively (illustrated in Figure  

3). Due to differences in substrate affinities among end processors, the type of 

damaged 3ô end dictates which end processor is to be involved (see Figure  4 for 

illustration of different damaged ends and dedicated end processors). Usually, APE1 

catalyzes the removal of 3ô-PUA whereas 3ô-P ends are removed by PNKP 9. The strand 

incision activity of APE1 results in the formation of 5ô deoxyribose phosphate (5ôdRP) 

termini, which are removed via the 5ôdRPase action of DNA Polɓ  26 restoring the 5ôP. 
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Mono - and bi -functional glycosylases and elimination reactions.  In the case of 

mono-functional glycosylases (middle) e.g. Uracil-DNA Glycosylase (UDG), the 

glycosylase removes the base without incising the DNA backbone (i.e. no additional AP 

lyase activity); hence the AP site is cleaved by APE1 (text for details). On the other 

hand, bi-functional glycosylases possess an additional AP lyase activity e.g., OGG1 and 

NEIL1, cleaving the DNA backbone after removal of damaged base. The elimination 

reaction can proceed either via ɓ-elimination e.g. OGG1 leaving a 3ô-PUA which is a 

substrate for APE1 or via ɓŭ-elimination e.g. NEIL1 resulting in a 3ô-P end that is 

processed by PNKP. DNA Repair 6 (2007) 470 ï480 

Reproduced  with permission from Elsevier . Copyright © 2007   

Figure  3: Illustration of different modes of damaged base elimination by mono - 
and bi -functional DNA glycosylases  
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Figure  4: Different types of damaged 3ô and 5ô ends and specific end processor enzyme 
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Common types of damaged SSB termini and the enzymes that process them. For 

each type of SSB the mechanism of damage is summarized, with the causative agent(s) 

in parentheses. Ade, aldehyde: AP, apurinic/apyrimidinic; APE1, AP endonuclease I; 

APTX, aprataxin; BER, base-excision repair; dRP, 5ǋ-deoxyribose phosphate; FEN1, 

flap endonuclease 1; LPR, long-patch repair; P, phosphate; PNKP, polynucleotide 

kinase 3ǋ-phosphatase; Pol ɓ, DNA polymerase ɓ; ROS, reactive oxygen species; 

TDP1, tyrosyl-DNA phosphodiesterase 1; TOP1, topoisomerase 1. Nature Reviews 

Genetics, (2008), Vol 9, (619 -631) 

Reproduced  with permission from NPG. Copyright © 2008  
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After removal of the damaged bases, indirect SSBs are handed over to the operational 

machinery of SSBR and thereby dealt with in the same manner as direct SSB. Two sub 

pathways have been identified for SSBR/BER, namely, short patch (0-2 nt) BER (SP-

BER) and long patch (2-14 nt) BER (LP-BER) (Figure  2) 13,19,27.  

For SP-BER, end processing following damage allows for subsequent gap filling and 

ligation by DNA polɓ and LIG3 respectively. XRCC1 is an integral scaffold protein that is 

required for optimal function and accumulation of other SP-BER proteins26. 

On the other hand LP-BER can be initiated by strand displacement activity of DNA Polɓ, 

which results in having a flap of DNA. Alternatively, the pathway can utilize replication 

machinery proteins to accomplish repair. In this case, the loading platform, PCNA, is 

recruited. Then replicative DNA polymerases ŭ/e  catalyze gap filling, which results in 

the formation of a 5ô flap structure. Flap endonuclease 1 (FEN1) is recruited and 

stimulated by PCNA and then cleaves the displaced patch. Finally DNA ligase 1 (LIG1) 

carries out nick sealing 19. 

SP-BER and LP-BER are not necessarily mutually exclusive processes. We and others 

28ï30 observed that SP-BER repair proteins, XRCC1, LIG3 and Polɓ accumulate at DNA 

damage sites more rapidly than the LP-BER scaffold PCNA, suggesting either SP-BER 

proteins are involved in the regulation of LP-BER, or LP-BER is activated downstream 

of SP-BER in response to certain types of damage. Both scenarios are likely to be true. 

Indeed PCNA recruitment to sites of DNA damage was shown to require XRCC1 28. 

Additionally, a role for XRCC1-LIG3 complex in regulating pathway choice between SP- 

and LP-BER has been postulated depending on the local ATP concentration at repair 
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sites 31. More importantly, the type of damage dictates the repair pathway. In many 

cases, after the accumulation of SP-BER at damage sites, 5ô ends that are resistant to 

DNA polɓ 5ôdRPase activity, such as oxidised 5ôdRP, results in strand displacement by 

DNA polɓ and subsequently repair progresses via LP-BER. Notably, several lines of 

evidence support the hypothesis that the cell cycle phase is a determinant for repair 

progression via SP- or LP-BER 27, with SP-BER being active throughout the cell cycle, 

while LP-BER is primarily active during S-phase owing to the proximity of the replication 

machinery.  

On the other hand several roles for the important DNA strand break sensor, PARP1 32, 

in BER/SSBR have been proposed and will be discussed later on. 
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DNA DSBR: importance and pathways involved  

 

DSBs arise when two breaks in the double strand of DNA occur simultaneously within 

10-20 bp. DSBs are the most deleterious type of DNA damage. If left unrepaired, DSBs 

result in either cell death, even from a single DSB 33, or mutagenicity via chromosomal 

rearrangements and translocations 34, and therefore, unrepaired DSBs have been 

implicated in driving carcinogenesis 35. As with other forms of DNA damage, DSBs arise 

in cells from intracellular and extracellular agents. Importantly, DSBs occur naturally in 

cells via programmed events associated with meiosis 36 and Immunoglobulin antigen 

receptor diversity generation via ñV(D)Jò recombination 37 38. 

Two major pathways, with different founding operational principles, repair DNA DSBs, 

namely, homologous recombination (HR) and non-homologous end joining (NHEJ) 

(outlined in Figure  5). In HR, a template from a homologous strand of DNA, usually 

from a sister chromatid, is used in the repair of damaged DNA, thereby ensuring high 

fidelity and accuracy of repair. Accordingly, HR has been widely accepted to be an 

ñerror freeò process. On the other hand, NHEJ involves re-ligation of the ends of broken 

DNA, which, depending on the nature of the DSB, might require extensive processing to 

render them ligatable. Therefore, NHEJ bears the possibility of being ñerror proneò. The 

two pathways are not mutually exclusive, while NHEJ is active throughout all phases of 

cell cycle, HR is mainly active during late S/G2 phases due to the requirement of a 

proximal intact sister chromatid to complete the repair. 
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Figure  5: Illustration of repair of DSBs by NHEJ (left) and HR (right)  
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Model of DSB repair by NHEJ and HR pathways.  DNA undergoing a DSB and the 

homologous template used for repair are respectively represented by a close pair of 

black and grey lines. (A) DSB ends are tethered by MR(X)N and Ku/DNA-PK 

complexes. (B) In NHEJ, DSB ends are further stabilized by MR(X)N and Ku/DNA-PK. 

(C) MR(X)N and Ku/DNA-PK recruit the ligase complex and DSB ends are aligned. (D) 

DSB ends are ligated or are processed prior to ligation (repair). (E) In HR, 5ô DSB ends 

are resected by MR(X)N and other nucleases. (F) RPA binds to single-stranded 

overhangs generated by resection. (G) RPA-coated single-stranded DNA is a substrate 

for Rad51-filament formation, involving Rad52, Rad55-Rad57 and Rad54. (H) Rad51-

filament homology search and strand invasion lead to the formation of a D-loop. (I) 

From the D-loop, different HR pathways can result in DSB repair. MRX is the yeast 

orthologue of human MRN complex, where X denotes XRS2 protein, the yeast 

functional homologue for human NBS1. Cell. Mol. Life Sci. 66 (2009) 1039 ï 1056 

Reproduced  with permission from SpringerLink. Copyright © 2009   
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Homologous  Recombination  (HR) 

 

In order to resynthesize damaged DNA with a DSB lesion using a sister chromatid 

template, the generation of ssDNA with 3ô overhangs is required to facilitate the search 

for homologous sequences. Accordingly, end resection activities are pivotal to the 

process. Several steps coordinate DSBR by HR (outlined in Figure  6) 39ï41. Usually, 

DSBs are detected and bound by the MRE11-RAD50-NBS1 (MRN) complex that 

recruits the protein kinase, ataxia telangiectasia mutated (ATM), which, upon binding to 

the MRN complex, becomes activated via auto-phosphorylation and further 

phosphorylates downstream proteins to facilitate amplifying the cascade. One of the key 

proteins phosphorylated by ATM is the histone protein H2AX, which is phosphorylated 

at serine 139. . Phosphorylated H2AX (ɔH2AX) is recognized by mediator of DNA 

damage checkpoint 1 (MDC1) protein, which in turn recruits further MRN complexes, 

resulting in subsequent iterations of ATM recruitment and activation with H2AX 

phosphorylation, loading further MDC1, hence a feedback loop is generated. This 

ultimately leads to ɔH2AX spanning up to 1Mbp surrounding the damage site, thereby 

amplifying the damage response 42,43. ɔH2AX serves as a signal to help recruit and 

assemble DSBR proteins into subnuclear repair bodies, commonly detected 

microscopically as ionizing radiation induced foci (IRIF)44. In HR, the step that follows 

DSB sensing is DNA end resection in which MRE11 (3ô-5ô exonuclease), and the yeast 

Sae1 (5ô-3ô exonuclease) orthologue, C-terminal binding protein interacting protein 

(CtIP), are initially activated followed by further end resection activity of enzymes like 

exonuclease 1 (EXO1) (5ô-3ô exonuclease) to generate ssDNA with 3ô overhangs. 

Subsequently, the resected product, ssDNA of 3ô overhangs, is stabilized and protected 



19 
 

against further damage by replication protein A (RPA). To initiate the search for 

homologous DNA sequences, the recombinase RAD51 coats the ssDNA by displacing 

RPA, a process that is facilitated by RAD52 45, breast cancer associated gene 2 

(BRCA2) 46 and breast cancer associated gene 1 (BRCA1) 44 to help form the 

characteristic RAD51 nucleoprotein filament 47. The RAD51 nucleoprotein filament 

catalyzes the homology search, strand invasion, and exchange.  Subsequently, the 

DNA repair synthesis is carried out by DNA polymerases, usually polh  48. A resultant 

repair intermediate in HR following strand invasion, exchange and resynthesis is a 

heteroduplex loop (D-loop) which is resolved by different mechanisms 39.  

BRCA1 is an important scaffold protein that binds and interacts with several proteins 

involved in different steps of HR regulation 44. Since NHEJ is active throughout the cell 

cycle, in late S/G2 phases the commitment of cellular machinery to HR is important to 

ensure accurate repair. Therefore the repair pathway choice in DSBR is thought to be a 

function of cell cycle phase as well as interplay between different proteins at the 

damage site such as BRCA1 and p53 binding protein 1 (53BP1) 40,49.  

  



20 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

The key steps in the repair of a DSB by homologous recombination . HR has been 

proposed to be initiated by recognition of the DSB by the MRN complex (MRE11-

Figure  6: Outline of basic steps for DSBR via Homologous Recombination  
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RAD50-NBS1). The MRN complex associates with CtIP, which initiates 5ó-3óend 

resection to create the 3óssDNA overhang. Further resection is carried out by 

exonucleases (possibly EXO1), and the resulting ssDNA is stabilized by binding of RPA. 

RAD52 is recruited to RPA. The RAD51-BRCA2 complex then replaces the RAD52-

RPA complex to form RAD51 nucleoprotein filaments, whereas, in SSA, RPA and 

RAD52 carry out the recombination process in a RAD51-independent manner. RAD51-

coated ssDNA enables strand invasion of the intact homologous DNA region. In classic 

DSBR, the second DSB end can be captured by the D-loop to form an intermediate with 

double Holliday junctions, which can result in a non-crossover (cleavage at blue arrows) 

or a crossover (cleavage at blue arrows on one side and red arrows on other side) 

products. DNA Repair 12 (2013) 620ï 636 

Reproduced  with permission from  Elsevier . Copyright © 2013   
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Non-Homologous End Joining (N HEJ)  

 

Being active throughout the cell cycle, NHEJ is considered to be the major DSBR 

pathway in mammalian cells 34. Two main NHEJ sub-pathways have been identified, 

classical NHEJ (cNHEJ) and alternative NHEJ (aNHEJ) 50. In this section we will 

discuss the regulation of cNHEJ and will shed light on the aNHEJ later on.  

In contrast to HR, NHEJ does not require a homologous template for repair; rather, 

NHEJ involves direct religation of broken ends. cNHEJ (illustrated in Figure  7) can be 

biochemically reconstituted by phylogenetically  conserved (yeast to mammalian cells) 

core machinery proteins involving, Ku70/80 heterodimer, DNA protein kinase catalytic 

subunit (DNA-PKcs), and the DNA ligase complex comprised of X-ray cross 

complementing protein 4 - DNA ligase 4 (XRCC4-LIG4) and XRCC4 like factor (XLF) 51. 

One of the earliest proteins in cNHEJ that binds and senses the DSB is the Ku 70/80 

heterodimer. Ku binds to different dsDNA substrates with very high affinity, and in a 

fashion that mimics proliferating cell nuclear antigen (PCNA), it fully encircles the DNA 

and slides inwards across the DNA for about 1 helical turn after loading DNA-PKcs. The 

tethering and sliding actions of Ku are important to help avoid straying of DNA ends 

surrounding the break and subsequently load downstream repair proteins 52. 

Biochemically, the order of recruitment of downstream repair factors is highly variable 

since Ku bound to DNA can bind different downstream cNHEJ proteins in a nonspecific 

order 53. Based on studies showing that DNA-PKcs is required for the efficient 

accumulation and activation of other cNHEJ proteins at sites of damage 54ï56, a current 

consensus is that Ku recruits and loads DNA-PKcs and the interaction of the latter with 
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Ku:DNA complex results in activation of its protein kinase activity leading to 

autophosphorylation and phosphorylation of other NHEJ proteins, including Artemis, 

XRCC4, LIG4 and XLF 57. These phosphorylation events are functionally significant for 

the progression of cNHEJ 57,58. Following the formation of the DNA-PK holoenzyme (Ku 

heterodimer and DNA-PKcs), end processing and gap filling ensue to accomplish repair 

52. The end processing is important to render damaged DNA ends ligatable. The first 

enzyme involved in the process is Artemis 59, then other end processors, e.g. PNKP, 

follow 60. Finally, gap filling and ligation occur via the stepwise actions of DNA 

polymerases µ and l 52
 and the resultant nicks are sealed by DNA ligase complex. 

One of the key cNHEJ mediators is 53BP1. It is recruited to DSBs via the interactions of 

its domains (BRCT domains, Tudor domain and Ubiuitylation dependent recruitment 

(UDR) domain) with phosphorylated MDC1 and combination of histone codes, mainly 

methylation and ubiuitylation 61. Similar to a role of BRCA1 in promoting HR, 53BP1 

plays a pivotal role in cellular commitment to cNHEJ. First, it stabilizes DNA ends 

across DSBs to avoid their straying and allow subsequent ligation 40. Second, it inhibits 

DNA resection activities of the nucleases that are required for HR and aNHEJ, therefore 

it stabilizes the binding of Ku to DSB ends thus promoting cNHEJ 40.   
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Outline of DSBR by NHEJ DNA DSB is detected by the Ku heterodimer which 

subsequently binds the ends of the lesion, tethering them together. The exact 

mechanism by which Ku heterodimer is recruited to DSB is unknown, suggesting that 

the heterodimer is recruited independent of other known DSB factors. Following, Ku 

moves inwards, allowing recruitment and loading of DNA-PKcs at the DSB site. 

Figure  7: Outline of DSBR via NHEJ  
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Altogether the Ku heterodimer and DNA-PKcs form the DNA-PK holoenzyme complex 

which triggers autophosphorylation of DNA-PKcs in addition to phosphorylation of other 

downstream NHEJ proteins that are substrates to DNA-PKcs. Finally, DSB end 

processing, gap filling and ligation occur as described in text. Annu. Rev. Genet. 2013. 

47:433ï55 

Reproduced  with permission  from Annual Reviews. Copyright © 2013  



26 
 

The DNA DSBR -SSBR alliance for repair: aNHEJ   
 

Cross talk between different DDR pathways exists in order to provide fail safe 

mechanisms for the repair of different lesions, especially those arising from extracellular 

insults to DNA 62,63. A recently discovered backup mechanism for DSBR in cells lacking 

cNHEJ components is aNHEJ (outlined in Figure  8) 64,65. Several studies have 

identified key proteins required for repair via this pathway 52,66,67. Mainly HR and SSBR 

proteins, PARP1, MRE11, CtIP, LIG3 and LIG1 40,52,67 are the candidate components in 

aNHEJ. Although LIG3 and XRCC1 form a biochemically stable complex 68, a 

controversial role for XRCC1 in aNHEJ has been proposed 69,70. Due to the 

characteristic features of repair junctions of aNHEJ (large deletions, insertions and 

microhomologies), a working model has been proposed. First, the DSB is recognized by 

PARP1, and a competition between PARP1 and Ku 71,72 for the DSB has been 

proposed to be the rate limiting step to repair via aNHEJ 73. PARP1 function is required 

for MRN complex recruitment to sites of DNA damage 74 and may facilitate loading the 

complex along with CtIP to mediate end resection activities 52 required for 

microhomology searching to further stabilize repair intermediates. Finally, the break is 

sealed by either LIG3 or LIG1 67. Paradoxically repair of DSBs via aNHEJ does not 

necessarily result in a favourable cellular outcome. aNHEJ has been proposed to be an 

important driver for chromosomal translocations that underlie several types of cancer  

75.  
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Proposed model for a -NHEJ. In a-NHEJ damage sensing is carried out by PARP1. 

Then DNA ends are tethered together by bridging action of MRN complex, following end 

resection ensues by CtIP to facilitate microhomology search. Finally, DNA ligases 

(LIG3/LIG1) carry out sealing the damage site. Annu. Rev. Genet. 2013. 47:433 ï55 

Reproduced  with permission  from  Annual Reviews. Copyright © 2013  

Figure  8: proposed model for a -NHEJ 
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Tools to study DNA repair, biochemical and cellular assays  

 

Cellular survival assays after treatment with genotoxic agents are indicative of certain 

DNA repair defects depending on the nature of damage introduced by the agent. 

Examples of genotoxins that have been widely used include hydrogen peroxide, which 

introduces SSBs (gaps and nicks) and oxidative base damage via ROS generation 76,77; 

IR, which also introduces SSBs as well as DSBs in a ratio of 1:25 (DSBs : SSBs) per 

gray 78; alkylating agents e.g. methyl methanesulfonate (MMS) that introduce alkylation 

base damage 79, UV and cisplatin that damage DNA via formation of bulky lesions such 

as photo-dimerization and intra-strand crosslinks respectively 2; and the 

chemotherapeutic topoisomerase 1 and 2 poisons 80,81 that result in the formation of 

SSBs and DSBs respectively. 

In spite of the pivotal role of cellular survival assays in unravelling DNA repair defects, 

an inherent drawback in the assays is the lack of mechanistic information about DNA 

repair mechanisms. This has been complemented by two fundamental approaches, 

namely biochemical in vitro reconstitution assays and live cell imaging techniques. Both 

have significantly contributed to our current understanding for the orchestration of DNA 

repair 82.     

Biochemical assays involve reconstitution of repair reactions or complete pathways by 

incubation of damage containing DNA substrates with candidate repair protein(s) then 

analysing repair efficiency often using gel electrophoresis. Examples of DNA repair 

pathways that have been reconstituted in vitro include cNHEJ 83 and BER-SSBR 84,85.  
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In our laboratory, we routinely employ two functional assays (outlined in Figure  9, 

kinase assay) to monitor variations in the dual DNA 5ô kinase and 3ô phosphatase 

activities of PNKP (i.e., kinase and phosphatase assays) 8.  

Importantly, biochemical assays lack the exact replication of the cellular chromatin 

milieu and post-translational modifications to DNA repair proteins occurring in response 

to damage. Therefore, the use of live cell microscopy techniques has become an 

integral tool to elucidate DDR in real time within the cellular environment. 
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  Figure  9: Outline of PNKP kinase assay  
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Laser micro -irradiation ( µIR) and fluorescence recovery after photobleaching 

(FRAP)    

 Early studies by Cremer et al. 86,87 provided the foundation for recent advances in 

microscopy to be integrated into the visualization of DNA lesions and monitoring  

kinetics and dynamics of repair proteins at damage sites 88. The two live cell microscopy 

techniques that are commonly employed in DNA repair studies are laser µIR and FRAP. 

In laser µIR (outlined in Figure  10) a pre-defined sub-micrometer region of the cell, 

usually within the nucleus, is irradiated with a laser beam to generate DNA damage at a 

defined site. The technique can be combined with either indirect immunofluorescence or 

time-lapse microscopy to monitor and quantify accumulation of an endogenous protein 

(indirect immunofluorescence) or a fluorescently tagged version (time-lapse 

microscopy) of the protein of interest. One advantage of time-lapse microscopy is the 

possibility of monitoring very early events (fraction of a second) in DDR, which due to 

practical considerations, cannot be followed by indirect immunofluorescence.  

Laser µIR has become the common standard for real time study of DDR. Importantly, 

different laser wavelengths and modes (single photon vs multi-photon) and the 

presence and type of photosensitizer used result in different forms of damage being 

generated in different proportions, hence protein responses vary from one laser µIR 

setup to the other 89,90. Therefore, careful consideration should be paid when 

interpreting results of such experiments and complementation with other biochemical 

and cellular assays is imperative. 
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Figure  10: Schematic representation of laser µIR to study DDR in real time  

Outline of laser micro -irradiation . Cells expressing fluorescent tagged version of 

protein of interest are sensitized to laser induced damage using appropriate 

photosensitizer. A focused laser beam is introduced to region of interest (ROI). 

Accumulation of protein is monitored over time and signal quantification can be 

carried out. Alternatively, endogenous protein can be tested by indirect 

immunofluorescence.   
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The FRAP technique (outlined in Figure  11) was developed in the 1970ôs by Axelrod 

and co-workers 91. Technically, FRAP experiments employ a similar setup to that of 

time-lapse microscopy with laser µIR, where a pre-defined sub-micrometer region of a 

cell expressing a fluorescent tagged version of a protein of interest is irreversibly 

photobleached with the compatible laser line. Photobleaching involves the excitation of 

the fluorescent molecule to a triplet state where it loses its ability to cycle between 

excitation and emission phases 91. Subsequently, the repopulation of the photobleached 

region by neighbouring fluorescent molecules termed órecoveryô is monitored over time. 

Several factors contribute to the recovery of fluorescent proteins post photobleaching 91ï

93, including diffusion and binding of the fluorescent protein to other cellular 

macromolecules e.g. proteins and DNA. Therefore it is expected that if a protein binds 

to damaged DNA, its movement through the nucleus will slow, resulting in a slower 

recovery relative to the movement of the protein without damage.   

Laser µIR and FRAP can be combined in a single application in order to provide insights 

into the changes in recovery of proteins of interest in response to damaged and 

undamaged DNA within the same cell 29,94. Thus specific involvement for these proteins 

in DDR can be studied in real time using a fluorescence microscope.   
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Figur e 11: Schematic representation of FRAP technique  

Outline of FRAP experiment . Two scenarios for recovery are shown. (A), 

green curve describes the kinetics of fast recovering protein which is indicative 

mainly of low binding events. (B), red curve describes the kinetics of slow 

recovering protein that mainly reflects tight binding events 
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Thesis Focus and working hypotheses  

 

In the following chapters (3, 4 and 5), different aspects of the DDR that we addressed 

experimentally will be discussed. We focused on (i) sensing SSBs in live cells, (ii) 

impact of XRCC1 polymorphisms on its interaction with PNKP, and (iii) the possible 

interplay between different PNKP domains and PTMs and their potential effect on the 

behaviour of PNKP at sites of DNA damage, particularly DSBs. 

1) How are SSBs detected? Current perspective  

 

DNA damage sensing is essential to generate a signal for downstream proteins. In the 

case of indirect SSBs arising from damaged bases, the specific glycosylase fulfils the 

sensor role by scanning the DNA backbone. Upon detection of perturbed base pairing, 

the glycosylase cleaves the N-glycosidic bond leaving an abasic site. Repair ensues in 

ópassing the batonô fashion, where the lesion site is handed over from one repair protein 

to the other as previously described 95ï97.  

PARP1, the senso r revisited  

 

In contrast to SSBs created during BER, evidence from biochemical and live cell 

imaging experiments has strongly suggested that PARP1 is the sole damage sensor for 

direct SSBs. PARP1 binds damaged DNA through its ZnF domains with very high 

affinity 98. Upon binding damaged DNA substrates, PARP1 undergoes a conformational 

change and becomes activated to catalyze poly(ADP-ribosyl)ation, ñPARylationò, of 

several acceptor proteins including PARP1 itself, ñauto-PARylationò 32. Based on the 

nature of the break, two models have been postulated for the fashion by which PARP1 
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binds the damage site and subsequent auto-PARylation occurs 99. In the first model, 

PARP1 binds the damage site as a monomer where auto-PARylation occurs in cis 100. 

Alternatively, PARP1 forms dimers at the DNA break where auto-PARylation occurs in 

trans 101. These models have been proposed based on the binding of the PARP1 DNA 

binding domain (DBD), which is composed of two ZnF domains (ZnF1 and ZnF2) and a 

nuclear localization signal, to a DNA substrate containing an SSB. Due to charge 

repulsion forces, the auto-PARylated PARP1 possesses a very low affinity to DNA, 

hence allowing for the disengagement of PARP1 from the damage site and facilitating 

loading of other repair proteins 102ï104. 

Early evidence that implicated PARP1 in the DDR was the finding that mice lacking 

PARP1 demonstrate extreme sensitivity to different DNA damaging agents including 

ionizing radiation and the DNA alkylating agent methylnitrosourea (MNU) 105,106. Further 

studies supported PARP1 as a sensor for SSBs. We and others have shown in live cells 

that PARP1 accumulates very rapidly at sites of DNA damage 103,104,107. Importantly, 

PARP1-mediated PARylation has been postulated to serve several roles in SSBR. In 

cells treated with hydrogen peroxide or subjected to laser µIR, the accumulation of 

XRCC1 at sites of DNA damage was shown to be PARP1 dependent 103,104,108,109. 

Consistently, cells treated with PARP inhibitor show reduced SSBR rates in response to 

treatment with ionizing radiation 103. The XRCC1 recruitment to DNA damage sites is 

PARP1-dependent but this might be explained by the observation that DNA damage 

associated PARP1 PARylation allows for chromatin expansion and decondensation 

110,111, thus permitting the access of the SSBR scaffold protein XRCC1 to damage sites. 

Importantly, XRCC1 has been shown to accumulate with the same efficiency at sites of 
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DNA damage within the less compact chromatin compartment, euchromatin, and the 

more compact chromatin compartment, heterochromatin 112. Alternatively, PAR residues 

might serve as a scaffold to which SSBR proteins bind and recognize the damage site.  

This is supported by the finding that both XRCC1 and LIG3 bind PAR in vitro 113ï115. 

Additionally, PARP1 might be implicated in the repair of indirect SSBs, since PARP1 

was found to interact with 8-oxoguanine DNA glycosylase (OGG1), and the auto-PAR-

ylated PARP1 inhibits OGG1 activity 116. This, in turn, might facilitate the handover of 

damaged DNA from OGG1 to downstream proteins thereby accelerating repair. 

Clinically, the sensor role of PARP1 in SSBR has provided an explanation for why HR 

defective breast cancer cells are hypersensitive to PARP inhibitors alone 117,118. This 

observation serves as a paradigm for therapeutic use of synthetic lethality in which cells 

that are defective in a specific DNA repair pathway can be selectively killed by inhibiting 

another repair pathway without exposing cells to exogenous DNA damaging treatments. 

In this case, BRCA1/BRCA2 defective cancer cells, which have non-functioning HR, 

survive normally since SSBR is still functioning. However, interfering with SSB sensing 

by treatment with PARP inhibitors leads to their conversion to DSBs, which, in a HR 

defective background are mainly funnelled through the error prone NHEJ 119 resulting in 

lethal chromosomal rearrangements and cell death.  

In contrast to the observations supporting the role of PARP1 as a SSB sensor, other 

experimental evidence exists to question this role. First, it was shown that PARP1 null 

mice repair UV and alkylating damage efficiently in a manner similar to wild-type 

counterparts 120. It is worth mentioning that in this study, PARP1 null mice displayed 

early delay in thymocyte recovery following ionizing radiation treatment, however the 
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recovery reached normal levels at later time points following irradiation 120. Furthermore 

SSBs generated by treating plasmid DNA substrates with X-rays were repaired with the 

same efficiency by extracts derived from PARP1 null and wild-type cells 121. Similar 

results were observed in DNA substrates containing alkylation damage 121, lending 

further support that PARP1 is dispensable for BER/SSBR. Notably, in these studies, the 

absence of NAD in reactions using wild-type PARP1 extracts slowed the rate of repair in 

both scenarios (SSBs and alkylation damage) while not having an impact in 

experiments using PARP1 null extracts. This might provide an explanation for why 

SSBR is defective only with chemical inhibition of PARP1 and not with the absence of 

PARP1. Since PARP inhibitors work by competitive inhibition with the NAD substrate, in 

the presence of inhibitors, PARP1 cannot be auto-PAR-ylated and hence will remain 

bound to damaged DNA due its high affinity.  This might impede access of core SSBR 

repair proteins (XRCC1-LIG3 complex, PNKP, polɓ) and slow down repair. Strikingly, it 

was shown that PARP1 and XRCC1 are synthetically lethal as the chemical inhibition of 

PARP in cells devoid of XRCC1 (EM9 cells) led to cellular death in the absence of DNA 

damage 122. This finding shows that PARP1 and XRCC1 do not necessarily have 

epistatic roles in SSBR.  Consistently, PARP inhibition and lack of XRCC1 had an 

additive effect on the retardation of SSBR 122 further disconnecting PARP1  from a 

required role in the core SSBR machinery. In live cells, treatment with PARP inhibitors 

did not affect the accumulation of core SSBR proteins XRCC1, polɓ and PNKP, at sites 

of DNA damage 30. 

Collectively these observations add to our current understanding of SSBR in several 

ways. First, these observations highlight the possibility that despite the fact that PARP1 
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binds SSBs with high affinity, this binding might reflect a protective rather than a sensor 

role of PARP1 where PARP1 protects the damaged DNA from nucleases or their 

conversion to DSBs 123. Hence PARP1 binding to SSBs might be a failsafe mechanism 

if the number of SSBs exceeds the saturation capacity of core SSBR proteins 18.  

Second, care should be taken when interpreting the synthetic lethality between PARP1 

and HR defective tumors.  It should be noted that chemical inhibition of PARP1 locks 

the protein on SSBs rather than interfering with PARP1 as a sensor for SSBs, since 

different results were obtained by PARP1 depletion in HR defective backgrounds 117.  

Third, these controversial observations regarding the role of PARP1 in SSBR suggest 

the existence of an alternative SSBR sensor in live cells. 

LIG3, a candidate sensor in SSBR  

 

PARP1 binds damaged DNA through its ZnF domain, which shows a substrate 

preference for gaps over nicks 98,124. On the basis of in vitro experiments, Mackey et al. 

postulated that among the other SSBR proteins, LIG3 uniquely has a bona fide damage 

sensing module ascribed to its ZnF domain at the N-terminus that is homologous to that 

of PARP1 125. Additionally, the LIG3 ZnF, in contrast to that of PARP1, shows a 

substrate preference for nicks over gaps 126. The latter study demonstrated that the ZnF 

domain of LIG3 cooperates with a downstream DNA binding domain (DBD) within LIG3 

to comprise a nick sensing module. This module, together with another nick sensing 

module involving the catalytic core, orchestrates a dynamic switch between the initial 

nick sensing and the subsequent sealing events in a ójack knifeô fashion. However, 

these two studies were performed using the LIG3ɓ isoform and not the ubiquitously 
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expressed LIG3Ŭ 126,127. A notable difference between the two LIG3 isoforms, apart from 

the differences in expression patterns, is the interaction with XRCC1. It was shown that 

LIG3Ŭ and not LIG3ɓ exists in a complex with XRCC1 and this interaction is required for 

LIG3 stability and optimal catalytic activity 68,127.  

Previous work alluded to the possibility of LIG3 being involved in early damage sensing 

steps of SSBR. Importantly, biochemical studies indicated that LIG3 inhibits PARP1 

catalytic activity upon encountering DNase I treated DNA 128, implying that the two 

proteins bind competitively at strand breaks. Consistent with the possibility of LIG3 

being a damage sensor, it was shown that among the three different DNA ligases 

implicated in DNA damage responses, LIG3 shows a very rapid recruitment to sites of 

DNA damage introduced by laser micro-irradiation 129. However an involvement of the 

LIG3 ZnF in damage sensing was not demonstrated in this study 129. Based on these 

observations, we hypothesized a role for LIG3 in sensing SSBs.  
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2) XRCC1 polymorphisms and links to cancer  

 

Three XRCC1 SNPs have been positively associated with cancer risk for particular 

types of cancer in certain populations. These three sequence variants are located within 

the coding region of XRCC1, namely, R194W (rs1799782), R280H (rs25489) and 

R399Q (rs25487) 15. Evidence, albeit contradictory, from meta-analyses highlighted the 

association of these missense SNPs with tumorigenic potential 130ï136 in breast, lung, 

and thyroid cancers. It appears that the links between such polymorphisms and cancer 

may depend on other risk factors, including ethnicity and lifestyle. Subtle differences in 

BER-SSBR capacity between cell lines expressing these XRCC1 variants and wild-type 

XRCC1 have been reported 15. The latter work showed that these XRCC1 variants 

could still support the accumulation of PNKP at sites of DNA damage in a manner 

similar to wild-type protein. This might not be surprising since these mutations lie 

outside the cluster of CK2 phosphorylation sites (515-526 aa) on XRCC1 that support 

the phosphorylation dependent interaction with PNKP 137.   In further investigating the 

interaction of XRCC1 and PNKP, our aim was to assess the binding affinities of two of 

the XRCC1 variants (R194W and R280H) to substrate DNA. Additionally, we tested the 

effect of these mutations on the scaffolding function of XRCC1 by comparing the repair 

kinetics of PNKP when incubated with wild-type and variant forms of XRCC1.   

  

http://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs=1799782
http://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs=25489
http://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs=25487
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3) PNKP structure  and post -translational modifications  

 

PNKP is comprised of two major conserved domains 138. At the N-terminus of the 

protein is the FHA domain that supports interaction with phosphorylated proteins, mainly 

XRCC1 139 and XRCC4 60. The catalytic domain possesses two modules, the 

phosphatase and the kinase domains that confer the 3ô DNA phosphatase and 5ô DNA 

kinase activities of PNKP, respectively 9.  The mechanism for the 5ô DNA kinase activity 

(Figure  12) has been proposed to proceed via an aspartic acid residue (Asp396 in 

mouse PNKP) which facilitates the attack of 5ô-OH group on the ɔ-phosphate of ATP via 

hydrogen bonding 9,140,141. The PNKP phosphatase domain belongs to the conserved 

haloacid dehalogenase family of phosphotransferases 140. The phosphatase activity 

(Figure  13) requires Mg2+ to stabilize the interaction between phosphate (substrate) 

and active site Lys and Thr (Lys259 and Thr216 in mouse PNKP) forming a phospho-

aspartate intermediate. Ultimately, the intermediate is hydrolysed into free enzyme and 

inorganic phosphate is released 140. The FHA domain is linked to the catalytic core of 

PNKP via a highly flexible unstructured 30 amino acid linker 138. Interestingly, this linker 

region contains two serine residues (Ser114 and Ser126) that have been shown to be 

phosphorylated in vivo by ATM and ATM/DNA-PKcs respectively 55,142,143. The proposed 

roles for these modifications are: (1) regulating levels of PNKP by protection against 

ubiquitin mediated degradation 142 and (2) maintaining the optimal levels and enzymatic 

function of PNKP at sites of DNA damage introduced by laser µIR. Mutations in PNKP 

that disrupt these PTMs conferred radiosensitivity possibly due to impaired PNKP 

activity 55.  
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Reproduced  with permission  from  Bentham Science publishers    

Figure  12: Proposed mechanism of PNKP kinase activity  
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Reproduced  with permission from Bentham Science publishers    

Figure  13: Outline of PNKP phosphatase activity  
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The exact mechanism by which PNKP is recruited to sites of DNA damage in live cells 

has yet to be elucidated. It has been proposed that PNKP accumulates at damage sites 

via its FHA mediated interaction with the scaffold protein XRCC1 144,145. We 

(unpublished data) and others 30 have observed that PNKP accumulates in EM9 cells 

devoid of XRCC1, albeit with a lesser efficiency compared to XRCC1 wild-type 

counterparts. This by-and-large normal recruitment might be due to the binding of the 

FHA domain to PAR residues 146 or direct binding of PNKP to damaged DNA. We aimed 

to study the recruitment kinetics of different domains of PNKP (FHA and catalytic 

domain) and the linker region, in order to provide deeper insights into the interplay 

between these regions of PNKP and its impact on the behaviour of PNKP at sites of 

DNA damage.    
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Chapter 2: Experimental procedures  
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Cell Culture  

Human HeLa cells were obtained from Dr. David Murray (University of Alberta) and 

cultured in DMEM-F12 media supplemented with 10% Fetal Calf Serum (FCS). Chinese 

Hamster Ovary cells (XRCC1 WT - AA8, and XRCC1 deficient - EM9) were kindly 

provided by Dr. Keith Caldecott (University of Sussex) and cultured in DMEM 

supplemented with 10% FCS. PARP1+/+ (F20) and PARP1-/- (A1) mouse embryo 

fibroblasts (MEFs) were kindly provided by Dr. Zhao-Qi Wang (Jena University, 

Germany) and cultured in DMEM low glucose media supplemented with 10% FCS. For 

PARP-1-/- MEFs, growth media contained neomycin at a final concentration of 600 

µg/ml. Transfection of plasmid DNA, either mammalian expression plasmids or plasmids 

containing sequences coding for short hairpin RNA (shRNA), into cell lines was 

performed using Turbofectin 8.0 reagent (Cat. no. TF81001OriGene, Rockville, MD) 

according to the manufacturerôs protocol. Briefly, cells were plated on either 6 well 

tissue culture plates (for subsequent lysate preparation) or 35-mm glass bottom dishes 

(for microscopy and live cell imaging) then allowed to adhere and grow. The next day 

(24 h after plating) cells were transfected with Turbofectin-DNA complexes containing 

500 ng ï 1 µg of plasmid DNA. 24-48 h later cells were analysed for downstream 

applications (i.e. microscopy and lysate preparation) 

Lysate preparation  

Whole cell extracts (WCE) for analysis of either protein expression or knock down were 

prepared using RIPA buffer (25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% 

sodium deoxycholate, 0.1% SDS) containing phenylmethanesulfonyl fluoride (PMSF) 
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and protease inhibitor cocktail (Thermo Scientific, Cat. no. 78430). 24-48 h following 

transfection of plasmid DNA, adherent cells were washed twice with 1X ice cold 

phosphate buffered saline (PBS), then cells were harvested by trypsin treatment. 

Trypsin was inactivated by the addition of complete growth medium containing FCS and 

then cells were centrifuged at 800 rpm/4 ºC for 5 min. Cells were then washed twice in 

ice cold PBS and finally incubated on ice with RIPA buffer for 5 min. Finally, cells were 

centrifuged at 14000g/4 ºC for 15 min to pellet cellular debris and supernatant was 

analyzed by Bradford assay for protein concentration. Aliquots of WCE were stored at -

80 ºC.  

Mammalian and bacterial expression plasmids  

Mammalian expression plasmids, pEGFPC1-æZnF LIG3, pEGFPC1 LIG3 and 

pmRFPC1 LIG3 were kindly provided by Dr. Heinrich Leonhardt (Ludwig-Maximilians 

University, Germany), pEGFP-N3-hOGG1 plasmid was a kind gift from Dr. Akira Yasui 

(Institute of Development, Aging and Cancer, Tohoku University, Japan). pEGFPC1-

hPARP1 has been previously described in 74. Generated expression plasmids (outlined 

in Figure  14 with representative PAGE analysis and western blotting for expressed 

proteins) included pCMV6-AC-mGFP/mRFP (PNKP/XRCC1/LIG3/ɲZnF-

LIG3/polɓ/PARP1), pCMV6-AN-mGFP (PNKP/XRCC1/LIG3/ ɲZnF-LIG3/L360D XRCC1 

(XR1)/R194W XR1/R280H XR1/166-436 XR1), pCMV6-AC-mKate 

(PNKP/LIG3/XRCC1/PARP1/polɓ, pEGFP-C1ZnF-LIG3/ZnF-DBDLIG3/R31I-ZnF-LIG3) 

and pEX-N-His (PNKP/XRCC1/R194W XR1/R280H XR1/166-436 XR1/166-436 R194W 

XR1/ 166-436 R280H XR1). 
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All plasmids were generated by cloning the PCR (list 2, primers) product of the protein 

of interest into the destination vector via restriction digestion and ligation. Plasmids 

encoding mutant and/or truncated versions of proteins were generated by either overlap 

extension PCR or Quick change II site directed mutagenesis kit (Agilent, Cat. no. 

200523).   Plasmids were sequence validated and expression of protein of interest was 

verified by western blotting.  

List 1, expression plasmids  

Vector name  Supplier  

pCMV6-AC-mGFP (mammalian) OriGene, Cat. no. PS100040 

pCMV6-AN-mGFP (mammalian) OriGene, Cat. no. PS100048 

pCMV6-AC-mRFP (mammalian) OriGene, Cat. no. PS100041 

pCMV6-AC-mKate (mammalian) OriGene, Cat. no. PS100039 

pEX-N-His (bacterial) OriGene, Cat. no. PS100030 

List 2, PCR primers  

Primer name  Sequence  

Fwd PNKP for AC vectors 5ôGAG GCG ATC GC ATG GGC GAG GTG GAG GCC3ô 

Rev PNKP for AC vectors 5ôGCG ACG CGTGCC CTC GGA GAA CTG GCA GTA3ô 

Fwd XRCC1 for AC vectors 5ôGAG GCG ATC GCC ATG CCG GAG ATC CGC CTC3ô 

Rev XRCC1 for AC vectors GCGACG CGT GGC TTG CGG CAC CAC CCC ATA3ô 

Fwd LIG3 for AC vectors AGCAGCGCGGCGCGCCATGGCTGAGCAACGGTTCTGTGTG 3ô 

Rev LIG3 for AC vectors AGCAGCGCCGGTCCGCTGCAGGGAGCTACCAGTCTCCGTTT 

Fwd  polɓ for AC vectors GGAGCAGCGGCGCGCCA ATGAGCAAACGGAAGGCG  

Rev polɓ for AC vectors  GGAGCAGCCGGTCCGCTTTCGCTCCGGTCCTTGGGT 

http://www.origene.com/destination_vector/PS100048.aspx
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Fwd PARP1 for AC vectors ACGGCGGCGATCGCCATGGCGGAGTCTTCGGATAA 

Rev PARP1 for AC vectors GACGCGACGCGTCCACAGGGAGGTCTTAAAATT 

Fwd ȹZnF LIG3 for AC vectors AGCAGCGCGGCGCGCCATGTTTGAGAAACTAGAGCGG  

Rev ȹZnF LIG3 for AC vectors AGCAGCGCCGGTCCGCTGCAGGGAGCTACCAGTCTCCGTTT  

Fwd PNKP for AN vectors AGCAGCGCGCGATCGCCATGGGCGAGGTGGAG 

Rev PNKP for AN vectors AGCAGCGCACGCGTTCAGCCCTCGGAGAA 

Fwd XRCC1 for AN vectors AGCAGCGCGGCGCGCCAATGCCGGAGATCCGCCT 

Rev XRCC1 for AN vectors AGCAGCGCCGGTCCGTCAGGCTTGCGCCACCA 

Fwd LIG3 for AN vectors AGCAGCGCGGCGCGCCAATGGCTGAGCAACGGTT 

Rev LIG3 for AN vectors AGCAGCGCCGGTCCGTCATCTCCTGCCTGCTG 

Fwd ȹZnF LIG3 for AN vectors AGCAGCGCGGCGCGCCAATGTTTGAGAAACTAGA 

Rev ȹZnF LIG3 for AN vectors AGCAGCGCCGGTCCGTCATCTCCTGCCTGCTG 

Fwd 166-436 XR1 for AN vectors AGCAGCGCGGCGCGCCAATGGTGACCAAGCTTGGCCAGTTC 

Rev 166-436 XR1 for AN vectors AGCAGCGCCGGTCCGTCATTTGGTCTGGGGTTGCTTCT 

Fwd R194W XR1 for AN vectors GGGCTCTCTTCTTCAGCTGGATCAACAAGACATCC 

Rev R194W XR1 for AN vectors GGATGTCTTGTTGATCCAGCTGAAGAAGAGAGCCC 

Fwd R280H XR1 for AN vectors GCCAGCTCCAACTCATACCCCAGCCACAG 

Rev R280H XR1 for AN vectors CTGTGGCTGGGGTATGAGTTGGAGCTGGC 

Fwd L360D XR1 for AN vectors CGGGACAGCACGCACGACATCTGTGCCTTTGC 

Rev L360D XR1 for AN vectors GCAAAGGCACAGATGTCGTGCGTGCTGTCCCG 

Fwd FHA PNKP for AC vectors AGCAGCGGGCGATCGCC ATGGGCGAGGTGGAGG 

Rev FHA PNKP for AC vectors AGCAGCGGACGCGTCCCAGCTGCGGTGAACA 

Fwd ZnF LIG3 AGGGCGGTCGACGCTGAGCAACGGTT 

Rev ZnF LIG3 AGCCGCGGATCCTTATTTCCGGGGATTGGTACT 

Fwd ZnF-DBD LIG3 AGGGCGGTCGACGCTGAGCAACGGTT 

Rev ZnF-DBD LIG3 AGCCGCGGATCCTTACAGCGAGGCCTGGACGCT 

Fwd R31I ZnF LIG3 GGGCACCACTTTGCCAATTATGCATACGCCCTTCACAATC 
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Rev R31I ZnF LIG3 GATTGTGAAGGGCGTATGCATAATTGGCAAAGTGGTGCCC 
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Figure  14: Schematic outline for generated expression plasmids  

 

(A)  
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(B)                                                                                  (C)

Validation of bacterial and mammalian expression plasmids . (A) Schematic 

representation for mammalian and bacterial expression plasmids generated. (B) SDS-PAGE 

analysis of purified proteins; EB1 represents XRCC1 fragment 166-436 aa. (C) Western blot 

analysis showing expression of fluorescent tagged versions of PNKP, XRCC1, LIG3 and 

ȹZnF LIG3 (truncated LIG3 lacking N-terminal ZnF domain) following transient transfection in 

mammalian cells.  
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Western blotting  

50 µg samples were mixed with 1X Tris-glycine sample buffer (63 mM Tris-HCl, 2.5% ɓ-

mercaptoethanol, 0.005% bromophenol blue, 4% sodium dodecyl sulphate (SDS) and 

10%glycerol) then boiled for 5 min. Subsequently, denatured samples were   loaded into 

wells of 10% denaturing (SDS)-polyacrylamide gels  and run using Tris-glycine SDS 

running buffer (25 mM Tris, 192 mM glycine and 0.1% SDS) for 50 min at 180 V. Gels 

were transferred by tank blotting onto 0.45 µm pore size nitrocellulose membranes 

(BioRad, Cat. no. 162-0094). Transfer was performed in Towbin transfer buffer (25 mM 

Tris, 192 mM glycine, 0.1% SDS, 20% methanol) at 100 V for 70 min; alternatively 

transfer was carried out overnight at 30 V. Subsequently, membranes were blocked in 

5% milk in PBS for 1 h, then washed in 0.1% Tween-PBS twice and incubated with 

primary antibody (list 3). After incubation with primary antibody (dilution and incubation 

were in accordance with manufacturerôs recommendation), membranes were washed 

and incubated with horseradish peroxidase conjugated secondary antibodies (1:5000 

dilution) for 45 min at room temperature and then washed. Chemiluminescent substrate 

was used for detection (Roche, Cat. no.12015200001).  
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Lis t 3, antibodies for western blotting  

Antibody  Supplier  

Mouse monoclonal anti-DNA ligase 3 BD-transduction labs, Cat. no. 611876 

Goat polyclonal anti-actin Santa Cruz, Cat. no. sc-1616 

Mouse monoclonal anti-XRCC1  Abcam, Cat. no. ab1838-250 

Mouse monoclonal anti-PNKP In house manufactured 

Mouse monoclonal anti-EGFP Clontech, Cat. no. 632375 

Rabbit anti-goat HRP Jackson immunoresearch, Cat. no. 305-035-003 

Rabbit anti-mouse HRP Jackson immunoresearch, Cat. no. 315-035-003 

 

Mouse anti-rabbit Jackson immunoresearch, Cat. no. 211-035-109 

 

Protein expression and purification  

 

Escherichia coli (E. coli) BL21-Gold DH5Ŭ cells (Cat. no. 230130, Agilent) were 

transformed with bacterial expression plasmids encoding for hexa-histidine tagged 

versions of proteins of interest (wild-type and variants).  1 or 2 L bacterial cultures were 

grown in LB media containing appropriate selection antibiotic (100 µg/mL ampicillin). At 

an OD600 of 0.7-0.9, IPTG was added to a final concentration of 1 mM (for XRCC1 WT, 

variants and fragments) or 0.1 mM for PNKP. Induction was carried out at 37 ºC for 

different versions of XRCC1 for 3 h and at 16 º C for PNKP for 18 h. Induction was 

confirmed by comparing samples of induced cultures to non-induced control on 10% 

SDS-PAGE gel and confirmation with Coomassie stain. Subsequently, bacterial pellets 

were obtained by spinning down cultures at 10,000 rpm for 15 min at 4 ºC and pellets 
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were stored at -80 ºC. His-tagged proteins were purified on Pro-Bond Nickel Chelating 

resin (Life Technologies, Cat. no. R801-01) following the manufacturerôs protocol for 

lysis and purification.  

Purified proteins were dialyzed and concentrated using Millipore concentrators and 

stored in storage buffer (50 mM Tris-HCl pH 7.5, 100 mM NaCl, 5 mM MgCl2, and 1 mM 

DTT) at -80 ºC for further downstream applications.  

Human PNKPWFX402 and the FHA domain of PNKP were expressed in E. coli 

BL21(DE3)pLysS (Millipore, Etobicoke, ON), purified as previously described 147ï149  , 

and kept in storage buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 5 mM MgCl2 and 1 

mM dithiotreitol) at -80°C. 

For XRCC1 fragments 511-633 and 295-633 the encoding cDNAs were cloned into the 

pET28a vector (Millipore) using a restriction-free cloning (RF-cloning) procedure 150. 

Briefly, in the first step a regular PCR amplification was performed employing a template 

vector of human XRCC1, which was kindly provided by Dr. Tom Ellenberger 

(Washington University, St Louis). In the second step further PCR amplification was 

carried out using primers designed to have 30 bp overlap with the sites of integration in 

the destination vector. The amplified products then served as mega-primers for insertion 

into the vector. The parental plasmid DNA was removed by DpnI treatment, and then 

DNA was directly transformed into competent E. coli DH5Ŭ cells. The selected colonies 

were checked by DNA sequence verification. The cDNA encoding full length XRCC1 

and residues 166-436 was amplified by PCR and inserted into the bacterial expression 

plasmid pEX-N-His (OriGene, Rockville, MD) using AscI-RsrII restriction sites. Point 

mutations encoding R280H and R194W were introduced into wild-type XRCC1 using 
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overlap extension PCR technique with the following forward and reverse primers for 

R194W mutant: 5'-GGGCTCTCTTCTTCAGCTGGATCAACAAGACATCC-3' and  5'-

GGATGTCTTGTTGATCCAGCTGAAGAAGAGAGCCC-3'; and for the R280H mutant: 

5ô-GCCAGCTCCAACTCATACCCCAGCCACAG-3' and 5ô-

CTGTGGCTGGGGTATGAGTTGGAGCTGGC-3'. All generated plasmids were 

sequence verified.   

His-tagged proteins were expressed in E. coli BL21 gold transformed with bacterial 

expression plasmids after reaching OD600 0.6  followed by induction with 1 mM IPTG at 

37ºC for 3 h. Subsequently, proteins were purified using Pro-Bond Nickel Chelating 

resin (Life Technologies) following the manufacturerôs protocol for lysis and purification. 

The purified proteins were dialyzed against 50 mM Tris, pH 7.4, 100 mM NaCl and 5 

mM MgCl2. 

In vitro  phosphorylation  of XRCC1 fragments and purification  

 

The XRCC1 cDNAs encoding residues 511ï633 (EB2) and 295-633 (BLB) followed by 

a C-terminal hexahistidine were cloned into the pET28a vector (Millipore) using a 

restriction free cloning. The expression plasmids were transformed into BL21(DE3) E. 

coli cells and grown in LB-kanamycin media. Starting culture (2 ml) was transferred to 

100 ml TYM media (2% bacto-tryptone, 0.2% yeast extract, 0.1 M NaCl and 0.01 M 

MgCl2). After reaching OD600 of 0.4 the cells were harvested at 3000 rpm for 10 min 

and the cells pellets were resuspended in 20 ml TFB2 buffer (10 mM Na-MOPS, pH 7.0, 

75 mM CaCl2, 10 mM KCl, 15% glycerol). Following incubation for 2 h on ice, the cells 

were harvested at 3000 rpm for 10 min again and the cells pellets were resuspended in 
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4 ml TFB1 (10 mM Na-MOPS, pH 7.0, 75 mM CaCl2, 10 mM KCl, 15% glycerol). The 

cells were divided into aliquots of 50 µl and stored at -80°C. The XRCC1-fragment 

competent E. coli cells were further transformed with CK2Ŭ vector (pGEX-3x cut by 

BamHI\BamHI, Ampicilin resistance). 

After growth to OD600 0.4, the culture was cooled to 18°C and protein expression was 

induced with 1 mM IPTG for 18 h. The cells were harvested by centrifugation (6000g for 

20 min), resuspended in lysis buffer (20 mM imidazole, 20 mM Tris pH 8.0, 300 mM 

NaCl, 1 mM EDTA and 5 mM ɓ-mecraptoethanol) and protease inhibitor cocktail was 

added before lysis by sonication. A cleared lysate was prepared by centrifugation and 

proteins were purified by immobilized metal affinity chromatography followed by gel 

filtration. The soluble fraction was added to Ni-NTA-agarose resin (Amersham 

Pharmacia Biotech) and mixed gently by shaking at 4°C for 2 h. The protein solution-Ni-

NTA-agarose mixture was loaded into a column and washed with 300 ml of lysis buffer 

and 100 ml lysis buffer containing 25 mM imidazole. Bound protein was eluted with 10 

ml lysis buffer containing 300 mM imidazole. The buffer was then exchanged for gel 

filtration buffer (20 mM TrisïHCl, pH 8, 150 mM NaCl, 1 mM EDTA, 5 mM MgCl2 and 5 

mM ɓ-mecraptoethanol), and the protein was further purified on a Superdex 75 26/60 

(Amersham) gel filtration column. 

Steady -state fluorescence spectroscopy  

 

Labelling of PNKPWFX402 and the PNKP FHA domain with 6-acryloyl-2-diamino 

naphthalene (AC) was carried out as described in our earlier studies 151. The interaction 

between phosphorylated and non-phosphorylated XRCC1 fragments and PNKP was 
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studied using acrylodan-labelled PNKPWFX402 and the FHA domain as described 

previously 151,152.  AC-labelled proteins were excited at 380 nm, and the changes in AC 

fluorescence at the emission maximum (490 nm) were monitored.  The interaction 

between XRCC1 fragments and DNA substrates was studied using the intrinsic 

fluorescence due to tryptophan residues as detailed in our earlier work 150. All 

fluorescence and CD measurements were carried out in 50 mm Tris-HCl, pH 7.5, 100 

mM NaCl, 5 mM MgCl2 and 1 mM DTT. GraphPad Prism software (GraphPad Software 

Inc., La Jolla, CA) was used for the analysis of binding data. 

Circular dichroism (CD) spectroscopy  

 

Far-UV CD measurements were performed with an Olis DSM 17 CD spectropolarimeter 

(Bogart, GA) as described previously 150. Protein concentrations used for each 

determination are presented in the corresponding figure legends. The CD spectra were 

analyzed according to the method of Provencher and Glöckner 153. 

Measurement of SSBR (alkaline COMET assay)  

 

Cells were treated with 100 µM hydrogen peroxide in PBS for 40 min on ice. then 

washed twice with PBS, and then growth medium was added. Finally, cells were 

harvested after 15, 60, 120 and 240 min incubation at 37ºC. For sample preparation for 

the single-cell gel electrophoresis (comet) assay, we followed the kit manufacturerôs 

(Trevigen, Gaithersburg, MD) protocol. Briefly, cells were trypsinized and washed twice 

with PBS. Then the cell count was adjusted to 2 X 105 cells/ml in ice cold PBS. 25 µl of 

cell suspension was mixed with 250 µl molten LMP (low melting point) agarose, and 75 
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µl of mixture was spread on each comet slide. Slides were kept in the dark for 60 min 

(gelling time) and then immersed in ice cold alkaline lysis buffer. Samples were kept 

overnight in the dark at 4ºC, and the next day immersed in freshly prepared cold 

electrophoresis buffer for 45 min in the dark, and then transferred to a horizontal 

electrophoresis chamber. Electrophoresis was carried out at 1 volt/cm and 300 mA for 

30 min. Slides were then immersed in 70% ethanol for 5 min, air dried, and stained with 

SYBR Green (1:3000 dilution). For scoring, slides were visualized with epifluorescence 

using an FITC filter with 10X objective, and the analysis was carried out using 

AutoComet software (TriTek, Sumerduck, VA). 

Immunofluorescence and microscopy  

 

Cells were plated on 35-mm glass bottom dishes at approximately 70-80% confluency. 

For immunofluorescence cells were fixed and permeabilized using ice cold methanol: 

acetone (1:1) mixture for 20 min. Then cells were rehydrated with PBS at room 

temperature for 15 min. For 8-oxo-dG staining, cells were treated with 2N HCl for 10 

min at 37ºC, then washed with PBS (three 5 min washes) prior to incubation with 

primary antibody (list 4). Subsequently, cells were blocked with 5% BSA for 1 h and 

incubated with primary antibodies for 1 h at room temperature or overnight at 4ºC. After 

incubation, cells were washed once with 0.1% Triton-X-100 in PBS, then twice in PBS. 

Finally, cells were incubated with appropriate secondary antibodies for 30-45 min at 

room temperature, and then washed as described above. In the final wash, 4',6-

diamidino-2-phenylindole (DAPI) was added for nuclear DNA staining and left for 15 min 

then washed with PBS. For image acquisition, fixed and stained cells were placed on 

the stage of a Zeiss confocal LSM 710 microscope. Images were acquired using either 
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40X or 63X objectives as 12 bit grayscale images, and then exported as Tiff 16 bit 

grayscale images for processing using ImageJ software. For immunofluorescence 

experiments, three independent experiments were carried out. In each experiment 15-

20 cell images were acquired and analyzed. 

 

List 4, antibodies for immunofluorescence  

 

Antibody name  Supplier  

Mouse monoclonal anti-8-oxo-dG Cat. no. 4354-MC-050, Trevigen 

Mouse monoclonal anti-ɔH2AX (Cat. no. 05-636, Millipore 

Mouse monoclonal anti-53BP1 Cat. no. , Millipore 

Mouse monoclonal anti-XRCC1 Cat. no. ab1838-250, Abcam 

Rabbit polyclonal anti-DNA Ligase 3 Cat. no. GTX103197, GeneTex 

Mouse monoclonal anti-poly(ADP-ribose) Cat. no. ab14459, Abcam 

Alexa Fluor 555 goat anti-rabbit Cat. no. A-21430, Invitrogen 

Alexa Fluor 488 goat anti-mouse Cat. no. A-11017, Invitrogen 

 

Laser micro -irradiation (Two -photon laser micro -irradiation and 405 nm diode)  

 

For two-photon laser micro-irradiation, cells were grown on 35-mm glass bottom dishes. 

Before laser micro-irradiation, cells were incubated with Hoechst 33258 (Sigma, Cat. 

no. 94403) to a final concentration of 1 µg/ml for 20 min and then fed with fresh growth 

medium for 10 min. Where indicated, cells were incubated with either 1 or 2 µM 

AG14361 (IC50 = 29 nM, Selleckchem, Cat. no. S2178), or with 2.5 and 10 µM PJ-34 

(IC50 = 20 nM, Enzo Life Sciences, Cat. no. ALX-270-289) for 1-2 h prior to micro-
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irradiation.  Subsequently, cells were placed on a 37ºC heated stage of a Zeiss LSM510 

NLO laser-scanning confocal microscope. Micro-irradiation was carried out using a near 

infrared titanium sapphire laser. To introduce damage within nuclei of individual cells, a 

1.2 ɛm wide region was pre-defined and subsequently micro-irradiated with 10 iterations 

of a 750 nm laser line (50 mW) at 10% power using a Plan-Neofluar 40X/1.3 NA oil 

immersion objective. For immunofluorescence of endogenous proteins and protein 

modifications, cells were fixed right after laser micro-irradiation and counterstained with 

antibodies of interest. For time lapse experiments of mRFP-tagged proteins, the 

fluorescent signal was recorded using excitation with a 543 nm HeïNe laser and a 559ï

634 nm band-pass emission filter. Similarly, for mGFP and EGFP tagged proteins, the 

signal was recorded after excitation with a 488 nm argon laser and a 515ï540 nm band-

pass emission filter. Cells with low to medium expression levels of fluorescent proteins 

were selected and accumulation of fluorescently tagged protein in micro-irradiated 

areas was quantified and compared to that in unirradiated regions. After background 

subtraction as previously described 154, the intensity was normalized so that the total 

cell intensity remained constant throughout the experiment. This process compensates 

for photobleaching during acquisition 154. Images were then realigned using ImageJ 

software and fluorescence signals of the exported Tiff images were subsequently 

quantified using Metamorph software 6.0 (Molecular Devices). Plotted results of 

recruitment kinetics represent averages of three independent experiments. For each 

experiment 10 -12 cells were analyzed (total 30-36 cells).  
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For the 405 nm laser micro-irradiation, we applied the same settings as described by 

Dinant et al 89 (60% laser power, 30 iterations, 0.5 µg/mL Hoechst). Briefly, cells 

transiently expressing a fluorescent protein-tagged protein of interest were pre-

sensitized with Hoechst dye for 20 min, at a final concentration of 0.5 µg/ml, and then 

the media was replaced prior to micro-irradiation. Cells were placed on a 37ºC heated 

stage of a Zeiss LSM710 NLO laser-scanning confocal microscope. To introduce 

damage within nuclei of individual cells, a 1.2 µm wide region was pre-defined and 

subsequently micro-irradiated with 30 iterations of a 405 nm (30 mW) laser line at 60% 

power using a Plan-Neofluar 63X/1.3 N.A. (numerical aperture) oil immersion objective. 

For time lapse experiments of EGFP/mGFP tagged proteins, the signal was recorded 

after excitation with a 488 nm argon laser and a 515ï540 nm band-pass filter. Cells with 

low to medium expression levels of fluorescent proteins were selected and analyzed. 

For quantification, analyses were performed as previously described 154. 

 

Fluorescence recovery after photobleaching (FRAP)  

 

Cells were placed on a 37ºC heated stage of a Zeiss LSM 510 confocal microscope. 

FRAP was carried out on 1.5 µm strips across the width of the nuclei of cells under 

investigation using a 488 nm Argon laser line set at 100% intensity for 30 iterations 

using a 40X 1.3 N.A. objective. Laser power used for scanning during post-bleach time 

lapses was 3% to minimize photobleaching during the acquisition of the time lapse data. 

For data quantification, fluorescence intensities were measured in the bleached region, 

the entire nucleus, and extracellular background using LSM image browser software. 

Each image was normalized for total fluorescence intensity relative to the first image 



64 
 

collected after photobleaching to correct for any photobleaching that occurred during the 

collection of the post-bleach time series 154. Data on FRAP curves were plotted based 

on readings of 20-25 cells that were scanned over two independent experiments for 

each curve. For drug treatments, AG14361 was added at the indicated concentrations 

90-120 min before FRAP experiments, and 10 mM H2O2 was added immediately prior to 

data acquisition. For irinotecan (IRI) treatment, cells were treated with IRI, diluted to a 

final concentration of 5 mM, for 30 min. Then FRAP analysis was performed as 

described above. 

PNKP DNA Kinase Assays  

 

Single time point kinase reaction  

 

PNKP (500 ng, 9 pmol) was premixed with 60 pmol of either XRCC1 or XRCC1 wild-

type or mutant fragment in 5 µl and incubated at 37°C for 5 min. The volume was 

increased to 20 µl with addition of kinase buffer (80 mM succinic acid, pH 5.5, 10 mM 

MgCl2, and 1 mM DTT), 0.2 nmol of 24 mer DNA substrate (Integrated DNA 

Technologies, Coralville, IA), and 3.3 pmol of [ɔ-32P]ATP  (PerkenElmer Life Sciences, 

Waltham, MA) and incubated for 5 more min. 4 µl samples were mixed with 2 µl of 3X 

sequencing gel loading dye (Fisher Scientific, Ottawa, ON), boiled for 10 min and run on 

a 12% polyacrylamide/7M urea sequencing gel at 200 V. Gels were scanned with a 

Typhoon 9400 variable mode imager (GE Healthcare, Bucks, UK) and the resulting 

bands were quantified using Image Quant 5.2 (GE Healthcare) . 
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Turn over assay for PNKP kinase activity  

 

Reaction mixtures (50 µl) containing kinase buffer (80 mM succincic acid, pH 5.5, 10 

mM MgCl2, and 1 mM dithiothreitol), 0.2 nmol of 24 mer DNA substrate, 0.4 nmol of 

unlabeled ATP, 3.3 pmol of [ɔ-32P]ATP, and  0.9 pmol of  PNKP were incubated at 

37°C. From one of the reaction mixtures, 4 µl samples were taken at 0, 1, 2, 5, 10, 20 

and 30 min. To the other reaction mixtures, 60 pmol of full length XRCC1 or XRCC1 

fragment was added after 20 min initial incubation and 4 µl samples were taken after 1, 

2, 5, 10, 20 and 30 min further incubation. The samples were mixed with 2 µl of 3X 

sequencing gel loading dye (Fisher), boiled for 10 min and run on a 12% 

polyacrylamide/7 M urea sequencing gel at 200 V. Gels were scanned on a Typhoon 

9400 variable mode imager and the resulting bands were quantified using Image Quant 

5.2. 

Statistical analysis  

 

A two-tailed Studentôs t test was used to calculate statistical significance. Calculations 

were performed using Microsoft Excel 2010. 
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ABSTRACT   

 

In the current model of DNA SSBR, PARP1 is regarded as the sensor of SSBs. 

However, biochemical studies have implicated LIG3 as another possible SSB sensor. 

Using a laser micro-irradiation protocol that specifically generates SSBs, we were able 

to demonstrate that PARP1 is dispensable for the accumulation of different SSBR 

proteins at sites of DNA damage in live cells. Furthermore, we show in live cells for the 

first time that LIG3 plays a role in mediating the accumulation of the SSBR proteins 

XRCC1 and PNKP at sites of DNA damage. Importantly, the accumulation of LIG3 at 

sites of DNA damage did not require the BRCT domain-mediated interaction with 

XRCC1. We were able to show that the N-terminal ZnF domain of LIG3 plays a key role 

in the enzymeôs SSB sensing function. Finally, we provide cellular evidence that LIG3 

and not PARP1, acts as the sensor for DNA damage caused by the topoisomerase I 

inhibitor, irinotecan.  Our results support the existence of a second damage-sensing 

mechanism in SSBR involving the detection of nicks in the genome by LIG3. 
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INTRODUCTION  

 

Protecting the integrity of DNA is pivotal in maintaining cellular homeostasis. However, 

cellular DNA is continually damaged by intracellular and extracellular agents such as 

reactive oxygen species, ionizing radiation, and genotoxic chemicals. These agents 

cause various forms of DNA insults, and accordingly, living cells possess a large 

repertoire of proteins that function in the repair of DNA in damage-specific pathways 1. 

One of the most frequently encountered forms of DNA damage is DNA SSBs. SSBs can 

arise as a direct consequence of exposure to endogenous or exogenous DNA 

damaging agents and are also generated during the base excision repair (BER) 

pathway (indirect SSBs) 13. SSBs are defined as either short gaps (breaks involving loss 

of nucleotides) or nicks (breaks in the sugar-phosphate backbone with no missing 

nucleotides) that compromise the integrity of the DNA backbone. In this work we aimed 

to provide cellular insights into SSBR with a major emphasis on the SSB sensing step.  

Based on biochemical studies, the current model for SSBR incorporates four distinct 

steps. The first step is SSB sensing mediated by PARP1 through its zinc finger domains 

(F1- F2 domains) 32. In response to SSB detection, PARP1 catalyzes poly(ADP-

ribosyl)ation (PARylation) of itself as well as other acceptor proteins. PAR residues 

serve two main functions (a) chromatin relaxation, which permits access of SSBR 

proteins and (b) generating a PAR scaffold that can bind and retain proteins near the 

damage site. Usually, DNA damage is associated with ends that are incompatible with 

gap filling and ligation steps, and therefore the step that follows damage sensing is end 

processing, which is catalyzed by various enzymes, such as polynucleotide 

kinase/phosphatase (PNKP), that are specific to the type of damaged termini resulting 
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from DNA insult 9. After restoration of correct DNA ends, gap filling proceeds, which is 

mediated by DNA polymerase ɓ 155. Finally, the resulting nick is sealed by DNA ligase III 

(LIG3) 156. An integral component in the SSBR cascade is the scaffold protein XRCC1 

that orchestrates the steps from end processing to ligation 157. 

Previous biochemical and live cell work indicated that PARP1 is the only cellular SSB 

sensor and that the recruitment of SSBR core proteins, particularly XRCC1, to sites of 

DNA damage is PARP1 dependent 103,104,158,159. Contradicting these observations, it 

was also shown that recruitment of SSBR core proteins, XRCC1, polɓ and PNKP, to 

sites of DNA damage was PARP1 independent 30. Intriguingly, PARP1 knockout mouse 

embryonic fibroblasts (MEFs) repair SSBs and damaged bases efficiently in a manner 

similar to wild-type (WT) MEFs 121,122.    Collectively, the controversial involvement of 

PARP1 as a sensor in SSBR/BER suggests the possible existence of an alternative 

sensor.  PARP1 binds damaged DNA through its zinc finger (ZnF) domain, which shows 

a substrate preference for gaps over nicks 98,124. On the basis of in vitro experiments, 

Mackey et al. postulated that among the other SSBR proteins, LIG3 uniquely has a 

bona fide damage sensing module ascribed to its ZnF domain at the N-terminus that is 

homologous to that of PARP1 125. Additionally, the LIG3 ZnF, in contrast to that of 

PARP1, shows a substrate preference for nicks over gaps 126. The latter study 

demonstrated that the ZnF domain of LIG3 cooperates with a downstream DNA binding 

domain (DBD) within LIG3 to comprise a nick sensing module. This module, together 

with another nick sensing module involving the catalytic core, orchestrates a dynamic 

switch between the initial nick sensing and the subsequent sealing events in a ójack 

knifeô fashion. However, these two studies were performed using the LIG3ɓ isoform and 
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not the ubiquitously expressed LIG3Ŭ 126,127. A notable difference between the two LIG3 

isoforms, apart from the differences in expression patterns, is the interaction with 

XRCC1. It was shown that LIG3Ŭ, through a BRCT module in the C-terminus of the Ŭ 

isoform,  and not LIG3ɓ exists in a complex with XRCC1 and this interaction is required 

for LIG3 stability and optimal catalytic activity 68,127. Previous work alluded to the 

possibility of LIG3 being involved in early damage sensing steps of SSBR. Importantly, 

biochemical studies indicated that LIG3a inhibits PARP1 catalytic activity upon 

encountering DNase I treated DNA 128, implying that both proteins can bind 

independently at strand breaks. Consistent with the possibility of LIG3 being a damage 

sensor, it was shown that among the three different DNA ligases implicated in DNA 

damage response, LIG3 shows a very rapid recruitment to sites of DNA damage 

introduced by laser micro-irradiation 129. However an involvement of LIG3 ZnF in 

damage sensing was not demonstrated in this study 129.  

Based on these observations, we hypothesised a role for LIG3Ŭ in sensing SSBs. 

Accordingly, we studied the early steps of SSBR in live cells. Here we show that PARP1 

is dispensable for the recruitment and binding of SSBR proteins to sites of DNA 

damage. Furthermore, we identified a novel role for LIG3Ŭ as an independent sensor for 

DNA damage that helps in regulating the accumulation of SSBR core machinery to DNA 

repair sites. We also demonstrate that LIG3Ŭ can accumulate at sites of nuclear DNA 

damage independent of its BRCT domain-mediated interaction with XRCC1. We 

elucidated the mechanism by which LIG3Ŭ (hereon referred to as LIG3) is recruited to 

damage sites and that the ZnF domain is required for the very rapid recruitment of LIG3 

to damaged DNA, and indeed functions as a damage sensor in SSBR in live cells. 
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Importantly, we provide cellular evidence that LIG3 is the sensor of nicks introduced by 

treatment of cells with the chemotherapeutic agent irinotecan (IRI). 
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RESULTS   

Establis hment of a micro -irradiation system t hat specifically activates SSBR not 

BER 

 

An inherent problem with studying SSBR proteins (PARP1, XRCC1, PNKP and LIG3) in 

real time is their participation in the BER pathway; therefore the establishment of a 

technique that clearly discriminates between both pathways would be pivotal to our 

work. It is known that different laser micro-irradiation systems enable the analysis of 

different DNA repair pathways in real time 89,90. However, a drawback can be the 

creation of multiple types of DNA damage, including SSBs and damaged bases. 

Accordingly, to study the behaviour of SSBR factors we established conditions that 

primarily activate the SSBR machinery rather than the BER machinery. We compared 

two different laser micro-irradiation systems, namely the 405 nm laser diode and the 

two-photon 750 nm Ti-Sapphire laser, and studied the nature of DNA damage 

introduced by both of them. Cells expressing XRCC1-mRFP were micro-irradiated by 

both systems, and 3-5 min after micro-irradiation cells were fixed and stained for 8-oxo-

dG, which is one of the predominant base lesions that serve as substrates for the BER 

machinery.  Whereas XRCC1 showed robust recruitment to sites of DNA damage 

following irradiation under both conditions, we found that 8-oxo-dG was produced by the 

405 nm laser diode system but not the two-photon 750 nm laser (Figure  15).  
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Comparative induction of base damage and strand breaks by different laser 

micro -IR conditions. Laser micro-irradiation was performed on HeLa cells using either 

750 nm multi-photon excitation or a 405 nm laser diode. The production of base 

damage was gauged on the basis of production of 8-oxo-dG, while XRCC1 recruitment 

was used as a marker of strand break induction.  

 

  

Figure  15: Comparative induction of base damage and strand breaks by different 

laser micro -IR conditions  
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To further confirm our observation, we studied the impact of both micro-irradiation 

systems on the recruitment of the BER protein OGG1 and the SSBR/BER scaffold 

protein, XRCC1, in real time. Consistent with previous work, OGG1 showed robust 

recruitment to sites of DNA damage introduced by the 405 nm micro-irradiation, but only 

minimal accumulation at damage sites generated by the two photon micro-irradiation 

using 750 nm light (Figure  16A). Importantly, XRCC1 recruited to sites of DNA damage 

generated by both systems, consistent with its roles in both BER and SSBR (Figure  

16B). Finally, it was previously shown that the L360D mutant of XRCC1 recruits 

specifically to sites of BER and not SSBs 159. Accordingly, we examined the recruitment 

of the mGFP-XRCC1 L360D mutant, in cells co-expressing WT XRCC1-mRFP, to sites 

of DNA damage introduced by both systems. Consistent with our observations, L360D 

mutant showed very limited accumulation at sites of DNA damage generated by the 

two-photon 750 nm laser, however it showed marked accumulation at sites generated 

by the 405 nm laser system (Figure  16C). Collectively, our observations indicate that 

the two-photon 750 nm laser system mostly generates direct SSBs with minimal 

activation of the BER machinery. Consequently, and distinct from other live cell studies 

of SSBR that were performed using the 405 nm laser micro-irradiation, we relied on the 

two-photon laser micro-irradiation system for studying SSBR in live cells. 

 

 

 

 

 

A) 



75 
 

 

A) 

 

 

 

 

 

   

Figure  16: Recruitment of OGG1 and XRCC1 under different laser conditions  



76 
 

B) 
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C)  
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Recruitment of OGG1 and XRCC1 under different laser conditions. Recruitment 

kinetics of (A) the BER protein OGG1, (B) BER/SSBR scaffold protein XRCC1 and (C) 

XRCC1 mutant L360D were compared following irradiation of HeLa cells expressing 

pEGFP-OGG1 or wild-type or mutant XRCC1-mGFP with either 750 nm multi-photon 

excitation or 405 nm laser excitation. The recruitment of the XRCC1 mutant, L360D, 

was tested in cells co-expressing WT XRCC1-mRFP (shown in inset). Error bars 

represent S.E.M, from 3 independent experiments each analyzing 12 cells (i.e. n=36).  
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Rapid recruitment of SSBR mac hinery to DNA damage sites  

 

With the aim of studying early events of the SSBR cascade, we first examined the 

accumulation of SSBR core machinery proteins at sites of laser induced nuclear DNA 

damage. We employed laser micro-irradiation of HeLa cells that transiently expressed 

fluorescently tagged versions of PARP1, LIG3, XRCC1, and PNKP (a schematic 

representation of the fluorescent tagged proteins used in this work is shown in Figure  

14). We observed rapid accumulation (t½Ò 5.3 sec) of the proteins at 750 nm damage 

sites (Figure  17A). It is also clear that the retention of the proteins is longer than 

expected for conventional SSBR, which typically is regarded to have a t½~2 min 160. 

Others have similarly observed a long retention time of XRCC1 at laser micro-irradiation 

tracks 161. This may be due to the generation of complex damage in the laser track, and 

indeed we observed the formation of DSB (using ɔH2AX as a marker) under our 

irradiation conditions (Figure  17B), although others found that XRCC1 is rapidly 

released from DNA damage induced by high LET radiation 162.  
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Figure  17: Recruitment and retention of SSBR proteins following multi -photon  

750 nm laser micro -irradiation  

 

 

A) 
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B) 
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Recruitment and retention of SSBR proteins following multi -photon 750 nm laser 

micro -irradiation. (A) EGFP-PARP1, XRCC1-mGFP and EGFP-LIG3 show near 

instantaneous recruitment to sites of DNA damage, and PNKP-mGFP is also rapidly 

recruited. Laser micro-irradiation using multi-photon 750 nm was carried out as outlined 

in Materials and Methods using HeLa cells expressing fluorescently tagged versions of 

indicated proteins. Recruitment curves show quantification of signals over the observed 

time scale starting at the time when the damage is introduced by the laser (t=0). Error 

bars represent S.E.M from 3 independent experiments for a total of 36 individual cells.  

(B) To ensure that the ɔH2AX seen in the laser micro-irradiated tracks did not arise from 

stalled replication (i.e. conversion of SSB into DSB), non-synchronized HeLa cells 

transiently expressing mRFP-PCNA (marker for S-phase) were subjected to multi-

photon 750-nm laser micro-irradiation as described in experimental procedures 

(approximately 40 cells were analyzed). Subsequently (5-10 min post laser micro-

irradiation) cells were fixed and stained for ɔH2AX. A robust signal for ɔH2AX was 

observed in all cells analyzed. A higher magnification of individual cells reveals PCNA 

distribution in S-phase (upper panel showing punctate PCNA distribution) and in non S-

phase cells (lower panel showing a more homogeneous distribution of PCNA outside of 

the nucleoli). ɔH2AX is detected in laser micro-IR tracks in S-phase and non S-phase 

cells.  
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PARP1 mediated poly(ADP -ribosyl )ation accelerates t he init ial recruitment of 

SSBR core proteins (XRCC1, LIG3, and PNKP) to sites of DNA damage but is not 

required for retention   

It is known that once PARP1 binds to damaged DNA it rapidly undergoes a 

conformational change that stimulates its catalytic activity 163, leading to the formation of 

PAR polymers that mediate the recruitment of downstream repair factors. To examine 

the effect of PARP1 on the accumulation of SSBR proteins, we studied the recruitment 

kinetics of XRCC1 and PNKP to sites of DNA damage in PARP1-/- and PARP1+/+ MEFs 

(Figure  18). We observed that the extent of accumulation of both XRCC1 and PNKP in 

a PARP1-/- background was comparable to that in PARP1+/+ MEFs (Figure s 18A and 

B). We confirmed the results observed in the PARP1-/- and PARP1+/+ MEFs by specific 

inhibition of PARP1 in HeLa cells. We made use of two chemically unrelated small 

molecule inhibitors of PARP, AG14361 164 and PJ-34 165 , and tested their effects on the 

recruitment kinetics of SSBR core machinery. We observed that at concentrations of 1 

and 2 ɛM, AG14361 markedly inhibited the DNA damage-triggered poly(ADP-

ribosyl)ation (Figure  19A). To delineate the site of damage, cells were also stained with 

anti-ɔH2AX. We then tested the effect of the inhibitor, AG14361, on the recruitment 

profiles of XRCC1, PNKP and LIG3 in real time (Figure s 19B-D). All three proteins 

showed only a briefly delayed recruitment to sites of DNA damage in response to 

PARP1 inhibition, but displayed a similar accumulation to untreated cells at later time 

points. We confirmed the results observed with AG14361 using PJ-34 (Figure  19E). 

Our results in PARP1-/- MEFs and in cells treated with PARP1 inhibitors raise the 
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possibility of the presence of an additional sensor or sensors of DNA SSBs apart from 

PARP1. Therefore we tested the possibility of LIG3 in fulfilling such a role. 
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A) 

Figure  18: Recruitment of XRCC1 and PNKP in PARP1 WT and KO cells  
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B) 

Recruitment of XRCC1 and PNKP in PARP1 WT and KO cells. The recruitment of SSBR 

proteins was monitored in PARP+/+ and PARP-/- MEFs expressing (A) XRCC1-mGFP (inset 

shows Western blot showing PARP1 levels in PARP1 WT (F20) and null (A1) MEFs, where A549 

lysate was used as a positive control) and (B) PNKP-mGFP subjected to 750 nm multiphoton 

micro-irradiation. Error bars represent S.E.M from 3 independent experiments for a total of 36 

individual cells.  
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Figure 19: PARP1 inhibition and the recruitment of SSBR proteins to 

sites of DNA damage   
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